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a b s t r a c t

The effect of wettability on water transport dynamics in gas diffusion layer (GDL) is investigated by sim-
ulating water invasion in an initially gas-filled GDL using the multiphase free-energy lattice Boltzmann
method (LBM). The results show that wettability plays a significant role on water saturation distribution
in two-phase flow in the uniform wetting GDL. For highly hydrophobicity, the water transport falls in
the regime of capillary fingering, while for neutral wettability, water transport exhibits the characteristic
of stable displacement, although both processes are capillary force dominated flow with same capillary
eywords:
attice Boltzmann method

ater transport
as diffusion layer
ettability

aturation

numbers. In addition, the introduction of hydrophilic paths in the GDL leads the water to flow through the
hydrophilic pores preferentially. The resulting water saturation distributions show that the saturation
in the GDL has little change after water breaks through the GDL, and further confirm that the selective
introduction of hydrophilic passages in the GDL would facilitate the removal of liquid water more effec-
tively, thus alleviating the flooding in catalyst layer (CL) and GDL. The LBM approach presented in this
study provides an effective tool to investigate water transport phenomenon in the GDL at pore-scale level

ion ta
with wettability distribut

. Introduction

The advantages of high energy efficiency and low pollution of
nvironment have made the polymer electrolyte membrane fuel
ells (PEMFCs) an attractive alternative power source for automo-
ive and portable applications. In a PEMFC, hydrogen and oxygen
re supplied as the reactants and water is produced in the cata-
yst layer (CL) of the cathode owing to electrochemical reactions
here. Water management is regarded as a critical issue on the per-
ormance of PEMFCs [1]. On the one hand, the membrane should
ave sufficient hydration to maintain good proton conductivity. On
he other hand, too much water generated and accumulated in the
athode can cause flooding in CL, resulting in the mass transport
imitations with water blocking the transport of reaction gases to
he active reaction sites, thus severely lowering the performance of
EMFCs [2]. The gas diffusion layer (GDL), which is placed between
he gas channel and CL, therefore, plays an important role on the
emoval of unwanted water from the CL.
Recently, much attention has been given to the investigation
f water flow in GDL by many researchers using both numerical
imulations and experiments. The unsaturated flow [3] and multi-
hase mixture approaches [4,5] were two widely used macroscopic
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ken into consideration.
© 2009 Elsevier B.V. All rights reserved.

models for two-phase transport in GDL. In these models, the GDL
was assumed as a homogeneous porous medium based on the vol-
umetric averaging theory, and various macroscopic conservation
equations were applied to describe the two-phase flow behav-
iors in an elementary volume. However, empirical relationships of
capillary pressure–saturation and relative permeability–saturation
relations must be given in the macroscopic equations for simula-
tion of two-phase flow in the porous GDL. Due to the questionable
accuracy of these empirical relations when applied to GDL mate-
rials, the macroscopic models predicted large differences in the
distribution of water saturation in GDL [6]. Furthermore, the
homogeneous assumption of water transport in GDL used in the
macroscopic models was not supported by experimental studies
[7–13]. Employing transparent fuel cells, Yang et al. [7] and Zhang
et al. [8] observed that water emerged from the GDL in the form
of individual droplets at specific locations of GDL surface. Litster et
al. [9] used a novel method of employing fluorescence microscopy
to visualize water flow within the GDL structure. Based on their
observation, they suggested that the transport of water in GDL was
not a converging capillary tree as proposed by Nam and Kaviany [3],
but it was dominated by fingering and channeling. More advanced

radiography techniques have also been employed to explore water
transport in fuel cells. Using X-ray micro-tomography, Sinha et al.
[10] investigated water distribution in the GDL during the purge
process and showed that water distribution in the GDL was in
the form of non-uniform and irregular clusters. Using the neutron

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:pingcheng@sjtu.edu.cn
dx.doi.org/10.1016/j.jpowsour.2009.11.125
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maging technique, Pekula et al. [11] investigated water distribu-
ion and evolution in the gas flow channel and GDL of an operating
EMFC. They obtained the planar averaged water content in their
uel cell and found that water was accumulated at specific locations
f the GDL along or under the channel walls. Most recently, Hick-
er et al. [12] and Hartnig et al. [13] used high resolution neutron
adiography and X-ray radiography respectively to image an oper-
ting PEMFC and obtained a complex water content distribution in
he cross-section of the cell, which was much different from the
rediction by macroscopic models. Even though these visualiza-
ion studies were successfully used to observe water distribution
n PEMFCs and thus providing useful information on understand-
ng water transport in GD, all of experimental methods mentioned
bove have their limitations when applied to investigate water
ransport in PEMFCs, especially in GDL. For example, the optical

ethod by employing microscopy [7–9] is unable to penetrate the
hole thickness of GDL, thus is difficult to probe water flowing
ithin such materials. Moreover, the less water sensitivity of X-

ay imaging [10,13] and low spatial resolution of neutrons imaging
11,12] also limit their use to study water transport in GDL.

