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Abstract

After PTFE treatment, a gas diffusion layer (GDL) of a polymer electrolyte fuel cell (PEFC) features mixed wettability, which substantially
impacts liquid water transport and associated mass transport losses. A pore-network model is developed in this work to delineate the effect of
GDL wettability distribution on pore-scale liquid water transport in a GDL under fuel cell operating conditions. It is found that in a mixed-
wet GDL liquid water preferentially flows through connected GDL hydrophilic network, and thereby suppresses the finger-like morphology
observed in a wholly hydrophobic GDL. The effect of GDL hydrophilic fraction distribution is investigated, and the existence of an optimum
hydrophilic fraction that leads to the least mass transport losses is established. The need for controlled PTFE treatment is stressed, and a
wettability-tailored GDL is proposed.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Owing to their high energy efficiency, low noise, and min-
imal pollution, fuel cells are widely regarded as 21st cen-
tury energy-conversion devices for automotive, stationary and
portable applications. Among them, the polymer electrolyte
fuel cell (PEFC) has emerged as the most promising power
source for a broad range of applications. PEFC is of a lay-
ered structure consisting of: a membrane electrode assembly
(MEA) comprising a proton exchange membrane sandwiched
between two catalyst layers (CL), two porous gas diffusion lay-
ers (GDL), and two bipolar plates with embedded gas channels.
Protons and electrons produced by hydrogen oxidation reac-
tion (HOR) in the anode CL flow through the membrane and
the external circuit, respectively, and participate in the oxygen
reduction reaction (ORR) in the cathode CL to generate water
and waste heat.
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Despite tremendous progress in overall cell performance has
been made in the past decade, a pivotal performance/durability
limitation in PEFCs centers on the transport of product liquid
water and resulting flooding in the constituent components.
Liquid water blocks reactant transport through the GDL, and
incurs mass transport losses by hindering oxygen transport to
the active reaction sites in the CL. The GDL, thus, plays a
crucial role in the water management which requires a delicate
balance between membrane hydration and water removal from
the CL and GDL.

Carbon-fiber based porous materials, namely non-woven
and woven carbon paper and carbon cloth with a thickness of
∼ 200 �m, are typically used for the PEFC GDL owing to their
high porosity (∼ 70% or higher) and good electrical/thermal
conductivity. SEM micrographs of a carbon paper and a carbon
cloth are shown in Fig. 1. To facilitate liquid water removal from
GDL, the GDL is treated with PTFE with loading varying from
5 to 30 wt% in order to induce and/or enhance hydrophobicity
(Mathias et al., 2003). However, the wide range of wetting
characteristics of carbon-based materials (Weber et al., 2004)
as well as possible anomaly in the PTFE treatment renders part
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Fig. 1. SEM images of: (a) carbon paper and (b) carbon cloth GDLs.

of the GDL pores hydrophilic. Furthermore, surface defects,
impurities, and ageing of the GDL might lead to a reduction
in hydrophobicity, thereby causing mixed wettability surface
characteristics. Recent experimental investigations (Gostick
et al., 2006a) further confirm the mixed-wetting characteristics
of GDLs.

While considerable research efforts, both numerical and
experimental (Wang, 2004; Sinha et al., 2007), have been ex-
pended to delineate liquid water transport in a PEFC GDL
and its effect on PEFC performance, the present theoretical
understanding of liquid water transport is limited to a GDL
with homogeneously hydrophilic or hydrophobic wetting char-
acteristics. Existing theoretical models follow the macroscopic
approach based on two-phase Darcy’s law to investigate liquid
water transport in PEFC. The two-phase Darcy’s law inher-
ently assumes that the liquid water transport is a compact
process whereby the two-phase interface advances linearly
with the total amount of injected fluid. Recently, Sinha and
Wang (2007) delineated the pore-level physics of liquid water
transport in a homogeneously hydrophobic GDL and showed
that under realistic PEFC operating conditions (Ca ∼ 10−8),
liquid water transport is governed by capillary fingering. Their
investigation showed that liquid water enters the GDL in the

