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Abstract—A 3D model for a section of cathode fuel cell comprised of a bipolar plate, a gas diffusion layer (GDL) and
a catalyst layer was simulated. The diameter of the carbon fiber GDL is assumed to be the same; moreover, a new and
simple method is introduced for the reconstruction of this layer numerically. This method gives the ability to model
the heterogeneous and anisotropic structure of the GDL; furthermore, it allows easy implementation and provides real-
istic results with consideration of the lack of overlap between carbon fibers. The lattice Boltzmann method (LBM) was
employed to simulate the flow and the electrochemical reaction. The impacts of changes in the activation potential and
the GDL carbon fiber diameter on oxygen species and water vapor, as well as the electric current density distribution
over the catalyst layer, were studied. The results showed that at higher values o f the activation potential, the concen-
tration of oxygen near the catalyst layer was lower. The current density over the catalyst layer also increased by increas-
ing the activation potential; on the other hand, the mole fraction of water vapor in the cathode increased with the
increase in the flow of gas products. Consequently, results indicated that the variation in the GDL carbon fiber diame-

ter affects the distribution of reactants.
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INTRODUCTION

The ever increasing demand for energy and the overwhelming
environmental complications compel the use of renewable and
green energy sources. Fuel cells, in particular, polymer electrolyte
membrane (PEM), show great potential in this regard [1-4]. Fuel
cells have become popular with simple principles of operation; in
contrast, the production energy has a high price yet. The last two
decades of study focused on fuel cell were successtul in reducing
the electricity production costs; on the other hand, achieving the
optimal requires further research [5,6]. The evolution of fuel cell
research in a holistic approach as modeling a complete fuel cell has
changed to the partial approach as modeling of components of the
fuel cell. Meanwhile, accounting for an extensive body of research
of the gas diffusion layer (GDL) [7-13] is a noteworthy component.
Because of its functions, which include directing the gas reactants
towards the catalyst powder, conducting the electrical current to
the collector plate, exhausting the generated heat outside the cell
and managing the produced water in the PEM fuel cell [14-16],
the GDL layer is required to be modeled with excellent accuracy
for the purpose that studies the impact of different parameters on
cell performance is considered. Considering the role of the GDL
in thermal and electrical conduction, as well as retaining the cata-
lyst, it is required to offer excellent thermal conductivity, electrical
conductivity, and mechanical strength; for that reason, the GDL is
often fabricated of [non-woven] carbon paper, or [woven] carbon
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cloth. GDLs made of carbon paper are thinner with less flexibility
and are widely used because of high permeability for gases and
high electrical conductivity. As a result of lower cost and easier cre-
ation of a microporous layer or a catalyst layer, fuel cell manufac-
turers often use carbon paper [17,18].

To produce carbon paper, carbon fibers are laid in layers and
joined by an adhesive. This method of fabrication yields carbon
paper with a non-uniform distribution of carbon fibers and pro-
viding a non-homogeneous and anisotropic porous medium. The
non-uniformity of the pores in the GDL has a considerable impact
on the transmission parameters of the porous layer, making it irrele-
vant to average the parameters without modeling the flow. Over-
simplification in the assumptions for modeling the GDL such as
ignoring the layer structure allows error formation in modeling
results [19,20]. To create a realistic three-dimensional GDL struc-
ture, researchers use 3D scanning [21,22], combining 2D images
[22,23] and random generation [24-27]. Meanwhile, thanks to its
facileness, researchers often employ the random generation method.
Random models are created by randomly recurring solid parts in
a space. Considering the cylindrical shape of constituent carbon
fibers of GDL, the solid particles in the generated porous medium
must be cylindrical. With every fiber added, the empty space is
divided into smaller pores. The random placement of cylindrical
particles in a space can be either softcore or hardcore [28].