Because of the shortcomings of macroscopic models and exist-
ng experimental methods, pore-scale simulations which can
rovide a microscopic insight of water transport within the GDL,
ave been performed and become a necessary complement to lim-

ted experimental studies. Using the pore network model, Sinha
nd Wang [14,15] studied the dynamics of liquid water transport
nd evolution of saturation profile in a network GDL. The effects of
onstant and mixed wettability distribution of GDL pores on water
ransport were investigated. Furthermore, Lee et al. [16,17] per-
ormed similar network simulations of capillary-driven process of
ater transport in the hydrophobic GDL. Although the pore net-
ork model provided more fundamental understanding of water

ransport and distribution in GDL than macroscopic models, it can-
ot describe water transport in an actual GDL microstructure. In
etwork models, the complex morphology of real porous medium

s idealized by regular spherical or cubic pores and their connection
f columnar throats with assumed size distributions according to
robability functions. In order to overcome this defect of network
odel, Schulz et al. [18] developed a full morphology model to

tudy water invasion process in GDL based on a numerically recon-
tructed three-dimensional fibrous microstructure of carbon paper
DL. The capillary pressure–saturation relation and water distri-
ution in the GDL at various capillary pressures were obtained.
owever, the full morphology model can only treat stationary
hase distributions at a given capillary pressure, but cannot provide
detailed simulation of water transport dynamics [19].

The lattice Boltzmann method (LBM), which is a promising tool
o simulate multiphase flow in porous media, can give more realis-
ic pore-scale dynamic simulations of water transport in GDL with
ccurate pore geometry taken into consideration. The mesoscale
inetic base of LBM makes it very effective to deal with complex
oundary condition [20] and multiphase and multicomponent flow
roblems [21–23]. For example, Pan et al. [24] simulated two-phase
ow in a reconstructed packed-sphere bed using the LBM approach.
ood agreement was achieved between the measured capillary
ressure–saturation relations and the LBM simulations. In addition,
ome works on the application of LBM to study the transport phe-
omena in GDL of PEMFCs have also been carried out [25–29]. Park
t al. [25] simulated gas flow through a fiber tow in the carbon cloth
DL by using single-phase LBM in solving Stokes and Brinkman
quations in the void and porous tow, respectively. Hao and Cheng

26] performed a pore-scale LBM simulation of single-phase flow
n a reconstructed 3D carbon paper GDL, and the anisotropic per-

eabilities thus obtained were found in good agreement with
xperimental data. Park and Li [27] presented a 2D two-phase LBM
imulation of water droplet flowing through the porous structure of
urces 195 (2010) 3870–3881 3871

carbon paper GDL. Niu et al. [28] applied the LBM model to investi-
gate the relative permeability by simulating two-phase flow in the
carbon paper GDL. Sinha et al. [29] simulated liquid water drainage
process and water distribution in a reconstructed non-woven GDL
microstructure using two-phase LBM model. However, the appli-
cation of LBM to study water dynamic invasion in the GDL with
wettability distribution taken into consideration has not yet been
performed in the literature.

In this paper, a pore-scale simulation of water transport
dynamic behavior in a carbon paper GDL with detailed microstruc-
ture and wettability distribution is investigated using the
multiphase LBM approach based on the free-energy theory [22].
The uniform velocity boundary condition was imposed at the inlet,
which was suggested as a proper boundary condition for liquid
water entering GDL [16]. The evolution of water distribution in
the GDL pores and the cross sectional averaged water saturation
profiles along the thickness of the GDL are obtained from the sim-
ulation results, and effects of wettability distribution on water
transport in the GDL are discussed.

2. Theory and model description

2.1. Two-phase transport in GDL

The physics of two immiscible fluids flow in porous media has
been well investigated by experiments and model studies in water
resource and oil recovery research field [30–32]. According to the
phase diagram proposed by Lenormand [30] and widely cited in
recent pore network studies [14–17], water transport in GDL under
the PEMFCs operation condition falls in the capillary fingering
regime. In this regime, the water flow is strongly dominated by
the capillary force while the buoyancy, viscous and inertial forces
are negligible. For example, in a typical water transport process
in GDL, the Bond number Bo = g(�w − �a)d2

p/� (with g being the
gravitational acceleration, �w −�a being the density difference of
water and air and dp being the characteristic pore diameter) which
denotes the ratio of gravitational and interfacial forces is of the
order of 10−5. At the same time, the capillary number Ca = uw�w/�
(with uw and �w being the water flow velocity and water vis-
cosity, respectively) which denotes the ratio of viscous force to
surface tension force is of the order of 10−8, and the Reynolds
number Re = uwdp/� (with � being the water kinematic viscosity)
which denotes the ratio of inertial force to viscous force is of the
order of 10−5. The values of these dimensionless numbers indicate
that surface tension is much more predominant than gravitational,
inertial and viscous force. Therefore, it can be concluded that the
fluid density and viscosity ratios, which affect gravitational, iner-
tial and viscous forces, respectively, have insignificant influence on
the two-phase transport in GDL under such small values of Bond,
capillary and Reynolds numbers.

2.2. Reconstruction of carbon paper GDL

The carbon paper or carbon cloth is generally used as the GDL in
PEMFCs. These materials have microscopically complex structure
with random distribution of pores sizes ranging from a few microns
to tens of microns. In order to perform a pore-scale simulation of
water transport in the GDL, detailed pore morphology of the GDL
should first be obtained. In the present study, the method proposed
by Schladitz et al. [33] based on the stochastic generation method is

adopted to reconstruct the carbon paper GDL. This method was also
used previously by Hao and Cheng [26] in simulating single-phase
flow though carbon paper GDL and by Schulz et al. [18] in their
full morphology simulation of water drainage through an initially
gas-saturated GDL.
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ig. 1. Micrographs of the carbon paper GDL. (a) SEM image of the Toray 060 GDL.
b) 3D geometer of the reconstructed carbon paper microstructure.