form of fingers dominated by capillary forces. The majority of
fingers encounter dead ends, and only few liquid water clusters
breaks through the GDL–channel interface. These continuous
clusters thus provide stable locations for water shadding from
the GDL–channel interface, in consistency with transparent fuel
cell observations (Yang et al., 2004; Zhang et al., 2006). Addi-
tionally, in their work crossover from fractal capillary fingering
regime to compact invasion was observed at Ca ∼ 10−4 that is
equivalent to unrealistically high 104 A cm−2 current density
operation. Therefore, the two-phase Darcy’s law based macro-
scopic treatment is inappropriate to describe liquid water trans-
port in a homogenously hydrophobic GDL. However, the effect
of wettability distribution on liquid water transport in a GDL
was not probed. Few researchers (Weber et al., 2004; Nam and
Kaviany, 2003; Pisani et al., 2002) have considered the GDL
as partially hydrophilic. Weber et al. (2004) have taken mixed
wettability of GDL into account via a composite contact angle
as a function of the fraction of hydrophilic pores, f. They com-
puted the maximum power and limiting current as functions
of the fraction of hydrophilic pores, f, in GDL and showed
the existence of an optimum value of f that leads to maximum
limiting current and power. However, underlying liquid water
transport mechanisms in a mixed-wet GDL were not studied.

In the last decade, the effect of wettability alteration and
spatial wettability distribution on the multiphase flow charac-
teristics has attracted much attention in the field of petroleum
engineering and soil science. Kovscek et al. (1993) were the
first to propose a pore-network model incorporating the wetta-
bility alteration in a porous medium. The wettability alteration
model of Kovscek et al. (1993) is adopted by many researchers
to investigate the effect of mixed wettability on transport prop-
erties of a general porous medium (Blunt, 1997, 1998; Dixit
et al., 1999; Hui and Blunt, 2000; Piri and Blunt, 2002).
Valvatne and Blunt (2004) delineated the underlying pore-scale
processes governing oil recovery from mixed-wet sandstone.
They further stressed the need of spatially correlated wettability
distribution functions to quantitatively match experimental rel-
ative permeabilities of a mixed-wet porous medium. Al-Futaisi
and Patzek (2004) investigated the effect of a wide range of
advancing contact angles on the capillary pressure and relative
permeability. Their results showed that the co-existence of hy-
drophilic and hydrophobic pores substantially affects relative
permeability values. However, the effect of mixed wettability
on phase distribution was not addressed in detail.

The present study aims to address the effect of mixed wetta-
bility on liquid water distribution in a GDL, and to answer the
following questions:

(1) How does the co-existence of hydrophilic and hydrophobic
pores in a GDL affect the fractal capillary fingering flow
characteristics of liquid water transport?

(2) How can the PTFE treatment of a GDL be controlled
to mitigate flooding and reduce associate mass transport
losses during PEFC operation?

The paper is organized as follows: First, a pore-network
model for a mixed-wet carbon paper GDL is described and the
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algorithms to simulate two-phase flow in the generated pore
network are presented. Then, the effect of GDL hydrophilic
fraction and spatial wettability distribution on liquid water
transport is elucidated. The role of controlled PTFE treatment
on flooding mitigation is discussed, and a wettability-tailored
GDL incurring the least mass transport losses is proposed.

2. Pore-network model

2.1. GDL network structure

Randomly distributed fibers in a carbon paper GDL furnish
highly disordered pore space topology; therefore, a high res-
olution, three-dimensional image would be required to con-
struct a topologically equivalent pore-network structure. As a
first attempt, however, the methodology of Nam and Kaviany
(2003) is followed in which carbon paper is regarded to con-
sist of randomly stacked regular fiber screens that renders a
three-dimensional random tetragonal pore-network structure
with pores cubic in shape and throats of square cross section,
as depicted in Fig. 2. The geometric and transport parameters
used in the present PN model are summarized in Table 1. In
the present study, pore and throat radii are assumed to have a
cut-off log normal distribution. Various geometric parameters
listed in Table 1 are chosen such that the porosity and abso-
lute permeability fall in the range of a carbon paper GDL, as
shown in Table 2. More development of topologically equiva-
lent pore-network structure of a carbon paper GDL is currently
underway. Main assumptions made in the PN model are: (1)
while the radius of a throat serves to define its hydraulic con-
ductance, the volume contributed by the throats is assumed to
be small relative to the pore volume; (2) only one fluid can
reside in a throat; (3) flow within a throat is assumed to be
laminar and given by Hagen–Poiseuille law; (4) the resistance
offered by a pore to flow is assumed to be negligible; and (5)
fluids are assumed to be incompressible. A detailed discussion
of these assumptions was presented in Sinha and Wang (2007),
and therefore is not repeated here.