In the softcore approach, the constituent solid particles of the
porous medium may overlap and their production continues until
the desired porosity is attained [29,30]. Because of its simplicity; this
random GDL production method is often employed. Assuming
coplanar carbon fibers of the same thickness, Chen et al. [31] pre-
sented a 3D GDL model. In the following, they obtained a 2D cross-
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section of the GDL and evaluated the flow of reactants at the cath-
ode of a fuel cell. Their GDL structure allowed the intersection be-
tween the fibers containing a uniform random distribution direc-
tion. By use of the model proposed by Schules [32], Hao, and Cheng
[33] reconstructed the GDL structure. Assuming the diameter of
carbon fibers is uniform and the possibility of overlap between car-
bon fibers, they studied the permeability and tortuosity of this porous
medium. Considering the layered structure of GDL, Wang et al.
[34] assumed it was composed of several independent layers, where
carbon fibers from different layers were only in contact with each
other. Even though many researchers consider the softcore approach
to reconstruct the fibrous porous medium, the notion of intersecting
carbon fibers is not physically possible; finally, hardcore approaches
were proposed [35-38]. Although hardcore models are more real-
istic, they are also more difficult to implement in comparison with
softcore models. After reconstructing the GDL to study the emis-
sion of reactants and model the electrochemical reaction, the flow
equations inside the cathode must be solved. As it was mentioned
earlier, the porous structure of the electrode is non-homogeneous
and complex; hence, simulating with classical computational fluid
dynamics (CFD) will prove to be difficult. Consequently, the lat-
tice Boltzmann method, which has the intrinsic capability for solv-
ing the flow in complex media, was employed [25,31,39-42].

In this study, a 3D model of the fuel cell cathode is presented to
study the flow and evaluate the distribution of the electric current
density over the catalyst layer. Because of the difficulties of imple-
menting the proposed hardcore approach, assuming the GDL is
composed of independent layers [34], a novel and simple approach
to the layer reconstruction is applied. Cylindrical carbon fibers of
identical thicknesses are created randomly in every layer. These
cylindrical particles are created in parallel to the horizon and ran-
dom orientation with no overlap. Finally, the flow and the electro-
chemical reaction are simulated over a domain extending across a
portion of the bipolar plate, the GDL, and the catalyst layer by the
lattice Boltzmann method. According to the references cited in the
text and other reviews of the current study authors, no such com-
bination has been used to model the gas diffusion layer. In sum-
mary, this paper has attempted without using the fiber overlap
possibility assumption, contrary to references [32-34,42], and unlike
conventional hardcore approaches, ref. [35-38], to provide a sim-
ple and efficient method.

LATTICE BOLTZMANN METHOD

The LBM employed in the present study is based on the model
presented by Bhatnagar, Gross, and Krook [43]. The discrete gov-
erning equation is as follows:

f(r+ At t+AD)—f(r-H)=— %_(f,-(r»t)—ffq(r-t)) 1)

where f; and £ are the distribution function and the equilibrium
distribution function respectively. i represents the direction in the
selected D,Q,, arrangement, where n indicates the dimensions of
the problem and m is the number of pathways at each node. 3 di-
mensions and 19 pathways at each node (Fig. 1) are considered in
the present study. At and 7 represent the time-step and the relax-

August, 2021

L)

Fig. 1. D;Q,, arrangement.

ation time, respectively. According to the following equation, the
relaxation time 7 depends on fluid viscosity:
_A(L_)
v= AL 0.5 )

where in Eq. (1), ¢; represents the velocity in different pathways and
is defined as follows for the D;Q,, arrangement:

(0.0.0) i=0
Ci=9 (£1.0.0).(0.+1.0).(0.0.%1) i=1:6 ©)
(£1.£1.0).(21.0.£1).(0.£1.21) i=7:18

The equilibrium distribution function f? is defined as follows:

fil=w, 1+£+(_C,--u)2_ u-u @
T @ 2@ 2y

where w; is the weight factor (wy=12/36, w,_,.s=2/36, W._;.13=1/36)
in the D,Q,y arrangement. ¢, is the speed of sound in the fluid and
is expressed as c,=c/»/3 where c=Ax/At. The density p and veloc-
ity u are calculated by the following relationships in the LBM:

pP= Zfi &)
pu=Yfic; (6)

