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Abstract—A pore-scale model based on the lattice Boltzmann method (LBM) is proposed for the cathode electrode
of a PEM fuel cell with heterogeneous and anisotropic porous gas diffusion layer (GDL) and interdigitated flow field.
An active approach is implemented to model multi-component transport in GDL, which leads to enhanced accuracy,
especially at higher activation over-potentials. The core of the paper is the implementation of an electrochemical reac-
tion with an active approach in a multi-component lattice Boltzmann model for the first time. After model validation,
the capability of the presented model is demonstrated through a parametric study. Effects of activation over-potential,
pressure differential between inlet and outlet gas channels, land width to channel width ratio, and channel width are
investigated. The results show the significant influence of GDL microstructure on the oxygen distribution and current

density profile.
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INTRODUCTION

Increased atmospheric pollution and depleting fossil fuel resources
have made the search for sustainable energy sources inevitable.
Hydrogen as an energy carrier is at the center of attention in this
new scenario, being compatible with renewable energy sources and
the preferred fuel for fuel cells. Among different types of fuel cells,
the proton exchange membrane (PEM) fuel cell shows the most
promising future because of its many advantages over other fuel
cell types including high power density; low operating temperature,
high efficiency and low emissions [1]. PEM fuel cells are being actively
developed for use in cars and buses, as well as for a wide range of
portable applications, and for combined heat and power (CHP)
systems [2]. Nevertheless, there are still some barriers for their com-
mercialization such as cost and durability issues which make fun-
damental research for their development unavoidable. The ability
to model reactant gas transport along with electrochemical reac-
tions in the electrodes is critical, particularly in the cathode where
the oxygen reduction reaction (ORR) is sluggish and inefficient
[3]. Many such numerical models have been proposed in the liter-
ature [4,5]. In almost all of these models the gas diffusion layer (GDL)
is treated as a homogeneous and isotropic porous medium with
uniform morphological properties such as porosity, tortuosity, and
permeability, while GDLs are actually highly non-homogeneous
and anisotropic [6,7]. Therefore, a numerical technique capable of
taking into account heterogeneous and anisotropic effects is needed
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to reach a better prediction of cathode performance. With enhanced
computational resources becoming available in recent years, the
lattice Boltzmann method (LBM) has emerged as a powerful tool
for modeling heterogeneous and anisotropic transport phenom-
ena in a complicated porous medium such as GDL or catalyst layer
(CL) of a PEM fuel cell at pore scale. LBM has several advantages
over other conventional CFD methods in dealing with complex
boundaries, in parallelization of the algorithm and in modeling
multi-phase fluid flow in a porous medium [8]. Hence, modeling
different types of fuel cells by LBM has been growing in the past
decade [9-11].

Several LBM investigations of GDL and CL transport proper-
ties, such as permeability, have been reported [12-17]. Dynamic
behavior of liquid water in the channel or GDL of a PEM fuel cell
has also been modeled recently using LBM [18-23]. To the best of
our knowledge, in all of previous LBM investigations the cathode
electrode is not simulated completely where no electrochemical
reaction is considered (with the exception of investigations by Chen
et al. [21-23]). Moreover, in the only investigations where cathode
is simulated with the inclusion of electrochemical reaction, i.e. [21-
23], the species transport is modeled through a passive approach.
This approach may lead to lack of accuracy especially when spe-
cies fractions become comparable, such as at high over-potentials,
and hence no component can be considered as a solvent [24]. On
the other hand, an active approach in which the velocity fields of
all species are solved separately can lead to more accurate results.

In the present study, a pore-scale model for species transport in
the cathode GDL of a PEM fuel cell with interdigitated flow field
is proposed. The core of the paper is the implementation of elec-
trochemical reaction with an active approach in a multi-compo-
nent LB model for the first time. Although the model presented
here is a single phase, it has the potential to be further developed
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into a multi-phase model. This model allows investigating multi-
component gas transport in cathode GDL taking into account elec-
trochemical reaction on CL and considering heterogeneity and anisot-
ropy effects of the porous GDL.