2.2. Incorporation of mixed wettability

Since an accurate procedure to quantify the contact angle
distribution inside the GDL is yet to be established, as a first ap-
proximation, random contact angle distribution is assumed, but
correlated with the pore–throat sizes (larger throats are assigned
larger contact angle). Plain GDL is dipped into aqueous PTFE
suspension followed by heating and sintering. During this pro-
cess, PTFE may not reach into very small pores leaving them
hydrophilic. Hence the above-mentioned correlation of contact
angle with pore throat sizes is considered. In the present work,
contact angle is assumed to vary in the range of 60–120◦. The
upper limit of contact angle corresponds to a teflonized GDL
pore, whereas the lower limit represents the contact angle of
liquid water on an untreated carbon fiber (Yoon et al., 2007). It
should be mentioned that surface roughness may alter the con-
tact angle therefore it is assumed that contact angle may vary
in the range of 60–90◦ in the hydrophilic pores and 90–120◦ in

Fig. 2. Schematic of pore-network model for a carbon paper GDL: (a) 3D
view and (b) 2D cross section showing the connectivity of pores in a plane.

the hydrophobic pores of GDL. The complex behavior of liq-
uid water at the mixed-wet GDL–channel interface, marked by
pinning/unpinning of contact line as explained in Appendix A,
is accounted for by assuming the GDL–channel interface to be
hydrophobic with contact angle of the outlet throats varying in
the range of 100–120◦. Mixed wettability of a GDL is quanti-
fied by f, the fraction of pore throats that are hydrophilic. Hence
f = 0 represents a hydrophobic GDL in which contact angle
is distributed in a range of 90–120◦. Results presented in this
paper are based on the average of eight realizations of contact
angle distribution with the other structural parameters kept the
same.

2.3. Two-phase flow algorithm

For a realistic PEFC operation, capillary number is ∼ 10−8.
Therefore, quasi-static description can be deployed to



1084 P.K. Sinha, C.-Y. Wang / Chemical Engineering Science 63 (2008) 1081–1091

Table 1
Pore network and transport parameters

Parameter Value

Network Parameters
Mean pore radius, rmean 10 �m
Minimum pore radius, rmin 9 �m
Maximum pore radius, rmax 12.5 �m
Mean throat radius, rth,mean 6 �m
Minimum throat radius, rth,min 4 �m
Maximum throat radius, rth,max 8.5 �m
Dimensions of PN structure 275 × 750 × 750 �m
Number of pores in x-direction 11
Number of pores in y-direction 30
Number of pores in z-direction 30

Cut-off log-normal distribution: for pore and throat size distribution f (r,�nd ) =
√

2 exp
[
−0.5(ln(r/rmean)/�nd )2

]
√

��2
nd r[erf(ln(rmax/rmean)/

√
2�2

nd )−erf(ln(rmin/rmean)/

√
2�2

nd )]
Std. deviation in pore and throat size distribution, �nd 1.0

Transport parameters
Surface tension, � 0.0725 N m−1

Dynamic viscosity of liquid water 3.5 × 10−4 Pa s
Dynamic viscosity of air 2.0 × 10−5 Pa s

Table 2
Comparison of pore-network structural parameters with Toray� carbon paper

Parameter Pore-network model Toray� carbon paper

Mean pore diameter 20 �m 16–25 �m (Mathias et al., 2003)
Thickness 275 �m 110.370 �m
Porosity 62% 78–80% (without PTFE loading)
Absolute permeability (thickness direction) 5.6 D 5–10 D (Mathias et al., 2003)
Absolute permeability (in-plane direction) 6 D 5–12 D (Mathias et al., 2003)
Anisotropy factor (in-plane/through-plane) 1.07 1.3 (uncompressed) (Gostick et al., 2006b)

investigate liquid water transport in the GDL. Quasi-static
description is applicable to flow in porous media at an in-
finitesimal flow rate, where the viscous pressure drop across
the network is negligible and capillary forces completely con-
trol the fluid configuration. It should be mentioned that under
realistic PEFC operating conditions, heat transfer across the
GDL and ensuing phase change (Promislow et al., 2006; Wang
and Wang, 2006) can substantially affect liquid water transport
in a PEFC GDL. However, the present PN model is focused
on elucidating flow dynamics of liquid water and hence is
assumed isothermal and without phase change. The effect of
temperature on pore-level liquid water transport mechanisms
is left for future work.