Although Eq. (1) is the main equation in the LBM, the developed
LBMs must be utilized for the multi-species flow of air and water
vapor inside the GDL. Two approaches, active and inactive, have
been proposed in this regard [44]. In the inactive approach, the
single-phase multi-species flow equation is only used for the dom-
inant species in the gas blend, whereas, in the active one, stream-
ing and contact are used for each species separately. In the second
method, inspired by the model presented by Shan and Chen [45],
the velocity of every species in Eq. (1) is replaced with a composi-
tion velocity iompz
£, ~3AC,
> 2
u,

@)

comp =

D
Tn

Applying boundary conditions in the LBM requires the unknown
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Fig. 2. Cubic part of PEM cathode.

distribution functions to be calculated at each boundary accord-
ing to the physical conditions. An important feature of the LBM is
its capacity for modeling boundaries of complex geometries by using
the bounce-back boundary condition. More details on the LBM
and the application of different boundary conditions can be found
in the literature [46,47].

METHODOLOGY

1. 3D Cathode Model

The PEM fuel cell is composed of a GDL, a catalyst layer, a bipo-
lar plate at the cathode and anode sides as well as a polymer mem-
brane. The oxygen reduction (water production) in reaction takes
place at the cathode, which is often studied because of the fact that
water management in the cell is significant. Fig. 2 presents a sche-
matic view of the problem, illustrating a portion of the current col-
lector, the GDL and the catalyst layer. The dry airflow, comprising
21% oxygen and 79% nitrogen enters the system from the left bound-
ary. Air is passing through the GDL by diffusion and convection;
the oxygen in the air reaches the catalyst layer at the cathode where
it reacts with the hydrogen generated at the anode. Water is pro-
duced according to the following equation by oxygen reduction at
the cathode:

4H"+0,+2¢ —»2H,0 (8)

Through an electrochemical reaction over the surface of the cat-
alyst layer and the production of water vapor, the gas mixture leaves
the cell from the left surface. The gas mixture was assumed to behave
like an ideal gas. The catalyst layer is located at Z=0 level, and the
electrochemical reaction takes place over it. Oxygen reduction (Eq.
(8)) is quite slow and must take place adjacent to the catalyst. Plat-
inum is an excellent catalyst for this reaction but its high price dra-
matically increases the electricity production costs. Accordingly,
through novel fabrication methods and by increasing the catalyst
active surface area, researchers have managed to reduce the Pt
loading at the cathode. Hence, the catalyst layer is composed of Pt
nanoparticles on a carbon-fiber bed and membrane. That being
said, many previous modeling [31,44,48] attempts assumed a very
thin catalyst layer, which was taken into account as a boundary
condition. The method proposed by Kamali et al. [49] was em-
ployed to apply the reaction boundary condition in the current

Fiber direction in XY plane

LBM. By modifying the bounce-back boundary condition and
according to the chemical reaction rate on the catalyst surface, a
percentage of oxygen molecules colliding this layer react and are
converted to water molecules, while the rest remains unchanged
and enter the solution domain. Furthermore, the reaction bound-
ary conditions in the LBM can be applied by calculating this frac-
tion. The reaction rate constant is proportional to the physical
reaction rate constant as follows [49]:

LB 6K5 At) Ks AX
) =(5) (1550
+~("ax /U oD ©)

where K, is the reaction rate constant, At, Ax, D and are the time
step, the discrete lattice and the diftusivity of oxygen in the blend,
respectively. In oxygen reduction (Eq. (8)), the surface reaction con-
stant K, depends on the electric current density j, generated during
the reaction:

-
K, o (10)
where F is the Faraday constant and p, represents the density of
oxygen over the cathode catalyst surface. The electric current den-
sity over the catalyst layer can be calculated by the Butler-Volmer
equation [50] as follows:

O
i roughness.ref( P )|: (aﬁF ’7) _ (_ arF ’7):|
j=a j pO.ref exp RT exp _RuT (11)

