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Abstract

In this article, PEM fuel cell’s electrochemical and hydrodynamic characteristics are
investigated using an agglomerate model. Modeling is single-phase, two-dimensional,
incompressible and steady-state. In this article, current density, water distribution and gas
velocity inside the anode and cathode gas diffusion layers are obtained. This study using the
present agglomerate model can provide a good prediction of the current density. The results
show that the highest current density occurs in the interface areas between current collectors
and gas diffusion layers. In addition, there is the highest flow velocity in the sharp areas,
where the interface is between the current collectors and the gas diffusion layers. In these
areas, values of velocity gradients can affect cell performance. Therefore, in order to achieve
better performance, it is necessary to design different flow channels and gas diffusion layers
and compare them with each other. Furthermore, the amount of water in the gas diffusion
layer should be controlled to not reduce the chemical reaction on the cathode side.
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1-Introduction while the catalyst speeds up the reactions
at the electrodes [2-4]. In a fuel cell,
oxygen enters the cathode and reacts with
electrons entering the external circuit and
ions transferred from the electrolyte. [5].
The proton exchange membrane fuel cell
(PEMFC) works with a polymer electrolyte
in a thin, permeable plate. Its efficiency is
40 to 50 percent, its operating temperature
is about 80 degrees Celsius and its output
power is usually between 50 to 250
kilowatts. The solid and flexible electrolyte
of these cells does not leak and does not

Hydrogen is one of the cleanest fuels used
in fuel cells today to generate electricity
[1]. A fuel cell is a machine that produces
electricity through a chemical reaction. All
fuel cells have two electrical poles called
anodes and cathodes. Chemical reactions
take place in these electrodes, leading to
the generation of electricity. In addition,
each cell has a membrane and two catalyst
layers; the role of the electrolyte is to move
charged particles between the electrodes,
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crack. Although low operating
temperatures have made PEM cells
suitable for home and in-car applications,
their fuel must be refined and two platinum
electrodes placed on either side of the
membrane, increasing the cost of
manufacturing [6]. Xing [7] studied a
mathematical model for a typical PEM fuel
cell operated with non-precious carbon-
based materials as ORR catalysts. His
results showed significance of reactant
transport within the carbon agglomerates,
indicating primary pores’ vital role for
reactant transport and cell performance.
Molaeimanesh and Akbari [8] studied the
cathode catalyst layer modeling of a fuel
cell using LBM. They investigated species
dissolution and diffusion in electrolyte film
and electrochemical reaction and active
approach for species transport. They found
that non-uniform arrangement was lead to
non-homogenous species distribution. Das
et al. [9] presented an agglomerate model
for the cathode catalyst layer of PEM fuel
cells. In their work, a finite element
technique was used for the numerical
solution to the model developed. In their
study, three various arrangements of
agglomerates were carried out, an in-line
and two staggered. Their results showed
that the least overpotential is obtained
when an in-line arrangement is considered.
Zhang et al. [10] investigated spherical
agglomerate models in the catalyst layer to
evaluate their reliability. Their technique
was providing an improved method to
estimate the electrochemical reaction rate
in the catalyst layer. They showed that the
diameter in the agglomerate model was
just a fitting parameter increasing with
overpotential. Wang et al. [11] investigated
the structure and performance of different
types of agglomerates in cathode catalyst
layers of PEM fuel cells. In their work, two

different agglomerates were analyzed with
the aim of identifying current limiting
factors. Their results showed that proton
penetration  depths in  water-flooded
agglomerates could be quite substantial
under certain conditions, resulting in
unexpectedly high catalyst utilisation.
Zhang et al. [12] developed a new
agglomerate model to express the oxygen
reduction reaction to calculate the
agglomerate model  parameters. A
parametric study on a fuel cell with
agglomerate model was expressed by
Machado et al. [13]. They considered the
influences of relative humidity, Pt loading
and ionomer volume fraction. They found
that increasing the performance of the fuel
cell was possible by reducing the relative
humidity on the cathode side. Yang et al.
[14] investigated the behavior of catalyst
layer and liquid water transport in a PEM
fuel cell using an agglomerate model.
Considering the liquid water transfer based
on the agglomerate model, a CFD model
was used to describe the main structure and
parameters of the PEM fuel cell. In their
work, an acceptable overlap between
experimental and numerical data was
observed. Baca et al. [15] performed a
three-dimensional analysis to evaluate the
power density of a fuel cell at different
operating conditions using the CFD
method. Their results showed that there is
always a non-uniform distribution of
current density in the catalyst layer and in
all conditions. For further studying,
references [24-31] are recommended.