Initially, all the pores and throats are completely filled with
air and the inlet throats are connected to a reservoir of liquid
water. Air pressure throughout the network is assumed to be
constant, and equal to 1 atm. At each step of the quasi-static
algorithm, a search is performed over all interface positions to
determine the minimum capillary pressure that will allow liq-
uid water to advance in the GDL. After updating liquid water
pressure by this critical value, liquid water invades the con-
necting pore or throat and any subsequent pores or throats
that can be accessed at the new liquid water pressure. At the

end of each step trapped pores and throats are recognized us-
ing the extended Hoshen–Kopelman algorithm (Al-Futaisi and
Patzek, 2003) and are excluded from the further calculation do-
main. Due to the co-existence of hydrophilic and hydrophobic
pore–throats, various mechanisms governing local drainage and
imbibition need to be taken into account. A brief description
of various displacement mechanisms and their incorporation in
the present model follows.

Liquid water invades the GDL when the pressure difference
across an interface is larger that the capillary pressure of that in-
terface. To avoid confusion in defining wetting and non-wetting
phases for a mixed-wet GDL, we define capillary pressure as
the difference between air and liquid water pressures, i.e.,

Pw − Pair > Pc, Pc = −2� cos �

r
, (1)

where Pw and Pair represent liquid water and air pressure, re-
spectively, Pc the capillary pressure, r the radius of curvature at
the interface, and � the contact angle between liquid water and
carbon fibers. As clear from Eq. (1), capillary pressure supports
liquid water invasion when � < 90◦, whereas it needs to be over-
come for liquid water to invade further if � > 90◦. Lenormand
and Zarcone (1984) have shown that different mechanisms
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Fig. 3. Schematic representation of: (a) throat filling, and pore filling during
imbibition (Mogensen and Stenby, 1998), (b) I0 mechanism, not possible for
incompressible fluids, (c) I1 mechanism, (d) and (e) I2 mechanism, and (f)
I3 mechanism.

govern liquid water invasion for drainage (� > 90◦) and im-
bibition (� < 90◦) processes. For clarity of presentation, the
terms drainage and imbibition are used in the present work to
represent liquid water invasion in hydrophobic and hydrophilic
GDL fractions, respectively. For hydrophobic GDL volume, a
pore will be automatically invaded once a connected throat is
filled. Pore filling, however, is more complex for hydrophilic
GDL volume, and is limited by the largest radius of curvature
that can be achieved. This depends on the number of adja-
cent throats filled with non-wetting phase (air for hydrophilic
GDL volume). A pore with coordination number z can thus be
filled by z − 1 possible events, I1 to Iz−1 as shown schemati-
cally in Fig. 3, each occurring at different capillary pressures.
Blunt (1997) presented a parametric model to compute capil-
lary pressure, Pc,n, and the mean radius of curvature, Rn, for
an In mechanism:

Pc,n = 2� cos �

Rn

and Rn =
(

rp +
n∑

i=1

bixirth,i

)
,

b1 = 0, (2)

where rp is the pore radius, bi the input parameters, xi the ran-
dom numbers between 0 and 1, and rth,i the radius of adjacent
throats filled with non-wetting phase. As shown from Eq. (2),

for I1 mechanism, the mean radius of curvature, R1, is mini-
mum and is equal to pore radius, rp, that makes I1 the most
favored event. With increase in the non-wetting phase filled
neighboring throats, capillary pressure decreases making the
hydrophilic pore invasion less likely. However, in the present
work pore invasion is assumed to be governed only by pore
radius, rp, neglecting the exhaustive cooperative pore body fill-
ing mechanisms. It is found that hydrophobic outlet throats, as
assumed in the present work, force complete filling of the con-
nected hydrophilic GDL pore network in a mixed-wet GDL
and therefore complex In events do not affect the steady-state
saturation profiles in the mixed-wet GDL.