In Eq. (11), j, @™ and j"7 represent the electric current density,
the roughness coefficient (the ratio of the actual catalyst surface area
to its apparent area) and the reference current density; respectively. o
oy and @ are the oxygen reference density and the transport coeffi-
cients in the forward and backward reactions, respectively. Accord-
ing to Egs. (10) and (11), we have:

roughness.ref F F
- a_L(L)[ (Zu) - (_ &ﬂ
K,,= 12
mTaE ol PPR T TPURT (12

2. Gas Diffusion Layer Reconstruction

The GDL plays a critical role in the function of a fuel cell; there-
fore, modeling its structure allows improving GDL performance.
Furthermore, to model the gas flow and the electrochemical reac-
tion in the cell, it is necessary to apply the governing equations to
the solution domain of the cathode structure. If modeling of GDL
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structures is more accurate, the results of modeling will be closer
to reality.

In carbon paper fabrication, carbon fibers are randomly placed
within the GDL and the structure of this layer is completely non-
homogeneous and anisotropic; images of the GDL microstructure
are required to obtain the pore structure and the fiber diameter
distribution. However, given the difficulty arising from modeling
complexity and the cost of the method, many researchers rely on
random generation to reconstruct the GDL [31,44,48]. Since the
carbon fibers are solid and have relatively high strength, the hy-
pothesis of overlap between carbon fibers and the use of methods
for producing a softcore structure does not seem to be logical. The
gas diffusion layer is made of carbon fiber layers; therefore, it can
be assumed that all these separated layers have porosities equal to
the total porosity of the GDL.

Furthermore, considering the fabrication process and the micro-
structural images, it is assumed that the carbon fibers in the layer
are cylindrical without curvature, with identical diameters and also
horizontal [34]. By considering the discussed assumptions, the recon-
struction of the GDL structure is explained in the following.

3. Specifying Dimensions of Model, Porosity and the Carbon
Fiber Diameter

The real dimensions of fuel cell cathode assuming a one-microm-
eter distance between the lattice nodes are 1,200x180x180 approxi-
mately; only a portion of the domain is simulated. Owing to the
fact that limitations of the computer hardware exist, the current
collector, the catalyst layer and the GDL, were taken into account
(Fig. 2); moreover, 101x101x101 lattice was used in this study.
The porous medium was generated by MATLAB code, which
allows input of the porosity and the diameter of carbon fiber to be
applied for a parametric study.

4. Generating a Random Porous Medium at the GDL

As mentioned, the GDL produced from carbon paper is com-
posed of separate thin layers of carbon fiber that are joined by an
adhesive [34]; assuming carbon fibers with no curvature, it is enough
to create straight horizontal lines on the X-Y plane through ran-
dom generation (Fig. 2). For the creation of a random straight line,
one point and a unit vector are required. To create a random point,
it will suffice to use the Rand function in MATLAB. First, the
selected point must be located on the solution domain and sec-
ond, it should be checked in such a way adjacent fibers do not
overlap. Since carbon fibers are assumed parallel to the X-Y axis,
to generate a random unit vector, it is only necessary to create an
angle #in Fig. 2 randomly.

To make possible the investigation of the effects of carbon fiber
on the performance of a fuel cell, the Normrnd (mu, sd) function
was utilized to randomly generate an angle. Where mu represents
the average randomly generated angle and sd is the standard devi-
ation of the created numbers. To produce the cylinder, it is neces-
sary to identify nodes of the solution domain that are located less
than the radius of carbon fiber of the line and to be placed as solid
porous media. For this purpose, the following equation is adopted:

— ——
h=[PX; x PX]|/([X, ~ X)) (13)
where X, and X, are two points on the produced line and P is an

arbitrary point in space; therefore, h is the distance between the
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Fig. 3. Point distance from the created line.

point and the line (Fig. 3). In the hardcore method, randomly
generated structures, the cylinders are not allowed to share nodes;
this is not challenging when creating the first fiber in each layer.
However, for the production of new fibers within this layer, it is
necessary to produce random lines that do not collide with previ-
ously produced lines (fibers).