Fig. 1(a) presents the SEM image of the Toray 060 carbon paper
ith randomly arranged carbon fibers in a plane. In order to sim-
lify the numerical reconstruction of the complex real GDL, the
ollowing assumptions are made: (i) carbon fibers in GDL are cylin-
ers with a uniform diameter; (ii) fibers are straight with infinite

ength and allowed to be overlapped; (iii) fibers are stochastic
rranged in the material plane while their orientation to the GDL
hickness direction is neglected. Based on these assumptions, the
econstruction of carbon paper is achieved by placing the fibers on
ne plane with arbitrary positions and orientations layer by layer
ith the prescribed GDL size, porosity and fiber diameter. Fig. 1(b)

hows the microstructure of the reconstructed carbon paper GDL
ith the size of 150 × 150 × 127 lattice grid and a given porosity of

.79 and fiber diameters of 7.5 �m, which are chosen according to
he actual Toray carbon paper GDL [9].

.3. LBM model

Several lattice Boltzmann methods have been developed for

imulating multiphase flow problems, in which the intermolecular
otential model proposed by Shan and Chen [21] and free-energy
odel proposed by Swift et al. [22] are two most widely used

pproaches. In the intermolecular potential model, the nearest-
eighboring interaction between fluid particles is introduced to
Fig. 2. Lattice velocity directions of the three-dimension 19-velocity (D3Q19)
model.

describe the intermolecular potential, and the two immiscible flu-
ids achieve separation if the interaction force between the fluids
is larger than a threshold value. However, as pointed out in [34],
the surface tension in this model is actually a numerical artifact. In
contrast, the free-energy model has a firm theoretical basis. The sur-
face tension as well as the contact angle when solid is present can
be directly derived from the free-energy function based on Cahn-
Hilliard theory [22]. Therefore, the free-energy LBM is adopted for
numerical simulation in the present work.

In the free-energy LBM model, the binary fluids flow is described
by the evolution of distribution functions f˛(x, t) and g˛(x, t) as the
following equations:

f˛(r + e˛ıt, t + ıt) − f˛(r, t) = − f˛(r, t) − f eq˛ (r, t)
�f

+ F˛ (1a)

g˛(r + e˛ıt, t + ıt) − g˛(r, t) = −g˛(r, t) − geq
˛ (r, t)

�g
(1b)

where �f and �g are two independent relaxation parameters, which
are related to the fluid viscosity and phase interface mobility M as
follows:

� = (�f − 0.5)ıt
3

; M = � (�g − 0.5)ıt (2)

where� is the coefficient controlling the phase interface diffusion.
f eq˛ and geq˛ in Eq. (1) are the equilibrium distributions of f˛ and g˛,
which are given as the function of local density �, velocity u and
phase parameter ϕ, respectively:

f eq˛ = A˛ +w˛�
[

3
e˛ · u

c2
+ 4.5

(e˛ · u)2

c4
− 1.5

u · u

c2

]
(3a)

geq˛ = H˛ +w˛

[

3
e˛ · u

c2
+ 4.5

(e˛ · u)2

c4
− 1.5

u · u

c2

]
(3b)

with A˛ and H˛ being the coefficients whose values can be found in
our previous work [35], and c = ıx/ıt being the lattice speed. For the
three-dimension 19-velocity (D3Q19) model as shown in Fig. 2, the
lattice velocity vector e˛ and the weight coefficients w˛ are given
as follows:

e˛ =
{

(0,0,0), ˛ = 0 ;
(±1,0,0)c, (0,±1,0)c, (0,0 ± 1)c, ˛ = 1 − 6 ;

(±1,±1,0)c, (±1,0,±1)c, (0,±1,±1)c, ˛ = 7 − 18.

w˛ =
{

1/3, ˛ = 0;
1/18, ˛ = 1 − 6;
1/36, ˛ = 7 − 18.

(4)
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Fig. 3. (a) Invasion of non-wetting phase through a perforated plate with different size pores for two different viscosity ratios M = 2 (top) and M = 10 (bottom) (blue area
d time,
n ert sh
f refere
a

n

F

w
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t
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f

F

enotes the non-wetting phase). (i) t = 1.1 × 105 lattice time, (ii) t = 2.0 × 105 lattice
on-wetting phase invasion for two different viscosity ratios M = 2 and M = 10. (Ins

unction of the breakthrough droplet curvature radius.) (For interpretation of the
rticle.)