During imbibition, another displacement mechanism called
snap-off may occur due to wetting films swelling to an ex-
tent that interface become unstable. Formation of wetting films
along corners is governed by the Concus and Finn (1969)
condition:

� + � < 90◦, (3)

where � and � are contact angle between wetting phase and solid
matrix and half corner angle of a pore or a throat, respectively.
Thus, a contact angle between liquid water and carbon fibers
varying in the range of 60–120◦ and square cross section of
pores and throats, as considered in the present work, suppress
the existence of wetting films along the corners and hence the
possibility of snap-off displacement mechanism. It should be
mentioned that a small fraction of pores in the actual pore
spaces of carbon paper may allow the formation of wetting
films. Incorporation of wetting film flow, in accordance with the
Concus and Finn (1969) condition, and snap-off mechanisms
in a topologically equivalent pore-network structure of carbon
paper is envisioned as a future extension of the present PN
model.

The above-mentioned algorithm is continued till liquid water
breaks out from the outlet face of the pore network.

2.4. Initial and boundary conditions

The GDL is initially saturated with air and the inlet face is
in contact with a liquid water reservoir. A constant pressure
boundary condition is imposed on the outlet face, whereas all
other faces are subjected to no-flow boundary condition.

3. Results and discussion

In a real fuel cell operation, liquid water may appear at the
GDL–channel interface in the form of liquid droplets or thin
films, depending on the wettability of that interface. On a hy-
drophobic GDL–channel interface, as assumed in the present
work, liquid water droplets grow to a critical size before be-
ing sheared away by the gas flow in the channel. Zhang et al.
(2006) experimentally investigated the effects of gas flow rate
on cell performance and GDL–channel interfacial droplet dy-
namics and showed the existence of substantial amounts of
liquid water at the interface incurring mass transport losses
at low gas flow rate. Sinha and Wang (2007) investigated the
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Fig. 4. Liquid water distribution in: (a) hydrophobic GDL with uniform contact angle of 110◦, (b) hydrophobic GDL with contact angle distributed over the range
of 90–110◦, (c) mixed-wet GDL with f =10%, and (d) mixed-wet GDL with f =20%. Results are shown for a typical realization of contact angle distribution.

effect of GDL–channel interfacial water coverage on liquid wa-
ter transport in a homogeneously hydrophobic GDL. In the
present work, only zero GDL–channel interfacial water cover-
age is considered, which physically corresponds to sufficiently
high gas flow rates in the gas channel.

3.1. Uniform distribution of GDL hydrophilic fraction

As mentioned in a previous section, GDL mixed wettability
is quantified by GDL hydrophilic pore–throat fraction, f. First
the effect of mixed wettability on liquid water transport is in-
vestigated with uniformly distributed hydrophilic pore–throat
fraction along its thickness. Fig. 4 displays the steady-state liq-
uid water distribution in different types of mixed-wet GDL for
a typical realization of contact angle distribution. As shown
in Fig. 4, the morphology of the liquid water front changes
significantly with the hydrophilic fraction in a GDL. Fig. 4(a)
shows fractal morphology of liquid water distribution in a ho-
mogenously hydrophobic GDL with contact angle of 110◦.
For GDL with f = 0, i.e., contact angle distribution in the
range of 90–120◦, the liquid water distribution, as shown in
Fig. 4(b), features fractal morphology similar to homogenously
hydrophobic GDL. For a GDL with non-zero hydrophilic frac-
tion, liquid water preferentially flows through the connected

hydrophilic pore network. As the hydrophilic fraction increases,
the morphology crosses over from finger-like to piston-like
compact shape, as shown in Fig. 4(c) and (d). The suppression
of finger-shaped morphology in a mixed-wet GDL can be ex-
plained by Fig. 5. Fig. 5(a) schematically illustrates that for a
gas–liquid interface to move in a hydrophobic GDL, the pres-
sure difference across the interface must exceed the capillary
pressure of the connecting throat. Thus, for the invasion of liq-
uid water in pore 2, liquid pressure in pore 2, P 2

l , must be
higher than air pressure. Suppose that the capillary pressure in
the throat connecting pores 2 and 4 is low enough such that

