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Abstract. Water management is a key to ensuring high performance and durability of
polymer electrolyte fuel cell (PEFC), and it is important to understand the behavior of
liquid water in PEFC. In this study, the two-phase lattice Boltzmann method is applied
to the simulations of water discharge from gas diffusion layers (GDL) to gas channels.
The GDL is porous media composed of carbon fibers with hydrophobic treatment,
and the gas channels are hydrophilic micro-scale ducts. In the simulations, arbitrarily
generated porous materials are used as the structures of the GDL. We investigate the
effects of solid surface wettabilities on water distribution in the gas channels and the
GDL. Moreover, the results of X-ray computed tomography images in the operating
PEFC are compared with the numerical simulations, and the mechanism of the water
transport in PEFC is considered.
AMS subject classifications: 76M28, 76T10, 76S05, 65D18
Key words: Two-phase lattice Boltzmann method, polymer electrolyte fuel cell, X-ray CT imaging, gas diffusion layer.

1 Introduction
Polymer electrolyte fuel cell (PEFC) is expected to be the future driving power of vehicles
because of its low emission and high efficient conversion into energy. The PEFC is composed of an electrolyte membrane, a catalyst layer, a gas diffusion layer (GDL), bipolar
plates, etc. Water management in the PEFC is one of the inevitable and difficult issues to
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kuaero.kyoto-u.ac.jp (T. Inamuro)
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realize high performance and durability. While the electrolyte membrane has to be kept
humid to facilitate proton conductivity, the liquid water in the catalyst layer, GDL and
gas channels has to be continually discharged to ensure oxygen or hydrogen transport to
catalyst surfaces [1].
Recently, various investigations of water transport in the GDL and the gas channels
have been performed [2–5]. However, they are elementary evaluations of the GDL and
the gas channels, and there are few pore-scale analyses on water transport in the GDL
and the gas channels at the same time. Furthermore, there are few studies which compare
in-situ measurements in the operating PEFC to numerical simulations with the complex
GDL geometries.
In this study, in order to obtain fundamental knowledge of water transport in the
PEFC, two-phase lattice Boltzmann simulations are performed and compared with Xray computed tomography images in the operating PEFC. In the simulations, the surface
tension of liquid water, the wettability of the GDL and the gas channel, and the high
density and viscosity ratios of water and air are taken into account.
The paper is organized as follows. In Section 2, we describe the numerical method
and the computational setup. Comparison with X-ray computed tomography images
and numerical results are shown in Section 3. Finally, conclusions are given in Section 4.

2 Numerical method and calculation conditions
2.1 Two-phase lattice Boltzmann method
Recently, the lattice Boltzmann method has been developed into an alternative and
promising numerical scheme for simulating viscous fluid flows and multi-phase fluid
flows. The advantages of the lattice Boltzmann method are the simplicity of the algorithm, the accuracy of the mass and momentum conservations, the straightforward resolution of complex boundaries, and the suitability for parallel computing. These features
are quite suitable for simulating multiphase flows in the complex GDL.
In this study, the two-phase lattice Boltzmann method proposed by Inamuro et al. [6],
which can simulate two-phase flows with a large density ratio, is used. The fifteenvelocity model (N = 15) is used in the present paper. The velocity vectors in this model
are given by


c1 ,c2 ,c3 ,c4 ,c5 ,c6 ,c7 ,c8 ,c9 ,c10 ,c11 ,c12 ,c13 ,c14 ,c15


0 1 0 0 −1 0
0 1 −1 1
1 −1 1 −1 −1
=  0 0 1 0 0 −1 0 1 1 −1 1 −1 −1 1 −1  .
(2.1)
0 0 0 1 0
0 −1 1 1
1 −1 −1 −1 −1 1
Two particle velocity distribution functions, f i and gi are used. The function f i is used
for the calculation of an order parameter which represents two phases, and the function
gi is used for the calculation of a predicted velocity of the two-phase fluid without a
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pressure gradient. The evolution of the particle distribution functions f i ( x,t) and gi ( x,t)
with velocity ci at the lattice point x and at time t is computed by
f i ( x + ci ∆x,t + ∆t) = f ic ( x,t),

(2.2)

gi ( x + ci ∆x,t + ∆t) = gci ( x,t),

(2.3)

where f ic and gci are functions of Chapman-Enskog type in which variables x and t enter
only through macroscopic variables and/or their derivatives. The order parameter φ
distinguishing the two phases and the predicted velocity u∗ of the multicomponent fluids
are defined in terms of the two particle velocity distribution functions
15

φ = ∑ fi ,

(2.4)

i =1
15

u ∗ = ∑ gi c i .