The last term F˛ in Eq. (1a) represents the body force compo-
ents in the lattice space, which is given by [20]

˛ = 3w˛
e˛ · F

c2
(5)

ith F being the body force. The macroscopic local density �,
omentum �u and phase parameter ϕ are obtained from the dis-

ribution functions f˛(x, t) and g˛(x, t) by

=
18∑
˛=0

f˛; �u =
18∑
˛=0

f˛e˛ + ıt

2
F; � =

18∑
˛=0

g˛ (6)

The surface tension between different phases and the contact

ngle when solid boundary is presented can be derived from the
ree-energy function F. For the Landau free-energy function

=
∫

v
dV

(
 (ϕ) + �

2
(∇ϕ)2

)
+

∫
S

dS  (ϕs) (7)
(iii) t = 3.1 × 105 lattice time. (b) Capillary pressure variation with time during the
ows the comparison of the LBM simulates with the analytical results for Pc/� as a
nces to color in this figure legend, the reader is referred to the web version of the

the bulk free-energy density  (ϕ) can be chosen in the form of a
double-well potential

 (ϕ) = −A
2
ϕ2 + B

4
ϕ4 (8)

where A and B are two parameters, which are chosen by positive
values for phase separation in present study. The chemical potential
� is derived from the free-energy density function by

� = ∂ 

∂ϕ
− �∇2ϕ = −Aϕ + Bϕ3 − �∇2 ϕ (9)

The minimization of the chemical potential in bulk results in

� = −Aϕ + Bϕ3 − k∇2ϕ = 0 (10)
Thus, the equilibrium phase parameter ϕ0 in the bulk of the
two different fluids followsϕ0 = ±(A/B)1/2 = ±1 when restricting the
value A = B. The surface tension can be determined from the inter-
face width � and the equilibrium phase parameter in the bulk phase
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The relation between Pc/� with the variation of curvature radius
rc of the breakthrough droplet is plotted in the insert of Fig. 3(b).
Again, the LBM simulated results for two viscosity ratios (M = 2,
10) are in excellent agreement with analytical results from Eq.
(18), indicating that the two-phase flow can be regarded as quasi-
874 L. Hao, P. Cheng / Journal of Po

0 as [36]

= 4�
3�
ϕ2

0 (11)

Employing the Chapman–Enskog multiscale analysis for D3Q19
odel, the distribution evolution functions Eqs. (1a) and (1b) can

ead to the Navier–Stokes equations for two-phase system and a
hase parameter evolution equation in the incompressible limit
22]:

∂�

∂t
+ ∇ · (�u) = 0, (12a)

∂(�u)
∂t

+ ∇ · (�uu) = −∇ · P + ∇ · (�v∇u) + F (12b)

∂ϕ

∂t
+ ∇ · (ϕu) =M∇2�, (12c)

here P is the complete thermodynamic pressure tensor and is
iven by [36]

= pI + �(∇ϕ) (∇ϕ) T (13)

ith I being the second-order unit tensor and p being the scale part
f the pressure tensor which can be expressed by [36]

= c2

3
� − A

2
ϕ2 + 3B

4
ϕ4 − �ϕ∇2ϕ − �

2
(∇ϕ)2 (14)

In the binary liquid system with unequal viscosities, the viscos-
ty at the phase interface can be evaluated by

= ϕ + ϕ0

2ϕ0
(v1 − v2) + v2 (15)

here �1 and �2 denote the viscosities of the two different fluids.
Furthermore, the surface energy between the solid wall and fluid

s described by the second term on the right hand side in Eq. (7) with
s being the phase parameter of the wall. Following the analysis in

37], the contact angle is related to the wetting potential� by

os(�) = (1 +�)1.5 − (1 −�)1.5

2
(16)

here the wetting potential� is given by

= −∂ϕ
∂�n

√
2k
A

(17)

ith ∂ϕ/∂�n being phase parameter derivative at the wall.
More detailed description of the free-energy LBM and the

oundary conditions implementation can be found in our previous
ork on numerical simulation of droplet dynamics on a hydropho-

ic micro-channel [35].

. Model validation

Two numerical experiments were performed to validate the
resent multiphase LBM model:

.1. Non-wetting phase invasion through a perforated plate

Fig. 3(a) shows the invasion of the non-wetting phase through
perforated plate (with four different size pores of 9 lattice length,
lattice length, 7 lattice length and 5 lattice, respectively) for two
ifferent viscosity ratios of M = 2 and M = 10, where M is defined as
he ratio of now-wetting phase viscosity to wetting phase viscosity.

2D computational domain of 60 × 50 lattices including the perfo-

ated plate is considered here. The non-wetting phase fluid, which
as a contact angle of � = 145◦ with the plate wall, was initially
laced under the plate. The gravitational force was ignored and the
niform velocity boundary condition was imposed at the bottom
ources 195 (2010) 3870–3881

boundary of the computational domain with the resulting capillary
number of the order of 10−6. From the results of LBM simulation
shown in Fig. 3(a), it can be seen that the invasion processes for
different viscosity ratios are almost the same and the non-wetting
phase only invades the largest pore of the plate, indicating that
the two-phase flow is dominated by capillary force where viscous
effects is negligible. Comparing the evolution pictures in this figure,
it is found that the phase interfaces in smaller pores recede after
non-wetting phase breaks through the largest pore at t = 3.1 × 105

lattice time. According to the Laplace’s law, the pressure difference
of the phase interface, which is defined as the capillary pressure Pc,
is related to the interface curvature radius rc by

Pc = c �
rc

(with c = 1 for 2D, c = 2 for 3D) (18)

When the non-wetting phase contacting with the pores in the
plate, the capillary resistance force resists the invasion of the non-
wetting phase. Due to the constant inlet flux, the capillary pressure
increases against the capillary resistance, resulting in the decrease
of phase interface curvature radius from Eq. (18) and the advance of
phase interface into the pores. However, after non-wetting phase
breaks through the largest pore, which has the smallest capil-
lary resistance, the capillary pressure suddenly drops as shown in
Fig. 3(b). As a result, the phase interface curvature radius rc should
increase to fit the decrease of the capillary pressure based on Eq.
(18), thus the phase interfaces in smaller pores recede. It should
be noted that the capillary pressure in Fig. 3(b) is expressed as a
dimensionless form PcR/� with R being the largest pore radius.