P 2
l − P 4

a > P 2,4
c , (4)

where P 4
a and P

2,4
c denote the air pressure in pore 4 and the

capillary pressure of the throat connecting pores 2 and 4, re-
spectively. If Eq. (4) is satisfied, the interface at the entrance
of the throat connecting pores 2 and 4 grows unstable and liq-
uid water will invade pore 4. However, if the throat connecting
pores 2 and 3 is very narrow, as shown in Fig. 5(a), the inter-
face cannot move from pore 2 into 3, resulting in a dead end
to liquid water flow. On the other hand, Fig. 5(b) depicts the
liquid water movement in a mixed-wet GDL with the throat
connecting pores 2 and 3 becoming hydrophilic while the rest
of the parameters remain the same as in Fig. 5(a). In order for
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Fig. 5. Schematic representation of liquid water transport in: (a) a hydrophobic GDL and (b) a mixed-wet GDL, illustrating the suppression of dead ends in a
mixed-wet GDL.

the liquid water interface to be stable at the entrance of the
throat connecting pores 2 and 3, the following condition must
be satisfied:

P 2
l + |P 2,3

c | = P 3
a . (5)

Again, when pore 2 is filled completely with liquid water, the
liquid pressure in pore 2 is higher than air pressure as discussed
earlier. This makes the interface unstable at the entrance of the
throat connecting pores 2 and 3 irrespective of the connecting
throat size. Thus, liquid water invades both the throats connect-
ing pore 2 to pores 3 and 4 in the mixed-wet GDL, as shown
in Fig. 5(b), which suppresses the occurrence of dead ends.

The pore-level events during liquid water invasion in a
mixed-wet GDL can be further investigated by the variation
of the inlet pressure, as shown in Fig. 6. Fig. 6(a) depicts
variation of the gauge inlet pressure with average GDL liquid
saturation for f = 0.1, for a typical realization of contact angle
distribution. A positive gauge inlet pressure in Fig. 6(a) rep-
resents local drainage, i.e., liquid water invasion in the GDL
region with � > 90◦, whereas a negative value represents local
imbibition, i.e., liquid water invasion in the GDL region with
� < 90◦. Higher density of local imbibition events marked
by negative gauge inlet pressure in the beginning of invasion
is due to the fact that connected hydrophilic pore network
provides preferential path for liquid water transport. Once no
hydrophilic pore–throat is available for invasion, liquid water
invades the hydrophobic throat with the least capillary barrier
pressure, resulting in a positive gauge inlet pressure. Fig. 6(b)
depicts the variation of inlet gauge pressure for f = 0.2. As
shown, the number density of local imbibition events sub-
stantially increases with GDL hydrophilic fraction, incurring
substantially higher average liquid saturation in the GDL.

Fig. 7 shows the steady-state saturation profiles along the
GDL thickness as a function of the hydrophilic fraction in a
GDL averaged over eight realizations of contact angle distri-
bution. The suppression of finger-like morphology in a mixed-
wet GDL renders a change in saturation profile shape from
concave, typical of fractal fingering, to convex, typical of sta-
ble front, with increase in hydrophilic fraction. The crossover
from concave- to convex-shaped saturation profile, as clearly
depicted in Fig. 7, lends support to the applicability of two-
phase Darcy’s law treatment to address liquid water transport
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Fig. 7. Liquid water saturation profiles along GDL thickness as a function
of the hydrophilic fraction f.

in a mixed-wet GDL with f �0.2. In recent years, Ferer
et al. (1993, 2003), among others, have conducted detailed in-
vestigations identifying the physics and parameters governing
the crossover from capillary fingering to stable displacement
regime. The present analysis shows that crossover from capil-
lary fingering to stable displacement can occur due to contact
angle variation even at very low capillary number. However,
the most significant effect of wettability distribution on liquid
water transport is reflected by the saturation level at the inlet
face that physically corresponds to the GDL–CL interface. As
shown in Fig. 7, the liquid saturation at the inlet face is smaller
for a mixed-wet GDL with 10% hydrophilic fraction than
that for a hydrophobic GDL. The lower saturation at the inlet
face represents lower mass transport limitations due to GDL
flooding. As the hydrophilic fraction in a mixed-wet GDL is
further increased to 20%, the liquid saturation at the inlet face
becomes higher, incurring significantly higher mass transport
limitations to PEFC operation. In addition, higher hydrophilic
fraction further increases average liquid water saturation in the
GDL, as shown in Fig. 7. This demonstrates the existence of
an optimum hydrophilic fraction in a GDL that yields the least
mass transport limitations to PEFC operation.

