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ABSTRACT

Among the renewable energy systems, fuel cells are of special significance about which more investigation is
required. The principal goal of the present study is considering the effect of the geometry change on the fuel
cell's performance. In this paper, a three-dimensional model of proton exchange membrane fuel cell has been
numerically simulated with conventional cubic geometry. Afterwards, two brand-new cylindrical models have
been proposed to compare and select the best model. The governing equations include mass, momentum,
energy, species and electrical potential, which are discretized and solved using the method of computational
fluid dynamics. The results obtained from numerical analyses were validated with those from experimental
data, which showed acceptable agreement. For the above-mentioned models, changes in the species mass
fraction, temperature, electric current density, and over-potential were analyzed in more detail. The results
reveal that, in all three models, by decreasing the amount of cell voltage differences between the anode and the
cathode, higher current density is produced, which leads to high input species consumption and, consequently,
more water and heat generation. On the other hand, the four-channel cylindrical model is more efficient than
the other two models and has shower pressure drop due to its shorter pathway. The results illustrated that, at
V=0.6 (V), the amount of the output current density in the four-channel model increased by approximately
18.4 %, compared to that in the other two models. Further, in this model, the material used in bipolar plates is

less than that in the other models.

1.INTRODUCTION

Fuel cells are electrochemical devices that directly convert the
chemical energy of reaction of a fuel and an oxidant (usually
hydrogen and oxygen) into electricity. Shortly, fuel cells
would be introduced as one of the main producers of energy.
The researchers of PEM fuel cells claim many advantages for
the system such as low noise, low operating temperature, fast
start, simple building, and solid electrolyte. However, they
need further research to be efficient, cheap to construct, and
safe to operate [1-4]. A major drawback of PEM fuel cells,
however, is that its production costs are still high, however, in
recent years, attempts have been made to optimize the
performance and reduce the outlay. In this technology,
hydrogen and oxygen act respectively as fuel and oxidizing
agent, producing power, water, and heat. By moving fuel in
the anode channel and its collision with the catalyst layers,
hydrogen protons (H") and electrons (e) are generated via
oxidation action. Located in the heart of Proton Exchange
Membrane Fuel Cell (PEMFC), a thin membrane is used as an
electrolyte. Consequently, protons pass through the membrane
and get to the cathode catalyst layer where they are combined
with electrons and oxygen, producing water the heat.
Membrane does not allow electrons to pass; therefore, an
external collector is required through which the electrons can
be transferred to the cathode side.

On the anode side, the semi-oxidation action is done and, on
the opposite side, the reduction reaction is done. Porous
surfaces facilitate species diffusion toward the electrochemical
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reaction area, thus reducing the amount of ohmic and
concentration resistance. In the past, many attempts were
made by researchers to develop the PEM fuel cells, especially
efforts to increase the performance and reduce the costs [5].
Numerical modeling is one of the methods by which a basic
understanding of the nature of the fuel cell can be achieved
(see [6-14]) and the useful data can be extracted [15]. There
are some factors that affect fuel cell performance, including
pressure, temperature, incoming hydrogen, oxygen humidity,
mass flow rate, and geometrical configuration. A review of
previous works indicates that the degree of the influence of
the geometrical shape of the fuel cell is more important than
that of the other parameters that lead to considerable
inefficiency of changes [16-19]. Rezazadeh et al. simulated a
full three-dimensional PEMFC. In this research, some
parameters such as oxygen consumption, water production,
temperature distribution, ohmic losses, anode water activity,
cathode over-potential, and fuel cell performance were
investigated in more detail. The numerical simulations reveal
that the important operating parameters are highly dependent
on each other with respect to species distribution [20].

Ahmadi et al. studied PEMFC performance and mass
transfer at various voltages [21]. Rezazadeh et al. studied the
numerical investigation of the effect of the gas diffusion layer
with semicircular prominences on polymer exchange
membrane fuel cell performance and species distribution [22].
They concluded that an obstacle enhanced the cell
performance.

On the other hand, they studied the effect of the obstacle on
the gas diffusion layers, the velocity of the inlet gas
distribution, and output current density [23]. Their numerical



42 H. Sadeghi et al. / JREE: Vol. 6, No. 4, (Autumn 2019) 41-48

results showed that the prominence added to the GDL
increased system performance. Ahmed et al. studied the
results of the PEMFC survey by creating a new geometry and
designing the deflected membrane electrode assembly [24].