NUMERICAL APPROACH

1. LBM Framework

Unlike conventional numerical schemes based on discretization
of macroscopic continuum equations, the lattice Boltzmann method
is based on microscopic models and mesoscopic kinetic equations
simplified for a lattice. The kinetic nature of LBM introduces some
extraordinary features that distinguish it from other numerical meth-
ods such as the linearity of transport equation (in comparison with
nonlinear Navier-Stokes equations), calculating pressure by an equa-
tion of state (in comparison with calculating pressure by solving
Poisson differential equation), etc. [8].

The present numerical model is based on the lattice Boltzmann
method with a single relaxation time collision operator (the so-
called BGK model [25]) and the popular D2Q09 lattice scheme. The
“2” in D2Q9 refers to the number of lattice dimensions and “9”
refers to the number of possible directions for a particle movement
in the lattice.

The lattice Boltzmann equation which is derived from simplifi-
cation of Boltzmann equation in a lattice [26] can be expressed as:

f+ AL t+A)=£ t)+A—Tt[ffq(%, -2 0] 0

where f; is the density distribution function in direction i, f is the
equilibrium density distribution function, ? refers to space posi-
tion, t is time, ¢; the velocity vector in direction i, and 7 the relax-
ation time which is related to kinematic viscosity, v, by 7=1/2+3v.
Equilibrium density distribution function is calculated as:

&4 1R ﬁ)z 13-4
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where w; is the weighting factor, p=>"f; is the fluid density, i=
Zf,-g,- /Zf,- is fluid velocity and c; is the speed of sound in the lat_
tice. ForlD2Q9 lattice scheme, ¢,=1/./3 and w; is equal to {4/9, 1/9,
1/9, 1/9, 1/9, 1/36, 1/36,1/36, 1/36} for i={0, ...., 9}.

Eq. (1) is solved through collision and streaming processes which
are shown for D2Q9 scheme in Egs. (3) and (4), respectively.

f(x, v, t+A) =f(x, v, t)|:1—, A—Tt:|+ A—z_tffq(x, Y, t) 3)

fi(x+Ax, y+Ay, t+A) =f(x, y, t+At) 4)

To incorporate boundary conditions, f; must be determined at the
boundaries. A simple and powerful LBM boundary condition ap-
plicable for no-slip wall is called “bounce-back;” which is based on
the idea that particles colliding with a wall in a direction will bounce
back in the opposite direction [27]. In fact, this boundary condi-
tion gives LBM the ability to model fluid flow in complicated geom-
etries such as pore space of a porous medium. Several versions of
this boundary condition have been proposed [24]; however, the
half-way version in which the wall is located half-way between two
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neighboring grids is mostly used.
2. Simulating Multi-component, Single-phase Fluid Flow

Generally, two distinct passive and active approaches may be
used to simulate multi-component single-phase fluid flows. In a
passive approach the chemical species whose mass fraction is greater
than the others is considered as solvent while other species are con-
sidered as solutes. Hence, the velocity field is only solved for the
solvent species before advection-diffusion equation is solved for
the other species. Therefore, the velocity field is dependent only on
the solvent species. This may lead to lack of accuracy when spe-
cies fractions are comparable and hence no component can be con-
sidered as a solvent [24].

On the other hand, in an active approach the velocity fields for
all species are solved separately; this is a more realistic approach
leading to more accurate results. To implement this approach in a
lattice Boltzmann simulation, a multi-component multi-phase model
may be adopted and by appropriate setting of model parameters
the number of phases reduces to one. More clearly, the parameter
which causes a phase separation in a multi-component flow is the
difference between inter-particle forces acting on the particles of
different components. Therefore, if these forces do not exist, no
phase separation will occur and hence a multi-component single-
phase flow will result. This idea of reducing the number of phases
of a multi-component multi-phase model to one by omitting such
forces is the basis of performing an active approach by LBM [24].
Therefore, the starting point to perform an active multi-compo-
nent single-phase LB approach is selecting a multi-component
multi-phase LB model.