3.2. Effect of GDL hydrophilic fraction distribution

The aforementioned analysis is carried out with hydrophilic
fraction distributed uniformly along its thickness. To further
investigate the effect of GDL hydrophilic fraction distribution
on liquid water transport, a non-uniform distribution of GDL
hydrophilic distribution along its thickness is considered, as
shown in Fig. 8(a). The total hydrophilic fraction for the two
distributions shown in Fig. 8(a) is 10%. Fig. 8(b) shows the
steady-state liquid water distribution for a typical realization of
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Fig. 8. Various distributions of GDL hydrophilic fraction considered in the
present work. The total hydrophilic fraction is 10% for both the distributions
and (b) liquid water distribution in a mixed-wet GDL with the non-uniform
GDL hydrophilic fraction distribution. Distribution is for a typical realization
of contact angle distribution.

the non-uniform hydrophilic fraction distribution in a mixed-
wet GDL. Comparing Fig. 8(b) with Fig. 4(c) clearly shows
that the distribution of GDL hydrophilic fraction substantially
changes the liquid water distribution. The saturation profile
along the GDL thickness, as shown in Fig. 9, more clearly de-
picts the effect of hydrophilic pore throat distribution in the
GDL. The saturation profiles shown in Fig. 9 are averaged
over eight realizations for contact angle distribution. Larger hy-
drophilic fraction in the inner layers of the GDL compared to
the layers near inlet and outlet face renders substantially larger
liquid saturation in the inner layers. The assumed non-uniform
distribution entails lower saturation at the inlet face, as shown
in Fig. 9. However, substantially higher liquid saturation in the
inner layers makes the transport path for reactant transport more
tortuous. Therefore, optimization of wettability distribution is
critical to alleviate mass transport losses in PEFC operation.
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Fig. 9. Liquid water saturation profiles along GDL thickness as a function of
GDL hydrophilic fraction distribution. Total GDL hydrophilic fraction is 10%
for both distributions. For comparison the saturation profile for homogenously
hydrophobic GDL is also shown.
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Fig. 10. Schematic representation of a wettability-tailored GDL.

A controlled PTFE treatment process that can yield a GDL
shown schematically in Fig. 10 is desired. During PEFC oper-
ation, liquid water will occupy hydrophilic pore fraction, leav-
ing the remaining pores for reactant transport and thereby will
not incur significant mass transport losses.

4. Conclusions and future work

Elucidation of pore-level physics of liquid water transport in
a mixed-wet GDL is essential not only to understand the role
of mixed-wetting characteristics of a PEFC GDL in flooding
phenomena but also to establish controlled PTFE treatment of
GDL to mitigate flooding and associated mass transport losses.
In the present work, a pore-network model is deployed to

address the role of wettability distribution on flooding in a
PEFC GDL. It is found that liquid water preferentially flows
through the connected hydrophilic pore network of a mixed-
wet GDL, suppressing finger-like liquid water morphology
observed in a hydrophobic GDL. Crossover from fractal finger-
like morphology to stable-front morphology is observed with
increase in GDL hydrophilic fraction. The observed crossover,
therefore, supports applicability of the two-phase Darcy’s law
based macroscopic treatment of liquid water transport in a
mixed-wet GDL under realistic PEFC operating conditions
(Ca ∼ 10−8). However, further research is required to develop
an alternative macroscopic treatment to address capillary fin-
gering phenomena encountered in a completely hydrophobic
GDL. Also, it is found that there exists an optimum GDL
hydrophilic fraction incurring the least mass transport losses.
However, devising a coating process with controlled wetta-
bility is extremely challenging. In particular, GDL treatment
with a conventional impregnation process with the PTFE water
dispersion is extremely difficult to control, if not impossible.
In recent years, novel hydrophobic coating processes based on
plasma polymerization (Alyousef and Yao, 2006; Taniguchi
and Yasuda, 2006; Yoon et al., 2007) were proposed that
can alleviate many shortcomings of the conventional PTFE
treatment. Masking the GDL surfaces during GDL treatment
coupled with novel coating process may be a potential method
to produce a mixed-wet GDL with separate transport paths
for liquid water and gases as schematically shown in Fig. 10.
However, further research is warranted to establish wettability-
controllable coating processes for PEFC GDL.