(2.5)

i =1

The functions f ic and gci in Eqs. (2.2) and (2.3) are given by
h
i
κf
f ic = Hi φ + Fi p0 − κ f φ∇2 φ − |∇φ|2 + 3Ei φciα uα + Ei κ f Gαβ (φ)ciα ciβ ,
6
n
3
9
3  ∂u β ∂uα 
gci = Ei 1 + 3ciα uα − uα uα + ciα ciβ uα u β + ∆x
+
ciα ciβ
2
2
4
∂xα ∂x β
κg
1 ∂ h  ∂u β ∂uα i o
2 κg
+ 3ciα
µ
+
∆x + Ei Gαβ (ρ)ciα ciβ − Fi |∇ρ|2 ,
ρ ∂x β
∂xα ∂x β
ρ
3 ρ

(2.6)

(2.7)

where
H1 = 1,
7
F1 = − ,
3

H2 = H3 = ··· = H15 = 0,

(2.8a)

Fi = 3Ei (i = 2,3, ··· ,15),

(2.8b)

and
Gαβ (φ) =

9 ∂φ ∂φ 3 ∂φ ∂φ
−
δαβ ,
2 ∂xα ∂x β 2 ∂xγ ∂xγ

(2.9)

with α,β,γ = x,y,z. In the above equations, δαβ is the Kronecker delta, κ f is a constant
parameter determining the width of the interface, κ g is a constant parameter determining
the strength of the surface tension, and the other variables, ρ, ρL , µ, and u are defined
below. In Eq. (2.6), p0 is given by
p0 = φTφ

1
− aφ2 ,
1 − bφ

(2.10)
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where a,b, and Tφ are free parameters determining the maximum and minimum values
of φ. The density in the interface is obtained by using the cut-off values of the order
∗ , for the liquid and gas phases with the following relation:
parameter, φL∗ and φG

ρ=


ρ ,


 Gh
∆ρ
2





∗,
φ < φG

sin



φ−φ∗
∆φ∗ π



i

∗ ≤ φ ≤ φ∗ ,
+ 1 + ρG , φG
L

(2.11)

φ > φL∗ ,

ρL ,

where ρG and ρL are the density of gas and liquid phase, respectively, ∆ρ = ρL − ρG , ∆φ∗ =
∗ , and φ ∗ = ( φ ∗ + φ ∗ ) /2. The viscosity µ in the interface is obtained by
φL∗ − φG
L
G
µ=

ρ − ρG
(µL − µG )+ µG ,
ρL − ρG

(2.12)

where µG and µL are the viscosity of gas and liquid phase, respectively, and both are of
O(∆x). Since u∗ is not divergence free (∇· u ∗ 6= 0) in general, a correction of u∗ is required.
The current velocity u which satisfies the continuity equation (∇· u = 0) can be obtained
by using
u − u∗
∇p
=−
,
∆t
ρ
 ∇p 
∇· u ∗
∇·
= Sh
,
ρ
∆t

Sh

(2.13)
(2.14)

where Sh = U/c is the Strouhal number and p is the pressure. The Poisson equation (2.14)
can be solved by various methods. In the present paper, we solve it in the framework of
LBM. Namely, the following evolution equation of the velocity distribution function hi is
used for the calculation of the pressure p:
hni +1 ( x + ci ∆x) = hni ( x)−

 1 ∂u∗
1 n
hi ( x)− Ei pn ( x) − Ei α ∆x,
τh
3 ∂xα

(2.15)

where n is the number of iterations and the relaxation time τh is given by
1 1
τh = + .
ρ 2

(2.16)

The pressure is obtained by
15

p = ∑ hi .

(2.17)

i =1


The iteration of Eqs. (2.15)-(2.17) are repeated until | pn+1 − pn | ρ < ε (e.g., ε = 10−6 ) is
satisfied in the whole domain.
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Figure 1: 2D sketch of the boundary condition for wetting.

The boundary condition for the function f i is changed from [6] in order to introduce
the wettability on walls. The half-way bounce back boundary condition [7] and the wetting boundary condition [5] are used for f i . In the wetting boundary condition, the value
of the order parameter at the solid wall is estimated by
h

i
γwet
N φfluid −|∆x |
κf
φwall = ∑
,
(2.18)
N
i =1
where subscript ”wall” and ”fluid” represent the solid and the fluid lattice points nearest
to the solid surface, and N represents the total number of the nearest fluid lattice points
to the solid lattice point (Fig. 1). In Eq. (2.18), κ f is a constant parameter determining the
width of the interface, and γwet is the wetting potential [8–13].