Moreover, the capillary pressure for the non-wetting phase
breaks through the largest pore can be obtained from the
Young–Laplace equation by substituting curvature radius
rc = R/cos(� − �) in Eq. (18) to give

Pc = −c � cos �
R

(with c = 1 for 2D, c = 2 for 3D) (19)

From Eq. (19), the analytical dimensionless breakthrough cap-
illary pressure PcR/� is 0.819, which is good agreement with the
value of 0.825 for M = 2 and 0.812 for M = 10 from LBM simulations.
Fig. 4. The capillary pressure curves by non-wetting phase displacement in a square
capillary channel with respect to different contact angle �. (Insert shows the shape
of the non-wetting phase entering the capillary channel.)
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Fig. 5. (a) Snapshots of the water behavior in the reconstructed GDL microstructure with fiber contact angle of 115◦ and capillary number of 4.5 × 10−7 (blue area denotes the
water). (i) t = 0.85 s, (ii) t = 1.05 s, (iii) t = 1.25 s, (iv) t = 1.35 s, (v) t = 1.45 s, (vi) t = 1.50 s. (b) Capillary pressure variation with time during the water invasion in the reconstructed
GDL with fiber contact angle of 115◦ and capillary number of 4.5 × 10−7. (c) Cross-section images of water distribution in the reconstructed GDL with fiber contact angle of
115◦ and capillary number of 4.5 × 10−7 (blue area denotes the water). (i) t = 0.85 s, (ii) t = 1.05 s, (iii) t = 1.35 s, (iv) t = 1.50 s. (d) Evolution of the water saturation profiles along
the through-plane direction of the GDL with fiber contact angle of 115◦ and capillary number of 4.5 × 10−7. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)
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Fig. 5.

quilibrium process during the non-wetting phase invasion which
s dominated by the capillary force.

.2. Two-phase displacement in a capillary channel

Next, two-phase displacement was performed by simulating
he non-wetting phase drainage the wetting phase in a 3D cap-
llary channel (with a square cross-section of 50 × 50 lattices and a
ength of 60 lattices). A non-wetting phase and a wetting phase
eservoirs with 5 lattices size were added to the front end and
ack end of the channel, respectively. Pressure boundary condi-
ions were imposed at the two reservoirs and the drainage process
as simulated by decreasing the wetting phase reservoir pres-
ure while keeping the pressure in the non-wetting phase reservoir
nchanged as was done in [24]. The difference between the non-
etting phase pressure and wetting phase pressure, that is the

apillary pressure, increases gradually and drives the non-wetting
hase into the channel which is initially filled by wetting phase.
nued ).

Fig. 4 shows the LBM simulated capillary pressure versus the
non-wetting phase saturation for the capillary channel with dif-
ferent contact angles. The capillary pressure is also expressed in
the dimensionless form of PcR/� with R being the capillary tube
equivalent radius. The analytical entry capillary pressure, that is
the minimum capillary pressure for the non-wetting phase driven
into the channel, can be obtained from Eq. (19) with c = 2, which
is equal to 2.0 for � = 180◦ and equal to 1.0 for � = 120◦. These val-
ues agree well with simulation values shown in Fig. 4. The shape of
the non-wetting phase entering the square capillary channel with
� = 180◦ is also shown in the insert of Fig. 4. It clearly shows that
the corners of the channel are occupied by the wetting phase during
the drainage process.
4. Results and discussion

We now return to the problem of water transport through a
reconstructed 3D GDL microstructure. In order to keep a reasonable
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omputational cost, a reconstructed GDL with its cross-section (in
z-plane) of 60 × 60 lattice nodes and thickness (in x-direction) of
5 lattice nodes (with one lattice distance representing 2.5 �m of
he physical length) was chosen in present study. The grid size effect
as tested by performing non-wetting phase drainage simulations

n this reconstructed GDL with three different lattice resolutions
f 3.8 �m, 2.5 �m and 1.5 �m, respectively. The results showed
lmost the same capillary pressure curves for the lattice resolu-
ions of 2.5 �m and 1.5 �m. Thus, a lattice distance with 2.5 �m
as adopted in this study.

In the following simulation studies, the uniform velocity bound-
ry condition was specified at the inlet and the constant pressure
oundary condition was specified at the outlet. In order to reduce
he influence of the GDL fiber on the inlet boundary, 5 layer lattices
ere added between the GDL and the inlet boundary. Moreover, a

oid space including 35 layer lattices was also added between the
DL and the outlet boundary to simulate water droplet formation

hrough the GDL. Thus, the total computational domain has the size
f 60 × 60 × 85 lattice nodes in present study. To relate the lattice
nits to the physical units, the dimension analogy was performed

n both lattice space and physical space. For the kinematic viscosity
and pressure P, they satisfy

�L
ıx2
L /ıtL

= �p

�x2
p/�tp

;
PLıxL
�L

= Pp�xp
�p

(20)

here subscripts L and p denote the quantities in lattice space and
hysical space, respectively, and the physical length�xp is 2.5 �m.
he lattice length ıxL and lattice time step ıtL in present LBM both
re unity. As a result, the physical time step and physical pressure
an be obtained from Eq. (20) by

tp = �L
�p
�x2

p; Pp = PL�p
�xp�L

(21)