Given that if two cylinders collide, the distance between their
axes is less than the diameter of the carbon fiber. In the produc-
tion of new fiber, the conductor’s point (P) and axis must be in
such a way that they are not exposed to other carbon fibers. For this,
the points of the domain, which are in the early stages as part of
carbon fiber and solid, must be at least equal to a fiber diameter
from the new random line. Hence, for the production of random
lines in each layer, the following condition must be checked and, if
the line condition is satisfied, it can be considered as the axis of
creating a new fiber [51]:

d1:|ax0+byo+c|/A/a2+b22D (14)

where ax+by+c=0 is the equation of a new generated line and (x,.
Yo) is a point on the previously produced centerline. The random
generation of lines in the layer continues until the required poros-
ity is attained. After the generation of porosity is completed in one
layer, the creating porous structure is continued in other layers.
The flowchart of the carbon fiber structure generation of the GDL
is depicted in Fig. 4.
5. Boundary Conditions

The dry air flows in the x-direction enter the cathode (Fig. 2).
Constant pressure boundary conditions with a small pressure dif-
ference were applied to the model to establish gas flow [52]; the
method proposed by Zou and He [53] was utilized. As a result, the
unknown functions f, f,,, £, f;; and f,, are obtained on the X=0
plane whereas f,, f, f;, f;5; and f;, are calculated on the X=L plane
based on the known distribution functions in the streaming pro-
cess as follows:

u=1- (G Hi g+ g 2(6 -+ +His+,)) 0

fi=f,+0u/3

t=to+pu/6— (f+-fig+is— (i +i,+15))/2 X=0
fi=ts+ou/6+ (G i+~ (f+i,+£))2

f,=t— pu/6+(f+£,+£,— (+f+£,))/2

fo=fi+ou/2— (f+f+fi— (G++))/2 (15)
u=—1+(GH s+ g+ Hig - 26+ -0+, +,)) 0

t=t—pu/3

fo=f— pu/6+(f+fis+15— (f,+£,+£15))/2 X=L
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Fig. 4. GDL structure generation flowchart.

fy=fio— pa/6+(f, ++fi5— (fi+1,+£1))/2
fi=ti+o0/6— (f,+£;,+fi0— (f+£;+£))/2
fi=ti— pu/2+(f +£+f,0— (G+-£;+£))/2

The above relations (Eq. (15)) must be solved for each species sep-
arately and the mole fractions must be specified to calculate partial
pressures. It is easy to calculate the partial pressure on X=0 because
of the absence of water vapor and the determination of oxygen
and nitrogen mole fractions in the gas mixture.

However, considering that the composition of the gas blend is
not known at the outlet (X=L plane), it is not possible to calculate
the partial pressures of oxygen, nitrogen, and water vapor. To solve
this problem, it is assumed that the density of each species over
the X=L plane is equal to its density over the X=L—1 plane [44].

The catalyst layer, which serves as an impermeable reaction
boundary; is located at the Z=0 boundary and is assumed to have
a negligible thickness. The reaction boundary condition proposed
by Kamali et al. [49] is adopted as follows for obtaining the equi-
librium distribution functions:

£y =(1-K)x £’
o=(1-K)xf
fri=(1-K)x £ (16)
£ =(1-K) x "
==K

The boundary conditions of Eq. (7) are only applicable to the spe-
cies taking part in the electrochemical reaction (oxygen and water
vapor), whereas for nitrogen species, the bounce-back boundary
condition is established at the Z=0 boundary:

The Z=L, plane lies over the current collector solid and the
bounce-back boundary condition, which represents the non-slip

W_ LB 0, W
£ =K< £+ f]
W _ LB 0, W
fis=K; Xf?s*'fls
W_ LB 0, W
fi5=K ><f(1)7+f17
W _ LB O, W
£ =K £+ £

W_ L LB_ 0, W
fy =K ><f?o"'f10

boundary condition in a physical space, is utilized at this boundary as
well as the carbon fiber boundaries inside the GDL. The symmetry
boundary condition was also assumed over Y=0 and Y=L planes.