Several multi-component multi-phase LB models have been pre-
sented in the literature. Gunstensen et al. [28] developed a multi-
component LB model based on a two-component lattice gas model,
which is known as the color method. Shan and Chen [29] proposed
an LB model for multi-phase, multi-component fluid flows con-
sidering inter-particle interactions by a pseudo-potential function.
Swift et al. [30] developed an LB multi-phase and multi-compo-
nent model by using the free-energy approach. Among the afore-
mentioned multi-phase LB models, the Shan and Chen (SC) model
is widely used due to its simplicity and remarkable versatility. In
the SC model, the lattice Boltzmann equation is solved for each
component separately [31]; hence £ will appear from now on, where
the superscript k denotes the kth component. To incorporate multi-
phase coexistence, forces are introduced to account for fluid-fluid
(Feon) and fluid-solid (Faa,) interactions. By choosing small or zero
values for these forces the multi-component, multi-phase LB model
is converted to a multi-component, single-phase LB model with
active approach [24,32]. To couple lattice Boltzmann equations of
different components, the composite velocity 3’ must be applied
for all components in Eq. (2), instead of 4. The composite veloc-
ity is defined as:

k i
d=—t_ (5)

The relaxation time of each component (") is calculated through
the following equation:
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*=05+3¢ (6)

where 1" is the LB kinematic viscosity of component k. Tt is related
to the physical kinematic viscosity of component k, ™", through
the following equation:

V= VEPAY A @)

Therefore, by calculating 1™ at each time-step, 1* and subsequently;
7 can be calculated. However, to maintain the stability condition,
the resulted value of 7* must not exceed an interval.
3. Boundary Condition for a Reactive Surface

Kamali et al. [33] recently proposed a novel half-way bounce-
back boundary condition for multi-component, multi-phase LBM
through which surface reaction can be simulated. They showed
that for a typical surface reaction A+B+...—~C+E+... that is first
order in A, when a particle of type A hits the wall, fraction K of
its mass is converted into products, while the remaining fraction
(1-k"”) is conserved as A, where:

6k At
K= 1

Ax

ksrAx) ®)

2D

and Kk, is the rate constant of surface reaction, At is time interval,
Ax is the space interval in direction normal to the surface, and D
is the diffusion coefficient of component A. They derived the above
equation by setting equal the reaction rate in the physical frame-
work and LBM framework. Clearly, the reaction rate in the physi-
cal framework is equal to r=k,0,(x,) where p,(x,) is the density of
component A at the reactive surface. Considering the particulate
nature of LBM, they demonstrated that the reaction rate in the LBM
framework is equal to:

r= S0, () o)
where p,(x;) is the density of component A at the nearest fluid node
to the reactive surface whose distance to the wall is Ax/2 due to
applying midway bounce-back boundary condition. Although Eq.
(9) was originally derived for D3Q19 lattice scheme, it can be shown
that for D2Q9 scheme exactly the same equation will be obtained
by applying the same derivation procedure presented in [33]. Since

Pa(x1)=pu(x)— (Ax/2)V 04(x)) and -DV,0,(x)=k04(x,), one can
conclude that:

k,A
pax)=(1+ 57 pax) (10)

Thus, Eq. (9) can be written as:

r:(1+k;gx)?—AxtksL,BpA(xs) (1)
Setting Eq. (11) and r=k,p,(x,) equal, Eq. (8) results. Note that to
calculate k-, all parameters on the right hand side of Eq. (8) must
be in physical units.