2.2 Computational setup and conditions
The computational domain is discretized into L x × Ly × Lz = 240 × 120 × 120 cubic lattices
(see Fig. 2). The gas channel with the width of 80∆x, the height of 40∆x and the length of
240∆x is set at the top of the computational domain. The GDL with the width of 120∆x,
the height of 60∆x and the length of 240∆x is set under the separator. The porosity and
the fiber diameter of the GDL are set to 78%, and 5∆x, respectively. The rib is defined
as the contact faces between separator and the GDL, and other area are set as solid point
unrelated to calculation.
In our past study [1], the reconstructed GDL structure obtained by X-ray CT imaging
shown in Fig. 3 was used, and its structural properties were validated compared with the
experimental measurement of permeability. In this study, however, the Virtual Material
Design [4] is applied to make the GDL structures because of its easiness to change the parameters such as fiber diameter, porosity, and anisotropy for their optimization. Among
the various types of GDLs, a carbon paper is chosen and the fiber diameter, porosity, and
thickness is used as setting values. That is, the GDL is assumed to be isotropic in the x
and y directions and fibers are filled until the porosity becomes the setting value. After
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Figure 2: Computational setup.
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Figure 3: Reconstructed X-ray computed tomography image of GDL.

x

Figure 4: Simulated GDL structure (fiber and
binder).

that, binder or water-repellent are filled to the curvature constant until filling fraction
becomes the setting value (see Fig. 4). In order to verify the validity of the reconstructed
structure, the permeability were calculated and compared with experimental results.
For the initial condition, the gas channel is filled with air and the GDL is filled with
the mist of φ = 0.30. The air flows into the gas channel with the velocity u x = 5.0 × 10−4
from the inlet (x = 0). The liquid water is assumed to be produced at the bottom of the
GDL according to the current density of the PFEC. Its velocity uz can be obtained by
using the following equations:
Nr

1

1

18

S

∑ ρL uz = 2 × 96500 × 1000 × I × ρ0 cL2 ,

(2.19)

n =1

where ρL is the liquid density, uz is the water inlet velocity in the z direction, 96500C/mol
is the Faraday constant, 18 is the molecular weight of water, 1/2 is the number of water
moles produced per electron, and I and S are the current density and the bottom area of
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the PEFC. Also, ρ0 , c, and L are the reference quantities for density, velocity, and length,
respectively, which are used for defining dimensionless variables in the computation.
It is noted that the liquid water is not produced at the entire bottom of the GDL, but
it is produced at 10% of lattice points (n = Nr ) on the bottom using random numbers.
That is, it is assumed that the water flows into the GDL from specific large pores in the
catalyst layer. For the outlet boundary condition, constant gradient boundary condition
is applied to pressure and no gradient boundary condition is applied to other physical
quantities at the outlet of the channel (x = L x ). The periodic boundary condition is applied
in the y direction, and the non-slip and the wetting boundary condition are used at the
top and the bottom walls in the z direction.
The density and viscosity ratios of the air to the water are ρL /ρG = 854, and µL /µG =
48.6, respectively. The parameter values are a = 1, b = 1, T = 0.29, and it follows that the
maximum and minimum values of the order parameter are φmax = 0.40 and φmin = 0.26.
The cut-off values of the order parameter are φL =0.38 and φG =0.27. The other parameters
are fixed at κ f = 0.05(∆x)2 , τ f = 1, τg = 1, C = 0, g = 9.8 × 10−14 , where τ f and τg are the
non-dimensional relaxation times, C is the mobility parameter, and g is the gravity force.

3 Results
In our past study [14], the visualization experiment and the numerical simulation of water droplet transport in the gas channels were compared. There are several experimental
approaches to visualize the water distribution in the PEFC such as the neutron imaging [15], Magnetic resonance imaging [16], and the X-ray computed tomography technique [17–19]. In this study, the in-situ micro focus X-ray computed tomography in operating condition is compared with numerical simulations of the water distribution in the
GDL. The mechanism of water transport in the PEFC depends on the channel geometry,
gas velocities, temperature, wettabilities, etc. In particular, the effects of wettability of the
GDL and the channel wall on the water transport are investigated.

3.1 Comparison with experimental result
The numerical results conducted at a current density 1.0A/cm2 are shown in Fig. 5. The
contact angles of the GDL and the channel wall are 75◦ and 60◦ , respectively. Fig. 5
shows the time evolutions of water distribution at three different non-dimensional times
t∗ (= L x t/u x ). As shown in Fig. 5, the liquid water gathers in small pores among the
hydrophilic fibers and stays under the rib which is more hydrophilic than the carbon
fibers.
Experimental results, obtained by the micro focus X-ray computed tomography system, are arranged as follows. Fig. 6 shows a fuel cell reconstructed by the X-ray computed
tomography. The operating temperature is 305K and the current density is 0.3A/cm2 .
The GDL is made of the Toray TGP-H060 without hydrophobic treatment, and its wettability is weakly hydrophilic. Fig. 7 shows the procedure of image processing of a − a′
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Figure 5: Time evolution of water distribution (θGDL = 75◦ , θchannel = 60◦ ).
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Figure 6: Three dimensional X-ray CT image of
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Figure 7: Procedure of image processing.