It is imperative to develop experimental methods to quantita-
tively characterize the wettability of GDL pore walls which will
allow further insight into the structure/wettability dependences
of water management in PEFCs. A substantial challenge in de-
ploying the aforementioned wettability-tailored GDL to real
fuel cell applications lies in complex behavior of liquid water at
the mixed-wet GDL–channel interface. To simplify the analy-
sis, a hydrophobic GDL–channel interface is considered in the
present work. Extensive research efforts are required to quan-
tify liquid water dynamics at a mixed-wet GDL–channel inter-
face, and to further incorporate it in the pore-network model to
investigate the effect of liquid water coverage at the mixed-wet
GDL–channel interface on flooding inside the GDL. In parallel,
research efforts are currently underway to investigate effects of
the presence of a land, GDL anisotropy, and various pore size
distributions on liquid water motion in a mixed-wet GDL as
well as to compute relative permeability and capillary pressure
as functions of liquid saturation in a mixed-wet GDL.

Appendix A. Liquid water removal from mixed-wet GDL–
channel interface

PEFC flooding and associated mass transport losses de-
pend not only on the liquid water transport inside the GDL but
also on the liquid water removal from the GDL–channel inter-
face. Liquid water at the GDL surface may be present in the
form of droplets or thin films depending on the wetting prop-
erty of the interface as shown in Fig. 11(a) and (b). Detailed
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Fig. 11. Liquid water droplets on: (a) hydrophobic GDL surface; (b) hy-
drophilic GDL surface at 70 ◦C (Lim and Wang, 2003), (c) schematic rep-
resentation of liquid water droplet growth with contact line pinning on a
mixed-wet GDL surface, and (d) contact line unpinning once a critical contact
angle is reached on mixed-wet GDL surface.

investigations have shown that on a hydrophobic GDL–channel
interface liquid water droplets grow to a particular size before
being sheared away by the gas flow in channel. The capillary
pressure exerted by these droplets substantially increases liq-
uid water saturation inside the GDL. As clear from Fig. 11(b),
due to its curvature, a thin film of liquid water on a hydrophilic
GDL–channel interface will exert a positive capillary pressure
at the GDL–channel interface, and therefore will force 100%
liquid water saturation inside the GDL.

However, liquid water removal from a mixed-wet GDL–
channel interface is more complex, and can be envisioned as
follows: Since liquid water preferentially flows through a con-
nected hydrophilic pore network in a mixed-wet GDL, it breaks
out from a hydrophilic pore at the interface, as shown schemat-
ically in Fig. 11(c). With constant injection rate of liquid water
at the inlet face, the liquid film spreads over the hydrophilic
GDL–channel interface via contact line movement. Once the
liquid water film touches the interface of hydrophilic and hy-
drophobic sections of the GDL surface, pinning of contact line

occurs. Liquid water movement with pinned contact line re-
sults in an increase in the contact angle that changes the liquid
water morphology from a spread film to a droplet as shown
schematically in Fig. 11(c). Such a newly formed droplet may
be sheared away with gas flow. If the gas flow in the channel is
not sufficient to shear away the droplet, the droplet contact an-
gle will keep increasing till it reaches a threshold value, �c, that
unpins the contact line. Further movement of contact line over
the GDL–channel interface will cause enlargement of droplet
size with change in contact angle according to the hydropho-
bic GDL surface, �HO. The enlargement of droplet size will
continue until gas flow shears it or more hydrophilic channel
wall wicks it away. The emergence and removal of liquid wa-
ter from a mixed-wet GDL–channel interface, as schematically
shown in Figs. 11(c) and (d), results in a positive capillary pres-
sure at the breakout location, which entails complete filling of
GDL hydrophilic fraction before liquid water emerges from the
outlet face.

Contact line pinning/unpinning needs to be incorporated in
the present pore-network model to address the effect of liquid
water removal from a mixed-wet GDL–channel interface under
realistic PEFC operating conditions. As a first attempt, how-
ever, the effect of liquid water removal from the mixed-wet
GDL–channel interface can be addressed with the assump-
tion of a completely hydrophobic GDL–channel interface.
Hydrophobic outlet throats, as assumed in the present work,
will ensure complete filling of available GDL hydrophilic
fraction before liquid water breaks out from the outlet face.
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