Based on the literature review, it can be
concluded that although useful research
has been done in the field of catalyst layer
(CL) and PEM fuel cell modeling using the
agglomerate model. However, as can be
seen, there are few studies that consider
both hydrodynamic and electrochemical
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characteristics using the agglomerate
model. In this article, a numerical study on
the PEM fuel cell’s electrochemical and
hydrodynamic characteristics is carried out
using an agglomerate model.

2-Problem statement

In this article, two characteristics of the
agglomerate model, namely  the
agglomerate radius and the thickness of the
active layer on the polarisation curve, are
investigated. Fig. 1 shows a schematic of
the problem. According to Fig. 1, the
geometry has two parallel channels which
is common in fuel cells. The computational
domain consists of three main components:
anode (Qa), cathode (), and membrane
(Qm).
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Fig. 1 Schematic of the present problem.

Each electrode consists of an inlet, an
outlet and a current collector (6Qa, cc and
0Q, cc). Humidified hydrogen enters from
the anode (0Qa, inlet) and exits the anode
after the reaction (0Qa, outiet). Air is injected
at the cathode side (0€, inet) and reacts
with  protons transferred from the
membrane  (due to the hydrogen
decomposition reaction) and eventually

leaves the cathode (0Qc, outiet). Therefore,
the chemical reaction that occurs in the
anode is as follows,

Hy +22,0H20 5 2(H* + 2 0H,0)+2e” (1)

The chemical reaction that occurs in the
cathode is as follows,

O, +4(H" +2,0H,0)+4e” > (2+44,0)H,0  (2)

This study assumes that humidified gases
on both sides of the anode and cathode
behave like ideal gases and are continuous.
The electrodes are also considered to be
porous and homogeneous. Darcy’s law is
therefore sufficient to describe the flow in
a porous medium. The agglomerate model
can also express chemical reactions in
catalyst layers [16-19].

3-Governing equations and boundary
conditions

The current density expression for both
sides is expressed as follows [18],

ie = Iact (1_ gmax) jagg,e (3)

where the index e can represent the anode
(@) or the cathode (c). The local current
density concerning the diffusion equation
and the Butler-Volmer equation can be
expressed as follows,

D
Jagg.e = 6neF[ = J(l—/’tecoth}te) B (4

agg

where [18],
H 2
P I,aSTagg )
2 FCHZ,ref Dagg

i, Sr2
A= |8 exp[——F nj (6)
4Fc,, D,y 2RT
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2F
=|c, —C, expl—— 7
ﬁa |: HZ,agg Hz,ref Xp( RT naji| ( )

ﬂc = Cozagg (8)

The overvoltages at both sides (anode and
cathode) are written as follows,

7, = ¢s _¢s - Eeq,a (9)

. = ¢s _¢s - Eeq,c (10)

where Eeq denotes the equilibrium voltage.
The concentration of species at the surface
of agglomerates can be expressed as
follows:

P, X4
c =—2 11
- (12)
F)O XO
C =—2 2 12
o = e (12)

At the anode the voltage is zero and at the
cathode the voltage is equal to the cell
voltage, which is expressed as follows,

#=0 at 0Q, . (13)
#=0 at 0Q, . (14)

The continuity equation is defined as
follows [20,21],

V(pli)=0 (15)

Darcy’s law is used to express the velocity
of flow inside the porous medium as
follows [22,23],

u =—5VP (16)

U

According to the ideal gas law, density is
calculated as follows:

P= %ZM iXi (17)

At the inlets and outlets:
P=P at oQ

a,in

(18a)

a,inlet

P = I:)ref at agza,outle’[ (18b)
P= Pc,in at an,inlet (18c)
P = Pref at an,outlet (l8d)

