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HIGHLIGHTS

Effect of the cross-section shape of the cathode and anode channel of the PEMFC is investigated.

L]

e Amount of pressure drop is much lower than the channel with a length of 150 mm.

e In these thicknesses, the current density is increased and less space is occupied.

e Pressure and temperature in the catalyst layer of the cathode side are greater than the anode.

e Temperature in the central regions of the catalyst layer is higher than the lateral regions.
ARTICLE INFO ABSTRACT
Keywords: Background: In this research, the effect of anode and cathode channel cross-sectional shape on the
PEM fuel cell performance of PEM fuel cell was investigated and the appropriate length and dimensions of the
Trapezoidal channel channel were determined. Finally, for the determined geometric conditions, the cell performance
Single-phase at different voltages was investigated.

Structural characteristics

Methods: The purpose of this study was to investigate the structural characteristics of the fuel cell

on its performance. The results show that the pressure and temperature in the catalyst layer (CL)
of the cathode side are greater than the anode, and the temperature in the central regions of the
catalyst layer is higher than the lateral regions. Also, the channel with a length of 100 mm is op-
timal in terms of producing the maximum current density and the amount of pressure drop is
much lower than the channel with a length of 150 mm, which reduces the power consumption

of the cell.
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Significant findings: In general, a higher electric current is produced by increasing the thickness
of the gas diffusion layer (GDL) and the catalyst layer. At a voltage of 0.8 V, with increasing
thickness from 0.25 mm to 0.5 mm, the current density increases above 6 %. The percentage
increase in current density at 60 °C-80 °C for 0.85 V and 0.75 V voltages is 42.1 % and
9.28 %, respectively.

Nomenclature

Ger the molar flux of water production in direct reaction
hevap latent enthalpy of evaporation [kJ.mol™!]
Rreact enthalpy of water formation [kJ.mol™']
Gy specific heat capacity [J.kg‘l.K‘l]

Diff diffusion coefficient [m2s1]

Vact activation voltage [V]

1o volumetric force [N.m3]

Kegs thermal conductivity [W.m 1.K™!]

u velocity vector [m.s™1]

Ck mass fraction

F Faraday constant [J .mol Lv 1Kk
hg height of the catalyst layer [m]

I current [A]

i current density [A.m™2]

j density of the transfer current [A.m~%]
M molecular weight [g.mol™!]

T temperature [K]

v voltage [V]

S source term

Greek symbols

a charge coefficient

c specific surface resistance [Q.m™2]

€ porosity

u viscosity [Pa.s"]

p density [kg.m™3]

Abbreviations

a anode

c cathode

CL catalyst layer

GDL gas diffusion layer

PEM proton exchange membrane

ref reference

DR direct reaction

act activation

evap evaporation

rev reversible

1. Introduction

Recently, many researchers have investigated ways to enhance heat transfer using different ways [1-3]. Due to growing concerns
about declining oil resources and climate change, fuel cell technology has received a great deal of attention in recent years due to its
high efficiency and low greenhouse gas emissions. Fuel cells, which are classified according to the electrolyte used in them, are elec-
trochemical devices that directly convert the chemical energy stored in fuels such as hydrogen into electrical energy. Their efficiency
can reach a significant amount of 60 % in the conversion of electrical energy and a total of 80 % in the simultaneous production of
electricity and heat with more than 90 % reduction of major pollutants. The two most common types of fuel cells are proton exchange
membrane fuel cells (PEMFCs) and solid oxide fuel cells (SOFCs). Due to the solid electrolyte of the PEM fuel cell and its flexibility,
the possibility of breaking or cracking is low. Compared to other types of fuel cells, PEM fuel cells produce more power for a given vol-
ume and weight. This type of fuel cell requires little time to start due to low temperature, and this feature makes them the best option
for in-vehicle applications as an alternative to diesel and gasoline internal combustion engines (as an example is examined in this