Upon calculating ki through Eq. (8), one can easily modify
the bounce-back boundary condition to simulate a surface reac-
tion. For instance, if a reactant particle of type A hits a reactive
wall as shown in Fig. 1, its bounced back distribution function will
be:

Fig. 1. Implementation of the modified bounce-back boundary con-
dition for a reactive surface.

f3=(1-k)f;
fo=(1-k)fy (12)
£7=(1-k)fs
and the bounced back distribution function of a product particle
of type C will be:
MW,
Fi= Pyt o1
MW
fo=orw, K o (13)
c_ MW,
7MW,

f KEPEL e

where MW, and MW, are the molar mass of A and C, respectively.
Obviously, when the surface reaction is very fast (k,—©°), all the
mass of a particle of type A will be consumed, and thus ) f f\ will

become zero. Therefore, according to Eq. (12) k.’ must become
equal to 2 in this case, or lim ki, =2. As a result, in Eq. (8) must
be chosen as: k>
AX

At= 6_D (14)
4. Validation for a First-order, Single-phase Surface Reaction

Kamali et al. [33] validated their proposed LB model by the ana-
lytical solution of a one-dimensional reaction-diffusion problem.
The analytical solution of the problem they used is valid only for
Fo<<1 where the Fourier number is Fo=Dt/F. Since in a PEM fuel
cell electrode the condition Fo<<1 is not necessarily true, we have
validated the model against the analytical solution of another one-
dimensional reaction-diffusion problem which holds true for all Fo
values. The problem is a one-dimensional diffusion in an infinite
channel with two symmetric reactive surfaces, as shown in Fig. 2.
Obviously, the density gradient is zero at the symmetry line (x=0).
Thus, the partial differential equation will be:

Korean J. Chem. Eng.(Vol. 32, No. 3)
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Fig. 2. Scheme of the problem used for model validation.
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where p, is the density of component A. After converting to non-
dimensional form and by the aid of separation of variables method,
the solution will be:

©  4sin(4,)

PACRIEDY

—%Fo X
297 +sin2L)" COS(’“ 1) (16)

where g is the non-dimensional density of component A, and 4,
s are the eigen-parameters which are the roots of equation A4, tan(4,)
=Da, where the Damkohler number is defined as Da=Ik/D. The
analytical relation has been computed for the first six terms (as given
in [34]) for several Da and Fo and are compared with LBM results
in Fig. 3. Clearly, the LBM results are in a very good agreement
with the analytical solution for all cases.
5. Electrochemical Reaction

The electrochemical reaction at the PEM fuel cell cathode elec-
trode is the oxygen reduction reaction (ORR):

0,+4H" +48-2H,0 17)

The rate of this reaction, 1, is directly proportional to the current
density, j, through r=j/4F where F is Faraday’s constant. On the
other hand, current density is a function of oxygen concentration
(mass density divided by molar mass) and activation over-poten-
tial through Butler-Volmer equation [1]. Therefore, after some manip-
ulation the rate equation for the electrochemical reaction on the
catalyst layer (CL), which is assumed to be a thin interface, can be
expressed as:

_Jaf Jy (2‘@), (,EEQ)} 7
r {41:((:% J{exp RT exp RT C) (18)

where a is the roughness factor of CL which is the ratio of CL real

March, 2015

(@ 1o
Fo=10.0

0.9 © <

0.8

0.7
Fo=30.0
06 © — — s g

o N0

0.0 0.1 02 0.3 0.4 0.5 0.6 0.7 0.8 09 1.0
x/

(®) s

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

x4

(© 2

Fo=0.01

0.0 ol 0z 0.3 [LE] 0.3 0.6 07 0.8 0ne 1.0
xA
Fig. 3. Validation of the LB model by analytical solution of a diffu-
sion problem in an infinite channel with reactive surfaces at
various Fourier (Fo) and Damkohler (Da) numbers: (a) Da
=0.01, (b) Da=1, (c) Da=100; symbols: LB simulation, solid
lines: analytical solution.