RESULTS

The lattice Boltzmann method (LBM) was employed to investi-
gate the flow, the distribution of species and the electrochemical
reaction in a section of a fuel cell cathode consisting of the bipolar
plate, the GDL, and the catalyst layer (Fig. 2). The GDL, which
accounts for the centerpiece of the model, is formed with the ran-
dom generation of cylinders of equal diameters in a manner that
prevents any overlap between them. MATLAB coding was per-
formed to create the porous media of the gas diffusion layer and
solve the LB equations. Before simulating the flow inside the model
developed by the proposed method, the GDL was evaluated accord-
ing to the most important parameters of the porous medium, includ-
ing permeability and tortuosity.

1. Validation

An important parameter in porous media is the capability to
flow pass through it, represented by permeability (K). According
to the Darcy equation for a continuous, single-phase flow with low
Reynolds and constant fluid properties, the permeability is defined
with the pressure gradient as follows [54]:

(w
K=— #A_P (17)
In Eq. (17), (u), 14 AP are the space-averaged velocity, the dynamic
viscosity and the pressure gradient applied to a sample volume,
respectively. The permeability changes with the shape and posi-
tion of the pores. The Kozeny-Carman equation is commonly used
to estimate the permeability of a porous medium [55]:

Korean J. Chem. Eng.(Vol. 38, No. 8)
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g 2 diameter of the solid particles in a porous medium. Kaponen et al.
K=—F—d (18) L diumn with & randormly.
180(1-¢) measured permeability in a 3D porous medium with a randomly-

distributed fiber texture [56]. They proposed the following equa-

In the Kozeny-Carman, & represents the porosity; and d is the mean tion to measure permeability as follows:

3.0 1.5
(a) (b)
2.5 4 —&—— Current study S
<0 Kozeny-Carman [52] 14 7 @  Current study
——-v-—— Koponen [53] O Koponen [56]
2.0 —-=A.— Davis |54]
213+
o «
o}
& 15 4
] 1 &
/4 = 1.2
1.0 4 L
o
1.1 A .. .
0.5 - g
0.0 4 e i . 1.0 . : T
0.6 0.7 0.8 0.6 0.7 0.8
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Fig. 5. Predicted permeability and tortuosity of the proposed model.
0.207705 0.207705
0.202869 0.202869
0.198033 0.198033
0.193197 0.193197
0188361 0.188361
0.183525 0183525
0.178689 0.178689
0.173853 0.173853
0.169016 0.169016
0.16418 K 0.16418
0.159344 0159344
0.154508 0.154508
0.149672 0.149672
0.144836 0.144836
0.14 0.14
0.207705
0207705 0202869
0.202869 0.198033
0.198033 0.193197
0193197 0.188361
0.188361 0.183525
0.183525 0.178688
0.178689 0.173852
0.173853 0.169016
0.169016 0.16418
0.16418 0.159344
0.159344 0.154508
0.154508 0.149672
0.149672 0.144836
0.144836 0.14
0.14

ne=0.4

Fig. 6. Distribution of oxygen mole fraction.
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2

4 a9y (19)
4

In Eq. (19), d and ¢ indicate the fiber diameter and the porosity,
respectively; constants A and B are 5.55 and 10.1, respectively. For
a high porosity (£>0.7), Davis proposed the following empirical
equation [57]:

K=

K=d’[64(1- &) (1+56(1- &))] 20)
where d and ¢are the fiber diameter and the porosity; respectively.
The flow inside the porous is affected by the pores structure and
tortuosity. The tortuosity is calculated by the following equation [58]:

S+ (21)

Zlul

Kaponen et al. [59] proposed the below equation to estimate tor-
tuosity based on porosity (¢):

r=1+a< -2 ) 22)

(8— gc)m

where m, a, and &, are 0.65, 0.19, and 0.33, respectively.
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Fig. 7. Distribution of water vapor mole fraction.

To obtain the permeability and tortuosity of the porous medium,
a 3D channel with 91x91x91 nodes was considered; then, bound-
ary conditions were applied as the pressure gradient between input
and output of the fluid flow; the non-slip boundary condition for
solid surfaces, Z=0 and Z=L, and the periodic boundary condi-
tion for Y=0 and Y=L. By averaging the fluid speed at the input
and output planes and the use of the Darcy equation, the permea-
bility for the porous medium produced by the presented method
was obtained.