Gobin Zhang and Koi Jiao studied a three-dimensional, two-
phase model with wave-like channels. In this simulation, they
found that by changing the flow field from parallel to spiral
mode, the fuel cell performance would dramatically increase
[25].

Yan Yin et al. simulated a three-dimensional, two-phase
model with some baffles in its gas and oxygen channel to
examine the effect of these baffles on the fuel cell
performance.

They concluded that the mass transfer rate increased by
applying the baffles [26]. Hosein Kalantari studied the effect
of the porosity of the catalyst layers on the fuel cell
performance and the distribution of water in the cell layers.
The results of this study showed that with an increase in the
cell voltage level, the water distribution level decreased on the
cathode side [27].

In a numerical simulation, the effect of input gases,
humidity, operating pressure, and working temperature on
PEMFC was investigated by Zhuging Zhang et al. They found
that with increasing operating pressure, the amount of oxygen
also increased, which has a good effect on the cell's fuel cell
function [28]. Linhao Fan et al. investigated the optimization
design of the cathode flow channel for proton exchange. In
this research, two novel cathode channel designs (multi-plates
structure channel and integrated structure channel) were
proposed and investigated by a three-dimensional multiphase
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numerical model. The numerical results indicated that the
PEMFC with 30° angle, 0.5 mm width, and 6.0 mm distance
of air-guide plates exhibited the best performance, and the
effect of plates angle on PEMFC performance was the most
significant [29].

This article presents the results of a numerical investigation
using a comprehensive three-dimensional, single-phase, non-
isothermal and parallel flow model of a PEM fuel cell with
straight channels. The governing equations are solved by a
numerical method based on the finite volume method (FVM)
and the obtained results are in good agreement with published
data. The main goal of this work is to explain the mass
transfer, temperature variation, and current density of the base
model (model with straight flow channels) and two proposed
models with a circular cross-section. It has been concluded
that the new proposed models enjoy better efficiency than the
base model with lower material for construction.

2. MATHEMATICAL MODELING

The base conventional model in this article is a straight cubic
fuel cell, which is illustrated in Figure 1. The corresponding
sections are as follows: anode gas channel, anode gas
diffusion layer, anode catalyst layer, membrane, cathode
catalyst layer, cathode gas diffusion layer, and cathode gas
channel. The Membrane electrode assembly (MEA) consists
of gas diffusion layers (GDL), catalyst layers (CTL), and
membrane. Moreover, the geometrical and operational
properties of the base are shown in the Table 1.

Figure 1. The base conventional model: front view (left) and beside view (right).

Table 1. The geometrical and operational properties of the base model.

Parameter Symbol Value Unit
Channel length L 0.05 m
Channel width w 1e-3 m
Channel height H 1e-3 m

Catalyst layer thickness ScL 0.0287e-3 m

Gas diffusion layer thickness ScpL 0.26e-3 m

Wet membrane thickness Smem 0.23e-3 m
Faraday constant F 96487 C/mol

Gas constant R 8.314 k] /K. mol
Anode pressure P, 3 atm

Cathode pressure P. 3 atm
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Transfer coefficient, anode side oy 0.5 -
Transfer coefficient, anode side o 1 -
Temperature T 353.15 K

Fuel stoichiometric flow ratio I 2 -
Electrode porosity € 0.4 -

Air stoichiometric flow ratio & 2 -
Relative humidity of fuel and air b 4 100 %

2.1. Model assumptions
The following assumptions are used to solve the equations:

(1) Mixture of reactant gases is considered as the ideal
gas.

(2) The fluid flow is incompressible and laminar (the
Reynolds number is less than 200 and the Mach number
is less than 0.3).

(3) The gas diffusion and catalyst layers are all
homogenous materials.

(4)  The fuel cell operates under steady state.

The water is in the vapor phase (the effect of liquid water is
neglected).

2.2. Governing equation

Different parts of the PEMFC have been modeled using the
mass, momentum, species, electric charge and energy
conservation equations. The mentioned equations and related
boundary conditions with solution algorithm are presented in
[29].

3. RESULTS AND DISCUSSION

In the present work, at first, the base cubic model has been
simulated numerically and the corresponding results such as
distribution of species, temperature and current density have
been discussed in more detail. The comparison of the results
of the proposed model and the reference data related to Wang
et al. [30] can be seen in Figure 2, showing good conformity.
Fig. 2 illustrates the polarization diagram of the fuel cell and
represents the electrical current density versus cell voltage
difference.
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Figure 2. The Polarization curve for validation of numerical
results with the results of Wang et al. [30].