surface to its apparent surface, j, is the reference current density,
C, ¢ is the reference oxygen concentration on the CL, y is the reduc-
tion order of ORR, ¢ is the transfer coefficient for forward ORR,
@, is the transfer coefficient for reverse ORR, 7 is the activation
over-potential and C, is the oxygen concentration on the CL. Since
%=1 [1], Eq. (18) can be expressed as r=k,C, where k,, the rate
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Fig. 4. A typical PEM fuel cell cathode with interdigitated flow field:
(a) top view, (b) side view.

constant of the electrochemical reaction on the CL, is equal to:

_a Lwt)[ (‘_fo_’?)_ (_“r_F”)J
k,, 4F(Co,ref exp RT exp RT 19)

Upon calculating ki, k*? can be computed for the electrochemical
reaction on the CL through Eq. (8) and then by applying the pro-
posed bounce-back boundary condition, the entire cathode elec-
trode can be simulated through an active approach.

COMPUTATIONAL DOMAIN AND BOUNDARY
CONDITIONS

One of the popular and efficient flow field designs for PEM fuel
cells is the interdigitated design, proposed by Nguyen [35] that has
no continuous gas channels (GCs). As shown in Fig. 4(a), through
a series of dead-end channel inlet fingers, air is forced into the GDL
and travels under the lands into the outlet channel fingers. The dashed
rectangle in Fig. 4(b) schematically shows the computational domain,
which consists of half an inlet channel, half an outlet channel, as
well as a land and parts of GDL and CL. The CL is simply treated
as a thin interface on the bottom surface of the computational do-
main on which electrochemical reaction occurs. The two-dimen-
sional GDL microstructure is adopted from Chen et al. [21]. They
have shown in their investigation [21] that the transport proper-
ties of their 2D reconstructed GDL are very close to the transport
properties of the real 3D GDL.

The inlet flow is considered as dry air at 1.5 atm pressure with
oxygen to nitrogen molar ratio of 21/79 which reacts on the CL
surface and produces water vapor. A constant pressure boundary
condition is applied at the outlet, such that a constant pressure dif-
ferential exists between inlet and outlet GCs. To implement the con-
stant pressure boundary condition at the inlet and outlet, the Zou

Table 1. Baseline simulation parameters

Parameter Value

Operating temperature 353K
Inlet pressure 1.5atm
Pressure differential between inlet 0.01 atm

and outlet channels
GDL thickness 200 pm
Land width 1000 pm
Channel width 1000 pm
Water vapor mole fraction in the inlet air 0.0
Oxygen mole fraction in the inlet air 0.21
Nitrogen mole fraction in the inlet air 0.79

Oxygen diffusivity in the mixture (Do)~ 1.891x107° m*-s™* [1]
Reference oxygen concentration (C, ) 10.875 mol-m™ [1]
Roughness factor (a) 2000 [37]

Reduction order of ORR () 1.0 [1]

Reference current density (j.) 1.3874x1072 A-m™ [38]
Transfer coefficient for forward ORR () 0.5 [39]

Transfer coefficient for reverse ORR (¢,) 1 [39]

and He method [36] is used. To determine the outlet partial pres-
sure of each component given the outlet total pressure, the mole
fraction of each component at the outlet nodes is assumed equal
to that at the neighboring nodes preceding the outlet. This is a valid
assumption given that no electrochemical reaction occurs in the
outlet channel. Knowing the outlet partial pressure of each com-
ponent, the pressure boundary condition of Zou and He [36] can
be applied for each species. Symmetry boundary condition is used
for the left and right boundaries of the computational domain. The
no-slip condition is considered on the surfaces of all solid parts.
The operating condition is considered as single-phase, isothermal
and steady state. All components are treated as ideal gases with dif-
ferent kinematic viscosities.

After grid independency checks, the computational domain is
meshed by 1024x123 grids. A baseline simulation is first performed
using a parallel FORTRAN code developed based on the proposed
model. The parameter values corresponding to this baseline case
are given in Table 1. Several other cases are simulated afterwards
to study the impact of major contributing parameters.