Results of the comparison between the permeability obtained
from the present model and other methods are presented in Fig.
5(a). It can be seen that the results are in an acceptable accuracy.

The tortuosity of the proposed model was calculated by Eq.
(21) and compared with the model presented by Koponen et al. in
Fig. 5(b). The comparison of the obtained permeability and tortu-
osity (Fig. 5) shows that the results are logical and ensure model-
ing accuracy. The flow of the reactive gases at a section of the
polymer fuel cell cathode (Fig. 2) was investigated in the following.
2. Simulation of Flow at Cathode

By applying the boundary conditions, assumptions and the LBM

0.012
0.0112143
| 0.0104286
0.00964286
0.00885714
H | 0.00%07143
0.00728571
0.0065
0.00571429
0.00492857
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0.001

0.012
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(.00571429
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0.00257143
0.00178571
0.001
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active approach for an ideal gas mixture (Sec. 2), the reactant flow
was investigated within the solution domain. Since the catalyst
layer was considered as a reactive plane, Eqs. (10) and (13) were
utilized to take into account this layer impact. Results of the reac-
tant distribution and the electric current density with the change
in the activation over-potential and the diameter of GDL carbon
fiber are presented in the following.
3. Effect of Activation Potential Loss

The activation over-potential is one of the irreversibility factors
of the reaction. This phenomenon is due to the low reaction rate
on the electrodes; the fuel cell potential difference reduces and the
current density increases by increasing this parameter. Fig. 6 shows
the distribution of the oxygen density at the GDL under different
over-potentials (77). According to this figure, because of the oxy-
gen consumption on the catalyst layer, the mole fraction of oxygen
reduced towards the X=L plane. The oxygen consumption in-
creased and the oxygen density decrease in the gas diffusion layer;
it is intensified by increasing the electrochemical reaction rate
because of the higher activation over-potential. The molar frac-
tion of oxygen at X=L in #=02, 77=0.3, 77=04, and 7=0.5 was
0.199, 0.197, 0.19 and 0.18, respectively, indicating a 10% decrease
in oxygen fraction in the study period. The minimal oxygen con-
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Fig. 8. Local electrical current density at catalyst layer.
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centration appears at the X=L plane close to the catalyst as a result
of the thickest diffusion layer and the smallest velocity in this
region [31].

Fig. 7 shows the mole fraction of water vapor at the modeled
cathode; according to this figure, the mole fraction of the water
vapor in the GDL increased with the production of water, in view
of the fact that the oxygen reduction occurs. The amount of pro-
duced water increased upon increasing the activation potential
and reaction rate, as a result of an increase in the mole fraction of
the water vapor inside the gas mixture. Moreover, the mole frac-
tion of the water vapor around the catalyst layer gradually increased
upon the increase of the activation potential; and the maximum
water vapor density was seen at X=L, near the catalyst layer. The
molar fraction of water vapor changes from 0.003 to 0.0165 in
77=0.2 and 77=0.5 values. Similar to the oxygen mole fraction pro-
file, the water vapor mole fraction profiles are also flexuous given
the porous structures of GDL.

As was said, the current density may change by many parame-
ters, such as temperature, oxygen density; and activation over-poten-
tial. According to Eq. (11), an increase in activation potential loss
has a significant effect on the current density. Fig. 8 shows the
scale of this parameter effect by illustrating the distribution of the
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Fig. 9. Distribution of water vapor mole fraction for different fiber diameter (pore diameter).

current density over the catalyst layer. Since the oxygen reduction
along the X-direction, the current density reduces along this direc-
tion and the non-homogeneous structure of the porous medium,
the current distribution along the X-axis is not uniform. Due to
the presence of more oxygen in the inlet air mixture, according to
Eq. (11), the maximum current density will be near x=0. The maxi-
mum values of electric current at 7=0.2, 7=0.3, 7=0.4, n=0.5 and
density were 0.0743, 0.386, 1.99 and 10.2 Acm 7, respectively.