3.1. Grid independency

In this three-dimensional model, to investigate the
independence of the numerical solution from the number of
computational cells, the model has been tested for various
cells, and after testing its sensitivity, 240000 computational
cells (meshes) have been selected. Figure 3 shows the mesh
independency test.
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Figure 3. Grid independency test.

3.2. Oxygen distribution

In PEMFC, the amount of oxygen along the cathode is
reduced due to its presence in the electrochemical reaction.
Figure 4-a shows the mass fraction of oxygen in the lateral
cross-sections at the cathode catalyst and the membrane
interface. Figure 4-b illustrates the oxygen distribution at the
interface of gas diffusion and catalyst layers.
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Figure 4. Longitudinal mass fraction of (a) oxygen and (b)

transverse mass fraction of oxygen at V=0.6 (V).

3.3. Water distribution

As shown in Figures 5, the amount of water increases along
the cell due to its production in reaction and also its
penetration from the anode side to the cathode side.
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Figure 5. (a) Transverse mass fraction of water and (b)
longitudinal mass fraction of water at V= 0.6(V) on the
cathode side.

anode side which results from the migration of water
particles to the cathode side. Consequently, the water
magnitude increases along the cell on the cathode side
offer of the mentioned reasons.

Figure 6. Mass distribution of water in total fuel cell for
V=0.6 (V).

4. PROPOSED MODELS

The new proposed models presented in this paper include two
cylindrical models represented in Figures 7 and 8. The
mentioned figures are the cross-section side view of the cells.
In these three-dimensional models, approximately 243,000
computational cells have been generated, which are almost
similar to those in the base model. To make a correct
comparison between the base model and proposed models, the
surface area of the reaction, the area of inlet gas channels, the
mass flow rate of the inlet flow and their temperatures are
assumed to be the same.
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Figure 7. Front view of the four-channel model.
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Figure 6 shows the distribution of water for different
cross-sections of the fuel cell at V=0.6 (V). As the
shown in the figure, the water gradually decreases on the

Figure 8. Front view of the two-channel model.
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In the models mentioned above, the surface area of the
reaction is equal to the surface area of the reaction of the base
model. Therefore, the length of the four-channel model is half
than of the other models. In Table 2, the geometric dimensions
of the proposed model are presented.

Table 2. The geometrical and operational properties of the proposed

models.

Parameter 2 channel | 4 channel | Unit
Channel length 0.05 0.025 m
Channel width 0.0008 0.0008 m
Channel height 1e-3 1e-3 m

Catalyst layer thickness 0.028e-3 0.028e-3 m
Gas diffusion layer thicknes | 0.26e-3 0.26e-3 m
Wet membrane thickness| 0.23e-3 0.23e-3 m

Figure 9 shows the current density comparison between the
three models at V=0.6 (V) and V=0.4(V). The result shows
that, in the four-channel model, despite a reduction in bipolar
plates volume compared to the base model, due to the dual
connection between anode and cathode sides and,
consequently, the better distribution of reactants in the
reaction area, a better performance is shown.
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Figure 9. Comparison of the produced electric current density
for the models presented at V=0.6(V) and V= 0.4(V).

As shown in Figure 10, oxygen is consumed from the
beginning to the end of the cell, due to its participation in the
electrochemical reaction. At high voltages, where a low
current density is generated, the oxygen consumption is
greatly reduced, however, at low cell voltages, high current
density is generated and the amount of oxygen approaches
near to zero, which indicating the oxygen consumption.
Among the models presented, the four-channel model has
higher oxygen consumption than the other models due to its
higher reaction level; thereforethe, the mass fraction of
oxygen is lower.

02

0.18
0.16
04
0.12
0l

0.08
0.06
0.04
00

0087524
008
0.06
00
002

0.004

0.003

0.002

02 mass frection

0.001

Base model
4 channel

0

Figure 10. Distribution of oxygen mass fraction: base models (a),
two-channels (b) and four-channels (c) and the average of oxygen
mass fraction at the membrane and cathode catalyst layer at
V=0.4 (V).