RESULTS AND DISCUSSION

1. Effects of Activation Over-potential

Figs. 5 and 6 show; respectively, oxygen and water vapor mole
fraction distributions for three activation over-potentials of 0.45V,
0.5V and 0.55V, while other parameters are held at their baseline
values given in Table 1. Moving from the inlet towards outlet gas
channel (left to right), the oxygen mole fraction gradually decreases
while the water vapor mole fraction gradually increases due to elec-
trochemical reaction on the CL. As the over-potential is increased,
the oxygen mole fraction decreases and the water vapor mole frac-
tion increases due to higher electrochemical reaction rates.

It is clear in these figures that the oxygen and water vapor mole
fraction distributions within the GDL are very variable and are sig-

Korean J. Chem. Eng.(Vol. 32, No. 3)
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Fig. 5. Oxygen mole fraction distributions for three activation over-
potentials: (a) 0.45V, (b) 0.5V, (c) 0.55 V.
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Fig. 6. Water vapor mole fraction distributions for three activation
over-potentials: (a) 0.45V, (b) 0.5V, (c) 0.55 V.

nificantly affected by the pore structure of the GDL. In the lower-
right corner of the domain under a long carbon fiber (indicated in
Fig. 5(a) as carbon fiber 1) the minimal oxygen mole fraction and
the maximal water vapor mole fraction appear. Oxygen starvation
phenomenon is expected to initiate from this region at higher over-
potentials. Since homogeneous and isotropic diftusivity of GDL
has been adopted in most of the previous simulations, such pre-
dictions of possible regions in GDL for oxygen starvation are rarely
reported although it can have a great influence on PEM fuel cell
performance. Another long carbon fiber in the upper-left corner
of the GDL (indicated as carbon fiber 2 in Fig. 5(a)) also shapes
the variations of oxygen and water vapor mole fractions in that region.
This carbon fiber acts as a barrier against the inlet air flow.

Fig. 7 shows the current density profiles on the CL for the three
activation over-potentials; in this and similar figures / is the total
length of the computational domain. Higher current density is
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Fig. 7. Current density profiles on the catalyst layer for three acti-
vation over-potentials.

achieved at a higher activation over-potential, as predicted by the
Butler-Volmer equation. In this figure, a relatively large drop is ob-
served around x//=0.15 due to blocking of carbon fiber 2 indicated
in Fig. 5(a). Also shown in Fig. 7 are the simulation results of Chen
et al. [21] and He et al. [40] for comparison.

He et al. [40] applied conventional CFD methods in their inves-
tigation; although the overall geometric dimensions are similar to
our case, the GDL was modeled as a homogeneous and isotropic
medium. Consequently, the current density profile was predicted
relatively smooth in their simulation. In fact, in such macroscopic
investigations the main parameter influencing the current density
profile is the location (e.g., under channel or land) and hence such
a smooth current density profile is predicted. On the other hand,
in the microscopic investigations such as the present study and that
by Chen et al. [21], the predicted current density profile is effec-
tively influenced by GDL microstructure and such a smooth pro-
file is not observed.

Chen et al. [21] used a passive LBM approach in their investiga-
tion in which nitrogen was considered as a solvent. Since water
vapor and oxygen are at concentrations not much less than nitro-
gen concentration, their approach leads to lack of accuracy. More-
over, the inlet air velocity and operating pressure are set at 1.5m/s
and 5 atm, respectively, in [21] which are different from the pres-
ent study. Therefore, in spite of the fact that the pore structure of
GDL in the present study is the same as that in [21], the above-men-
tioned differences lead to the observed discrepancies between the
predicted current density profiles. All said, a fair agreement is ob-
served between the predicted results from the present study and
those given in [21].