Based on the discussion in Section 2.1 that the gravitational,
nertial and viscosity forces are negligible comparing with the
apillary force for water transport in GDL, the effects of density
nd viscosity ratios on two-phase transport in GDL can be safely
eglected in present study. For this reason, we arbitrarily set the
ensity of water and gas to be same and viscosity ratio of water and
as to be 2.0 to avoid the numerical instability which may occur

or large density and viscosity ratios in present LBM. It should be
oted that the arbitrarily assumed values of density and viscos-

ty ratios in porous media problems was also adopted in previous
wo-phase LBM simulations using intermolecular potential model
24,27,29]. Based on the physical parameters of surface tension and

ig. 6. Evolution of the water saturation profiles along the through-plane direction
f the GDL with fiber contact angle of 145◦ and capillary number of 4.5 × 10−7.
urces 195 (2010) 3870–3881 3877

water kinematic viscosity of 0.0645 N m−1 and 4.13 × 10−7 m2 s−1

at 70 ◦C [17], we obtained the physical time step �tp = 5 × 10−6 s,
if the water kinematic viscosity of 1/3 is used in the lattice space.
The uniform velocity at the inlet boundary was prescribed to be
7.5 × 10−5 m s−1 corresponding to the lattice velocity of 1.5 × 10−4

lattice unit in the present LBM simulations. This value of veloc-
ity corresponds to the capillary number Ca of 4.5 × 10−7, which is
larger than that in a typical PEMFC operation where Ca is of the
order of 10−8. However, the two-phase transport with such a small
capillary number still falls into the capillary fingering regime, and
the results obtained based on network models showed that water
transport had little influence with respect to the value of capil-
lary number in the capillary fingering regime [14,17]. Thus, a large
amount of simulation time can be saved in present study, com-
paring with the simulation of an extremely slow water transport
process in actual PEMFCs.

4.1. Water transport dynamics in the GDL with uniform
wettability

Fig. 5(a) shows the simulated results of water transport pro-
cess in the reconstructed GDL with a uniform fiber wettability of
� = 115◦. As shown, water invades into the GDL through the pores at
the front surface of the GDL and forms convex water fronts due to
the hydrophobic characteristic of the fibers. As more water invades
and accumulates near the inlet of the GDL, liquid water selects some
preferential paths to flow in the in-plane or through-plane direc-
tion of the GDL depending on the local capillary resistance force.
This is very similar to the non-wetting phase invasion through a
perforated plate in Fig. 3(a) that water (which is the non-wetting
phase here) preferentially selects the largest pores encountered on
its moving path. As water invades into the GDL further, some new
water fronts are formed. Gradually, these water fronts combine into
a main water front in the reconstructed GDL, and finally break-
through the GDL (when the water front reaches the outlet of the
GDL at t = 1.45 s) to form a droplet on the back surface of the GDL (at
t = 1.50 s). The simulation results clearly described the water trans-
port dynamics within the GDL and the formation of the droplet at
preferential locations of the GDL surface, which is consistent with
visualization experiments [6–8]. Sinha et al. [29] presented a sim-
ilar water transport process by simulating water primary drainage
in a more hydrophobic GDL (with � = 140◦) using intermolecular
potential two-phase LBM; however, the droplet formation was not
considered in their study. Fig. 5(b) shows the corresponding vari-
ation of pressure difference between inlet and outlet with time
during the water invasion process in the GDL. It can be seen that
the pressure undergoes irregular oscillation during the invasion
process, which implies the continuous buildup and release of the
inlet pressure before and after the water front passing through the
pores formed by fine fibers in the GDL to keep a constant water flux
[9]. After the water breakthrough the GDL at t = 1.45 s, the pressure
drops drastically and finally reaches a stable value when a steady
droplet is formed. The breakthrough pressure at t = 1.45 s obtained
from Fig. 5(b) is about 5.5 kPa, which is close to the experimental
results for carbon paper [38] at 5.3–7.4 kPa.

Fig. 5(c) shows the cross-section images of water distribution
along the GDL thickness at four different times. Comparing water
distribution at t = 0.85 s and t = 1.05 s, it can be seen that water
invasion in the GDL is not only along the through-plane direction
and but also along the in-plane direction, as the pore space occu-