Using Faraday’s law at the electrode
boundary, a phrase for gas velocity can be
written as follows,

) |anode

J 1
_ agg,a (_MHZ +;LH20MH20j (19)
pF \ 2

Jagge (1
_n'u|cathode_ pF EMoz—i_

(2eaoMo| @)

There are two species in the anode (H2 and
H20) and three species at the cathode (Oz,
H20, and N2). Therefore, the mass transfer
according to Maxwell-Stefan equation is
expressed as follows,

N
= M (- VM
V.{—pa), ZDi,j {M—(Va)j + 0; Wj
j

j=1

Assuming that O>=1, H,0=2 and N,=3, the
following equations are used to describe
the fluid flow,

— — VM
_V.{—pa)lle’j (VCOJ + C()J- Wj
j

+(xj -, )6—:} =—(puVe) (22)
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— — VM
_V.|:—pa)ZZD2’J- (VCOJ + COJ- Wj
i

+(Xj -, )V—PP} =—(puVew,) (23)

w, =1-w -, (24)

The mass fractions of the species are
known at the inlets and the convective flux
Is specific at the outlets. At the interface
between the membrane and the electrode,
according to the reaction rate, the boundary
conditions are written as follows:

_ _ janode
H2 lanode N 2F MH2 (25)
_ _ jcathode
'NOZ cathode 4F M02 (26)
jca ode 1
_n'NHZO cathode - %(E_FAH?OJ MH?O (27)

4-Results and discussion

Fig. 2 depicts the current density at the
anode and cathode sides. As can be seen,
the amount of current density in the
vicinity of the current collectors is
maximum.
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Fig. 2 Current density contour and current vector at
0.7 V.

To better understand how the current
density changes, the current density
diagram and the anode side in terms of cell

height is plotted in Fig. 3. The maximum
and minimum current densities are for the
outlet and inlet areas, respectively. The
reaction rate on the cathode side can affect
the current density distribution on the
anode side. At the cathode side, the
opposite is true, meaning that the
maximum current density occurs at the
cathode inlet regions.
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Fig. 3 Current density variation at the active layer
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Fig. 4 Gas velocity contour in the gas diffusion
layers.

Fig. 4 depicts the flow rate contour in the
gas diffusion layers. As can be seen, the
highest velocity is observed in the areas
closest to the current collectors (where the
highest current density is present).

Fig. 5 depicts the mass fractions of the
species at the cathode and anode sides. It is
observed that the mass fraction of oxygen
decreases as it progresses in the cathode
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channel, but the mass fraction of the
hydrogen increases as it progresses in the
anode channel, which is due to the
electroosmotic drag of water through the
electrolyte, which can lead to higher flux
than consumption of hydrogen. It should
be noted that although  oxygen
consumption is  low,  overvoltage
concentration in agglomerates can have a
significant ~ effect on  overvoltage
concentration, so that for small changes in
the amount of oxygen flow, significant
changes can be observed in the polarisation
curve.

Fig. 6 depicts the contour of the water
distribution at the anode and cathode sides.
It is observed that the water is transferred
to the anode by the mechanism of
convective and diffusion. The presence of
water in keeping the membranes and gases
moist is essential for easy ionic
conductivity. On the cathode side, water
rises at the outlet. Therefore, the water
must be appropriately controlled to prevent
a chemical reaction on the cathode side.
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Fig. 5 Mass fractions of species and Darcy’s
velocity vector at the anode and cathode sides.
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Fig. 6 Mass fraction of water in the gas diffusion
layers.
5-Conclusion

In this article, the characteristics of a PEM
fuel cell were studied wusing the
agglomerate model. The cathode is an
important member in the fuel cell and by
changing the amount of current in that part,
the performance of the cell in general is
affected. Minimal water occurs in the areas
upstream of the anode. Moisturizing gases
is essential for the reaction and can affect
ionic conductivity. Most of the flow
velocity occurs in the sharp (current
collector) areas. Therefore, since flow
velocity can affect performance, cell
performance can be improved by different
designs for flow channels and gas diffusion
layers.
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