2. Effects of Pressure Differential between Inlet and Outlet Chan-
nels

Fig. 8 presents oxygen mole fraction distributions for four pres-
sure differentials between inlet and outlet gas channels which are
applied by maintaining the inlet pressure at 1.5 atm and adjusting
the outlet pressure accordingly. The pressure differentials are 0.005
atm, 0.01 atm, 0.02 atm and 0.04 atm, while the values of other par-
ameters are fixed as given in Table 1. It is obvious in these figures
that the distribution of oxygen mole fraction is significantly affected
by the pressure differential. This is because increasing the pressure
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Fig. 8. Oxygen mole fraction distributions for four pressure differ-
entials between inlet and outlet gas channels: (a) 0.005 atm,
(b) 0.01 atm, (c) 0.02 atm, (d) 0.04 atm.
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Fig. 9. Current density profiles on the catalyst layer for four pres-
sure differentials between inlet and outlet gas channels.

differential will lead to an increased air flow rate.

Presented in Fig. 9 are current density profiles on the CL for the
four pressure differentials. Higher current densities are achieved at
higher pressure differentials. This is expected since increasing pres-
sure differential leads to increased air flow rate, which in turn im-
proves oxygen penetration through the GDL. For the highest pres-
sure differential of 0.04 atm, the improvement of oxygen penetra-
tion through GDL is so significant that a region of almost constant
current density between x/I=0.2 and x/I=04 is observed. This is
favorable since it also leads to lower CL degradation.

3. Effects of Land Width to Channel Width Ratio

Fig. 10 shows oxygen mole fraction distributions for three ratios

of land width to channel width (L/C) while the total width of the
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Fig. 10. Oxygen mole fraction distributions for three land width to
channel width ratios: (a) L/C=1.4/0.6, (b) L/C=1.0/1.0, (c)
L/C=0.6/1.4.
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Fig. 11. Current density profiles on the catalyst layer for three land
width to channel width ratios (L/C).

computational domain remains fixed at 2,000 pm. The land width
to channel width ratios chosen are 1.4/0.6, 1.0/1.0 and 0.6/1.4. The
values of other simulation parameters are set as given in Table 1.
As L/C is decreased (while the pressure differential is fixed), the
inlet air flow rate will increase due to the widening of the inlet gas
channel; this in turn will improve oxygen concentration in the CL
region as described previously.

Given in Fig. 11 are current density profiles on the CL for the
three land width to channel width ratios. Since decreasing L/C leads
to higher air flow rate, which causes higher oxygen concentration
at the CL, higher current densities are expected. However, this im-
provement will probably be at the cost of increasing electrical resis-
tance between the GDL and bi-polar plates. When the L/C is 0.6/
1.4, the improvement of oxygen concentration at CL is so high that
a region of almost constant current density between x/[=0.2 and x/I=
0.4 is observed. As mentioned previously; this may lead to reduced
CL degradation.

4. Effects of Channel Width
Oxygen mole fraction distributions for three channel widths of

Korean J. Chem. Eng.(Vol. 32, No. 3)
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Fig. 12. Oxygen mole fraction distributions for three channel widths:
(@) 1,000 pum, (b) 500 pum, (c) 250 pm; the black arrows indi-
cate inlets or outlets.

1,000 pm, 500 pm and 250 um are presented in Fig. 12; for these
cases the ratio of land width to channel width (L/C) is 1.0/1.0, while
other parameters are adjusted as shown in Table 1. Inspecting this
figure shows that as the channel width is decreased (while L/C is
fixed), the distribution of oxygen concentration on the CL is im-
proved. This is caused by more uniform distribution of gas flow
and enhanced penetration of air to the CL as the widths of chan-
nels and lands are reduced.