pied by water in a certain cross-section gradually increases as the
water front moves ahead. In addition, comparing water distribu-
tion at t = 1.35 s and t = 1.50 s, it is found that once the in-plane
invasion process in a certain cross-section is completed, the void
area which is available for gas transport remains and will have lit-
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Fig. 7. (a) Snapshots of the water behavior in the reconstructed GDL microstructure with fiber contact angle of 92◦ and capillary number of 4.5 × 10−7 (blue area denotes
the water). (i) t = 0.85 s, (ii) t = 1.25 s, (iii) t = 1.85 s, (iv) t = 2.20 s. (b) Cross-section images of water distribution in the reconstructed GDL with fiber contact angle of 92◦ and
capillary number of 4.5 × 10−7 (blue area denotes the water). (i) t = 1.85 s, (ii) t = 2.20 s. (c) Evolution of the water saturation profiles along the through-plane direction of the
GDL with fiber contact angle of 92◦ and capillary number of 4.5 × 10−7. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of the article.)
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Fig. 8. (a) Snapshots of the water behavior in the reconstructed GDL microstructure with non-uniform wettability and capillary number of 4.5 × 10−7 (blue area denotes
the water). (i) t = 0.75 s, (ii) t = 0.95 s, (iii) t = 1.05 s, (iv) t = 1.20 s. (b) Cross-section images of water distribution in the reconstructed GDL microstructure with non-uniform
wettability and capillary number of 4.5 × 10−7 (blue area denotes the water). (i) t = 1.05 s, (ii) t = 1.20 s. (c) Evolution of the water saturation profiles along the through-plane
direction of the GDL with non-uniform wettability and capillary number of 4.5 × 10−7. (For interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)
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le change subsequently, though the water invasion in the though
lane of the GDL has not finished. The evolution of the cross sec-
ional average water saturation along the through-plane direction
f the GDL is presented in Fig. 5(d). The cross sectional average sat-
ration is defined as the ratio of the area occupied by water to the
otal pore area in the cross-section. It can be seen that the satu-
ation profiles have complex but approximately concave shapes
orresponding with capillary fingering invasion with small cap-
llary number, which had been obtained by network simulations
14–17]. However, in contrast with the conclusion obtained by Lee
t al. [16] in their network modeling that the saturation level in
he GDL continues to increase after the breakthrough of water, the
aturation profile in the GDL shown in Fig. 5(d) seems to have little
hange after the water breaks through the GDL at t = 1.45 s. It is also
hown that the cross sectional average saturation near the front
urface of the GDL reaches a stable value first, which is consistent
ith the evolution of the cross-section images of water distribu-

ion in Fig. 5(c). Also, it is shown that the average saturation is
bout 0.9 (and never reaches 1.0) at the inlet of GDL (x/Lx = 0) when
he droplet forms, indicating that 10% of void space at the inlet is
vailable for gas transport for the case with � = 115◦.

Water transport in the more hydrophobic GDL with a uniform
ber wettability of � = 145◦ was also investigated, and a similar
ater transport dynamic behavior to that of � = 115◦ was observed.

ig. 6 shows the corresponding saturation evolution profiles where
he breakthrough time is identified as at t = 1.35 s. Thus, the break-
hrough time decreases from 1.45 s to 1.35 s as the contact angle
ncreases from 115◦ to 145◦. Comparing Fig. 5(d) with Fig. 6, it can
e seen that the saturation distribution curves for � = 145◦ have
ore obvious concave shapes than that for � = 115◦ and the water

aturation in the cross-section is shown less in the GDL with more
ydrophobicity. It also can be seen that the maximal average sat-
ration at the inlet of the GDL is about 0.8 for the case of � = 145◦,

ndicating that 20% of void space is available for gas transport there,
hich is larger than 10% for the case of � = 115◦. All of the above

ndicate that the wettability of GDL indeed affects the water distri-
ution in the GDL, and the enhancement of hydrophobicity of GDL

s useful to provide more available pores or paths for gas trans-
ort through the GDL to catalyst layer. Again, this is contradictory
o the results of a previous network model [16] indicating that
ydrophobicity of GDL has no effect on water saturation distribu-
ion. In addition, it is observed from Fig. 6 that the cross sectional
veraged saturations near the inlet of GDL are reduced after the
reakthrough of water (at t = 1.35 s). This result further confirms
he speculation of the capillary fingering transport mechanism in
ater invasion in GDL, which was proposed by Lister et al. [9] from

heir visualization study. As they have speculated, the dead ends
re formed during the water invasion dominated by capillary fin-
ering and these dead ends will recede from the GDL due to the
nlet pressure drop if a breakthrough path adjacent to these dead
nds is formed. The process described above is very similar to non-
etting phase invasion through a plate with openings of different

izes shown in Fig. 3(a) and (b). However, owing to the small cross
ectional area of the GDL that was chosen in this study, the dead
nd receding and the resulting saturation reduction are not obvious
or the case of � = 115◦ as shown in Fig. 5(d).

Figs. 7(a)–(c) shows that water transport in the GDL with almost
eutral wettability of � = 92◦ exhibiting nearly stable displacement
haracteristics with rather flat and convex saturation profiles. It
hould be noted that the capillary number in Figs. 7(a)–(c) is the
ame as those for the cases of � = 115◦ and 145◦, indicating that the

ow is still dominated by capillary force. Again, it implies that the
ettability also has significant influence on the two-phase flow in
DL. Actually, the phase diagram proposed by Lenormand [30] was
ased on their experiment with complete hydrophobicity (� = 180◦)
f the non-wetting phase, where the wettability was not consid-
Fig. 9. Comparison of water saturation distribution along the through-plane direc-
tion of the GDL for non-uniform and uniform wettabilities at the time that water
breakthrough occurs.

ered. From Eq. (19), it further predicts that the capillary resistance
force for water invasion in the GDL will depends little on the pore
size if the contact angel � is close to 90◦, thus resulting in the homo-
geneous invasion of the pores as the water front advances. Fig. 7(c)
shows that the averaged saturation at inlet of the GDL reaches
1.0 after 1.05 s, indicating that the flooding occurs after 1.05 s for
� = 92◦.