Due to the migration of water molecules from the anode side
to the cathode for transferring the H+, the water mass fraction
along the cell decreases on the anode side. Further, on the
cathode side, due to the electrochemical reactions and water
production process, the number of the mentioned species is
higher. Therefore, it can be concluded that the water
magnitude at anode side decreases and on the cathode side
increases along the cell. Therefore, as shown in Figure 11, the
production of water in the four-channel model is higher than
that in other models because of its higher performance, and
consequently, faster reaction rate. As is clear, the average
water magnitude in the model with four channels is more than
that in the other ones.
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Figure 11. Distribution of water mass fraction: base models (a),
two channels (b) and four channels (c) and the average of water
mass fraction at the membrane and cathode catalyst layer at
V=0.4 (V).
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According to Figure 12, the maximum temperature of the fuel
cell is in the entrance region of the cell, but due to the
production of water because of electrochemical reaction and
cooling effects by the produced water, the exit region of the
cell experiences a temperature drop. The heat generated in the
fuel cell relates to the electrochemical reaction rate, and it is
clear that while the new model with four channels produces
higher current density than the other models, its temperature
distribution is higher too. The average temperature in the
model with four channels illustrates the higher magnitude.
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Figure 12. Distribution of temperature: base models (a), two
channels(b) and four channels (c) and the average of
temperature at the membrane and cathode catalyst layer at
V=0.4 (V).
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As shown in Figure 13, the current density along the fuel cell
decreases regularly because the moisture content of the
membrane reduces and, consequently, the protonic
conductivity of the membrane diminishes; therefore, the
current density decreases. The current densities depend on the
electrochemical reaction rate, and while its amount in the
proposed four-channel model is high, the mentioned model
indicates better performance.
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Figure 13. Distribution of current density: base models (a), two
channels (b) and four channels (c) and the average of current
density at the membrane and cathode catalyst layer at V=0.4 (V).

Figure 14 shows the pressure drop for models at different cell
voltages. While the four-channel model is shorter and does not
have a sharp corner, it has lower pressure drop than the other
models. Further, the figure indicates that the pressure drop is
the same for all cell voltages. It is implied that the pressure
decline does not depend on the cell voltage. The base models
because of their longer length and sharp corners have a greater
pressure decline.
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Figure 14. Pressure drop at different cell voltages.

5. CONCLUSIONS

In this paper, three types of polymer fuel cells were simulated
in cubic and cylindrical forms numerically. The base model
results (conventional cubic model) were validated with
popular published data, and the new cylindrical models were
compared with the base model and the obtained numerical
results were presented in more detail. For solving the
governing equations, the finite volume method was used.
Generally, the summarized results are presented below.

In all three models, the boundary conditions are the same,
but for keeping the reaction area constant, the lengths of
models were different. The newly proposed models with
cylindrical cross-sections, especially the four-channel model,
can produce higher current density the than cubic model.
Thus, it can be concluded that the mentioned model has higher
performance. The oxygen mass fraction along the fuel cell for
all three models at VV=0.4 (V) was investigated, and the results
showed that the oxygen consumption in the four-channel
model was higher than that in the other models due to higher
electricity generation; therefore, the water produced in the
mentioned model was higher than that in the other ones. On
the other hand, the pressure drop of models was studied, and
the results illustrated that the four-channel model had lower
pressure decline than the others because it has a short length
and does not have any sharp corners. Finally, the user can
choose the mentioned model for any possible application.
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NOMENCLATURE

Water activity

Molar concentration (mol m™)
Mass diffusion coefficient (m?s™)
Faraday constant (C mol™)

Local current density (A m?)
Exchange current density (A m?)
Permeability (m?)

Molecular mass (kg mol™)
Electro-osmotic drag coefficient
Pressure (Pa)

Universal gas constant (J mol* K%
Temperature (K)

Thickness

Velocity vector

Vel Cell voltage

SXe—TOOw

>
=

44X 7©

Voc Open-circuit voltage
w Width
X Mole fraction
o Water transfer coefficient
M Effective porosity
p Density (kg m™)
D, Electrolyte phase potential
n Viscosity (kg m?s?)
Om Membrane conductivity (1.ohm™m?)
A Water content in the membrane
d Stoichiometric ratio
n Over-potential (V)
et Effective thermal conductivity (w m?k™)
a Anode
c Cathode
ch Channel

k Chemical species
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m Membrane
MEA Membrane electrolyte assembly
ref Reference value
sat Saturated
w Water
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