Fig. 13 shows current density profiles on the CL for these three
simulation cases. It is clearly observed that as the channel (and land)
widths are reduced the current density distribution is improved,
ie., higher and more uniform current density profile is observed
along the CL. This uniformity in the current density also effectively
lowers degradation rate of the CL. However, this enhancement will
likely be at the expense of increased pressure loss along the gas chan-
nels of the cell. Obviously, for a fixed-size electrode with a given
land width to channel width ratio, the number of channels will be
a function of channel width. Hence, this result indicates that in such

6
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Fig. 13. Current density profiles on the catalyst layer for three chan-
nel widths.

March, 2015

a situation a greater number of narrower channels in an interdigi-
tated flow field will be preferred.

CONCLUSIONS

A pore-scale model based on LBM is proposed for the cathode
electrode of a PEM fuel cell with interdigitated flow field; heteroge-
neity and anisotropy effects of the GDL are included in the model.
To take into account multi-component gas transport in the GDL,
an active approach was incorporated in the model for the first time
that enhances the accuracy especially at high activation over-poten-
tials. The novelty of the present study is deemed as the implemen-
tation of electrochemical reaction with an active approach in a multi-
component LB model. Effects of major contributing parameters
were investigated, including activation over-potential, pressure dif-
ferential between inlet and outlet channels, ratio of land width to
channel width (L/C), as well as channel width. The results indicate
that, in general, oxygen distribution and current density profile are
significantly variable and are extensively affected by the pore struc-
ture of GDL. The main findings of this study are as follows:

1. The pore structure of GDL has a significant effect on the oxy-
gen distribution; for example, if a long fiber is located near CL, it
may ultimately lead to oxygen starvation at higher activation over-
potentials.

2. Increasing the pressure differential between inlet and outlet
channels in an interdigitated design leads to improved current den-
sities at constant activation over-potential.

3. Decreasing land to channel width ratio (L/C) for a constant
L+C value leads to higher current densities at a fixed activation
over-potential.

4. Decreasing channel width when L/C=1 improves oxygen dis-
tribution on CL, hence higher and more uniform current density
profiles on CL.

NOMENCLATURE
a  :roughness factor
C, :oxygen mole concentration [mol-m ]
IR particle velocity in direction i of lattice [lu-ts ']
¢,  :speed of sound in lattice [lu-ts™']

D, :diffusion coefficient of oxygen in the mixture [m”s™']
Da :Damkohler number

Fear :fluid-solid interaction force acting on a particle of type k

o [Im-lu-ts ]

Feon :fluid-fluid interaction force acting on a particle of type k
[Im-lu-ts™]

Fo :fourier number

f;  :density distribution function in direction i of lattice

f*  :equilbrium density distribution function in direction i of
lattice

f¢  :density distribution function of component k in direction i
of lattice

:current density [A-m™’]

joy  :refrence current density [A-m’]

k, :rate constant of surface reaction [m-s ']

k¥ :LBM rate constant of surface reaction
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—

: characteristic length scale [m]

: molar mass [kg-kmol ']

:universal gas constant [J-mol 'K ']

: particle position vector [lu]

: rate of electrochemical reaction [mol-m>-s™']
: temperature [K]

: time [ts]

: time step [ts]

:velocity vector [lu-ts™']

: composite velocity vector in Eq. (5) [lu-ts']
: weighting factor for direction i of lattice

S R =
=

el ed

=

Greek Symbols

: transfer coefficient for forward ORR
: transfer coefficient for reverse ORR
:reduction order of ORR

: activation over-potential

: Eigen-parameter in Eq. (16)

: kinematic viscosity [lu’ts™']

: density [lm-lu™’]

: dimensionless density

: relaxation time [ts]

N/ TSI R KL

Subscripts and Superscripts
:type A species

:type C species

: forward reaction

: direction i

: component k

:reverse reaction

ref  :refrence

S W YS

Abbreviations

CL  :catalyst layer

GDL : gas diffusion layer

LBM : lattice boltzmann method

L/C :land width to channel width ratio
ORR : oxygen reduction reaction

PEM : proton exchange membrane

SC  :shan and chen
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