According to Fig. 8, the current density increases with increas-
ing the over-potential. Furthermore, the difference between the
maximum and minimum current density increases with increas-
ing the activation over-potential. Although the localized current
density is expected to have the lowest value at X=100, due to the
influence of the GDL structure on the oxygen distribution inside
the cathode, the position of the minimum value of the current den-
sity is placed at the last quarter of the solution domain. For exam-
ple, in #7=0.3 and 7=0.5 the electric current density in X=73 and
X=76 is minimized.
4. Effects of the GDL Carbon Fiber Cross Section

Changes in the GDL carbon fiber diameter can alter the pores
in the layer. Any change in the pores can affect the fuel cell perfor-

mance by influencing the reactive gas permeability inside the GDL
porous media.

To investigate how a change in diameter can affect the fuel cell
performance and the distribution of reactants over the GDL, the
flow of reactants and the electrochemical reaction were simulated.
This simulation was performed in different carbon fiber diameters
at a constant GDL porosity in the fuel cell cathode. Figs. 9 and 10
depict the mole fraction distribution of the water vapor and oxy-
gen at the cell cathode.

Despite the fact that the oxygen flow penetrates more easily into
the GDL with increasing the pore diameter (Fiber diameter), it
seems that a portion of oxygen near the catalyst layer and the water
vapor density at the cathode both decrease; this action may be
occurring because of the enlarged pore pathway. This indicates a
reduction in the electrochemical reaction, which is associated with
reduced electric current and poor cell performance.

According to Figs. 9 and 10, changes in the distribution of oxy-
gen and water vapor for large carbon fiber diameters are not con-
siderable. In view of the fact that water vapor production and oxygen
consumption reaction occur, the minimum mole fraction of oxy-
gen and maximum mole fraction of water vapor are seen in the

Korean J. Chem. Eng.(Vol. 38, No. 8)
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Fig. 10. Distribution of oxygen mole fraction for different fiber diameter (pore diameter).

vicinity of the catalyst layer in all cases (above 10 pm).

Fig. 11 presents the changing trend of the local current density
with a change in carbon fiber diameter to provide a better under-
standing of the effect of carbon fiber diameter on current density
produced on the bottom surface. According to these, the maximum
current density was observed at the entrance of the modeled cath-
ode (Figs. 9-10).

The oxygen mole fraction and thus the current density reduced
gradually with moving towards the exit region could be attributed
to the oxygen consumption and its reduction on the catalyst layer
surface. From Fig. 10, lines representing the equal current density
are almost along the y-direction. However, in areas where the car-
bon fiber is very close to the catalyst layer surface, some extent of
deviation is observed, because of the oxygen inhibition. In spite
the fact that the maximum and minimum current density in all
cases are similar, the mean current density on the catalyst layer sur-
face increased with increasing the diameter of the carbon fiber
cross-section, although the extent of these changes is not dramatic
(from 1.90 Acm™ @ d=6 um to 1.95 Acm > @ d=12 um).

August, 2021

CONCLUSION

This article introduces a new and simple method based on the
hardcore approach to porous medium generation. The proposed
method allows the production of non-homogeneous porous media
with cylindrical particles without any overlap between solid parti-
cles. This technique was applied for a 3D pore scale modeling of
the fuel cell GDL. Assuming the produced water is in vapor form,
the gas products exhibit ideal behavior; the flow of oxygen and
water vapor species, as well as the current density, were modeled
in 3D by LBM. The effects of the variation in the activation poten-
tial loss and the carbon fiber diameter on the distribution of oxy-
gen species and water vapor were investigated. Results showed that
the activation over-potential had a significant effect on the mole
fraction of oxygen species and water vapor, as well as on the gen-
erated electric current. Even though the electrochemical reactions
have reduced the mole fraction of output oxygen on the input sur-
face, the water vapor generation in this reaction caused an increase
in the water vapor density at the cathode. Regardless of the fact
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Fig. 11. Distribution of electrical current density in different fiber diameter.

that the maximum and minimum current density in all carbon
fiber diameters are similar, the mean current density on the cata-
lyst layer surface increased with increasing the diameter of the car-
bon fiber cross-section. Finally, the gap between the maximum
and minimum of current density increased in the activation over-
potential higher values.
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