4.2. Water transport dynamics in the GDL with non-uniform
wettability

In practice, the hydrophobicity of the GDL is achieved by treat-
ing the GDL with PTFE. However, due to the possible non-uniform
loading of PTFE, hydrophobic and hydrophilic fractions generally
coexist in the GDL. We now consider the GDL with non-uniform
wettability in the present LBM study by prescribing a hydrophilic
columnar subdivision along the thickness of the GDL, which is
located in the middle of the reconstructed GDL with its diameter of
20 lattices. The contact angle of fibers in the hydrophilic subdivision
was set to be 80◦ corresponding with the contact angle of carbon,
while the rest was set to be 115◦ corresponding with the contact
angle of pure PTFE material. Figs. 8(a) and (b) shows water trans-
port behavior and Fig. 8(c) shows water saturation distribution
evolution in the reconstructed GDL with prescribed coexisted wet-
tabilities. It can be seen that water invades into the GDL selectively
through the hydrophilic path while keeping other paths free for gas
transport and the location of the water breakthrough occurred at
the end of the hydrophilic path. The existence of hydrophilic path
suppresses the formation of dead ends in the GDL, thus lowering
the saturation near the inlet of the GDL. It is interesting to note from
Fig. 8(c) that (i) the saturation at the inlet of GDL is 0.64 meaning
that 36% of pore space at the inlet of GDL is available for gas trans-
port, and (ii) the water saturation distribution in GDL has an almost
flat variation with a value around 0.2 from x/Lx = 0.25 to the out-
let after water breakthrough, which is different from the gradual
decrease for uniform wettability cases shown in Figs. 5(d) and 6.

Fig. 9 shows the comparison of water saturation profiles along
the thickness of the GDL at the time when water breakthrough
occurs (for which the water front reaches the outlet of the GDL at

◦ ◦ ◦ ◦
x/Lx = 1) for non-uniform (� = 115 /80 ) and uniform (� = 92 , 115 ,
145◦) wettability distributions. It is shown that the reservation
of a hydrophilic path in the GDL with non-uniform wettability
of � = 115◦/80◦ reduces the saturation, even more obviously than
enhancing hydrophobicity. Moreover, the average saturation in the
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hole GDL with coexisting wettabilities is about 0.3 after water
reaks through the GDL, while it is 0.4, 0.55 and 0.95 for uniform
etting GDL with 145◦, 115◦ and 92◦ contact angles, respectively.

his confirms the proposition by Sinha and Wang [15] that a GDL
ith tailored wettability distribution for both hydrophobic and
ydrophilic paths is optimum for removal of liquid water from
atalyst layer, thus alleviating mass transport losses in PEMFCs.

. Concluding remarks

A profound understanding of liquid water transport in GDL is
eeded for improving performance of PEMFCs for the purpose of
voiding water flooding. The pore-scale modeling is regarded as a
ery useful tool to study water transport within the GDL, which
an incorporate the wettability property and the realistic porous
icrostructure of the GDL together. In the present work, the water

ransport dynamic behavior in a carbon paper GDL with detailed
icrostructure reconstructed by stochastic method is investigated

sing the multiphase free-energy LBM approach. The water inva-
ion processes through the GDL with a uniform inlet velocity are
resented by considering uniform and non-uniform wettabilities
f the GDL fibers, respectively. For a homogeneously wetting GDL
ith high hydrophobicity, the present results confirm the con-

lusion of previous network studies [14–17] that water transport
n GDL is governed by capillary fingering at low capillary num-
ers, where water invasion in through-plane or in-plane direction
epends only on the local capillary resistance. However, for a GDL
ith nearly neutral wettability, water transport exhibits stable dis-
lacement characteristics even for a capillary force dominated flow,

mplying that wettability is also an important parameter control-
ing the two-phase flow in GDL. Moreover, it is found that water in
he non-uniform wetting GDL transports through the hydrophilic
ath preferentially. The simulations also show the formation of
ater droplets on the GDL surface for high hydrophilicity and non-
niform wettability cases. It is shown that the water breakthrough
he GDL at preferential locations which can be regarded as the path
nds of water transport in the GDL corresponding to the small-
st capillary resistance. The resulting water saturation distributions
how little change after the breakthrough of water occurs, which
s quite different from the results from network modeling [16]
howing that the saturation continuously increases for a long time
fter the breakthrough. The results also show significant effects of
ettability on the water saturation distribution in GDL. Compar-

ng the cross-section water saturation distributions in uniform and
on-uniform wetting GDL, it is shown that the design of proper
ydrophilic passages in the GDL can reduce the cross sectional aver-
ge saturation not only at the inlet face but also in the whole GDL,
hus leaving more void space for reactant gas transport to the cat-
lyst layer. As point out by Sinha and Wang [15], treatment of the
DL with controlled wettability is extremely challenging, and novel

et coating technology is needed to be developed in the future.

As indicated in previous discussion, it is difficult to perform
xperimental studies for quantitative investigations of water trans-
ort behavior and water saturation distribution in the very thin GDL
ow, due to the limitations of the existing experimental methods,

[

[

[

urces 195 (2010) 3870–3881 3881

which results in the lack of the verification for simulation studies.
Thus, it is imperative to develop accurate and effective experimen-
tal techniques to obtain complete 3D images of water distribution
in GDL. Until that time, the pore-scale simulations by LBM model
can be regarded as a necessary complement to the experimental
studies at the present time.
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