cross section in Fig. 6. The spatial resolution of X-ray computed tomography is set to
2µm. In Fig. 7, one is in dry condition, which is before operation, and another is in an
operating condition. The dry condition image is converted into a binary image of pores
and fibers, and the in-operation image is converted into a binary image of pores and the
mixture of waters and fibers. By calculating the difference between the two images, the
water distribution in the GDL can be obtained.
As seen in Figs. 5 and 7, the simulation and the experiment show agreement on the
point that the water accumulates in small pores among the fibers more stable than in
large pores. Fig. 8 shows the three-dimensional water distribution obtained by the image
processing of X-ray computed tomography images. As seen in Figs. 5 and 8, a large
amount of water stays under the rib.
Fig. 9 shows the distribution of water saturation in the GDL. The water saturation
is defined by the averaged ratio of water volume to the pore volume. In the figure, the
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Figure 8: Three dimensional water distribution in the GDL reconstructed by X-ray CT imaging. (a) In the GDL
and channel; (b) in the GDL near the channel and rib.
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Figure 9: Comparison between simulation and experiment. (a) Under the channel; (b) under the rib.

water saturation near the catalyst layer, in the middle of the GDL, and near the channel
is compared with the experiment. It is seen that the simulation results qualitatively agree
with the experimental results both under the channel and under the rib. It is also found
that more water stays near the catalyst layer than near the channel (see Fig. 9(a)), and
more water stays under the rib than under the channel.

3.2 The effect of wettabilities of the GDL and the channel wall
Firstly, in order to investigate the effect of wettability of the GDL, simulations are carried
out with the hydrophobic and hydrophilic GDLs. The contact angles of the hydrophobic
and the hydrophilic cases are 120◦ and 75◦ , respectively, and the contact angle of the
channel wall is set at 60◦ for the both cases. The results of the hydrophobic case are
shown in Fig. 10, and those of the hydrophilic case have already been shown in Fig. 5.
As shown in Fig. 10, the liquid water gathers in large pores in the hydrophobic GDL, and
the liquid water under the rib is increased after the liquid water path connects from the
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Figure 10: Time evolution of water distribution (θGDL = 120◦ , θchannel = 60◦ ).
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bottom of the GDL to the rib. It is also found that the accumulated water under the rib is
discharged along the hydrophilic channel wall.
Figs. 11(a) and 11(b) show the water saturation distribution in the hydrophobic and
the hydrophilic GDL at the same saturation level in the GDL. The water saturation is
defined by the averaged ratio of water volume to the pore volume in the x − y plane at
t∗ = 0.8. Fig. 11(a) shows the water saturation distribution under the channel in the z
direction. On the other hand, Fig. 11(b) shows the water saturation distribution under
the rib. It is seen that the water saturation distribution in the hydrophobic GDL is dif-
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ferent from that in the hydrophilic GDL, because the water stays in large pores in the
hydrophobic GDL, but it remains in small pores in the hydrophilic GDL. Furthermore,
it is found that the water saturation just under the rib, which is more hydrophilic than
the GDL, becomes larger than that under the channel in both the hydrophobic and the
hydrophilic GDL.
Secondly, in order to investigate the effect of wettability of the channel wall, the contact angle of the channel wall is changed to 120◦ . The contact angle of the GDL is set at
120◦ . The result is shown in Fig. 12. In both cases of the hydrophilic channel (Fig. 10)
and the hydrophobic channel (Fig. 12), the water passes through large pores in the GDL
and the liquid water under the rib diminishes due to the change in the wettability of the
channel. Figs. 13(a) and 13(b) show the water saturation distribution in the GDL at the
same saturation level. As seen from these figures, it is found that the liquid water under
the rib can be diminished at low water saturation (see t∗ = 0.8 in Fig. 12) by changing the
wettability of the channel wall from hydrophilic to hydrophobic.

4 Conclusions
The two-phase lattice Boltzmann method for high density ratio proposed by Inamuro [6],
the boundary condition for wettability [5], and the half-way bounce back boundary condition [7] have been applied to simulations of the water transport from the GDL to the gas
channel. Numerical results are compared with the X-ray computed tomography images,
and they agree qualitatively. From the numerical investigations of the effect of wettabilities of the GDL and the channel wall on the water transport from the GDL to the gas
channel, it is found that the liquid water passes through small pores in the hydrophilic
GDL and large pores in the hydrophobic GDL. It is also found that more water stays
under the rib than under the channel and the water under the rib can be diminished by
changing the wettability of the channel wall from hydrophilic to hydrophobic. In a future
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study, in order to find out the optimal condition for the PEFC, the effect of the porosity
and the pore size distribution of the GDL, the channel geometry, the inlet gas velocity
and the humidity on the water transport in the PEFC will be investigated. Furthermore,
phase changes such as condensation by cooling water and evaporation near the catalyst
layer should be considered.
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