S. Hamedi et al. Case Studies in Thermal Engineering 60 (2024) 104760

study). These systems are also suitable for use in home generators, small power plants, transportation and military industries. Fuel
cell applications range from low-power [4] to high-power systems [5-7]. Fuel cells are powered by hydrogen and therefore must be
equipped with a hydrogen production system [8,9]. Increasing performance and improving water and thermal management are some
of the challenging problems in the PEM fuel cells [10-12]. Numerical analyses in the fuel cell can include a complete study of the fuel
cell system [13], the study of bipolar plates [14], the study of the gas diffusion layer [15], the study of the catalyst layer [16] and the
oxygen production system [17]. Sun et al. [18] investigated a 3-D, steady, and single-phase flow of a PEM fuel cell with a helical con-
figuration. They studied pressure distribution and flow through the GDL. The gas flow channel with a trapezoidal cross-section was
introduced in their study. The results showed that the aspect ratio of the trapezoidal cross-section (ratio of large base to small base)
has a significant effect on the flow rate. As this ratio increases, the throughput flow through the GDL increases. This ratio also has a
large effect on the change in field pressure. Ahmed and Song [19] simulated a PEM fuel cell with a three-dimensional, non-isothermal
and raised membrane electrode assembly. In their study, the adjacent shoulders had different heights. The effect of variation of mem-
brane electrode assembly on cell performance was investigated by maintaining the same reaction area and boundary conditions at
high current densities. They found that the cathode voltage drop decreases significantly with increasing swelling of the membrane
electrode set so that the reactants are more evenly distributed on the reaction surface. X. D. Wang et al. [20] numerically investigated
the effect of cathode channel shape on transmission features and performance of a PEM fuel cell in a 3-D model and two-phase flow.
They found that at high operating voltages, cells with various channel configurations performed similarly. Atyabi and Afshari [21] in-
troduced a numerical model that provided a complete understanding of the basic principles of transfer phenomena in the fuel cell of a
polymer membrane with a honeycomb flow field. The results showed that increasing the operating pressure leads to more oxygen dis-
tribution in the cathode electrode and increasing the permeability of the gas diffusion layer increases the uniformity of oxygen distrib-
ution and consequently the current density. Atyabi et al. [22] by placing one or more barriers in the cathode channel of the polymer
membrane fuel cell, studied the dynamic effects of fluids due to the presence/absence of barriers in the channel as well as the barrier
effect on fuel cell performance. Their results show that by placing a rectangular barrier, compared to the unobstructed state, the
greatest increase in velocity occurs in the gas diffusion layer (below the barrier about 6 times the velocity) and more reactive gases
are forced to enter. It was applied to the gas diffusion layer, which aided in chemical reactions and improved the fuel cell perfor-
mance. They found that increasing the number of barriers also contributed to the transfer of reactive gases and the more uniform dis-
tribution of gases in the gas diffusion layer and the catalyst layer, especially at high current densities. Ghanbarian and Kermani [23]
studied a proton exchange membrane fuel cell considering the single-phase flow of the reactant-product mixture at the air cell side
electrode. The results show that channel indentation can increase the oxygen concentration content at the surface of the catalyst layer
by up to 18 %. In 2015, Vazifehshenas et al. [24] numerically investigated the effects of the flow field on improving the performance
of a PEM fuel cell. They showed that changing the flow field design could still be used as a practical way to improve performance. Ra-
jabian et al. [25] designed and built a PEM fuel cell with a new flow channel pattern, called the symmetrical (new) spiral channel pat-
tern. The battery had a rated power of about 10 W, an active area of 25 cm? and a Nafion-117 membrane. Using the fuel cell tester,
the effect of temperature and relative humidity of the cathode gases on its performance (polarization curve) was investigated. Experi-
mental results showed that the fabricated cell was able to produce a maximum power density (about 0.45 W/cm?). Then, three-
dimensional and complete numerical modeling of the built-in fuel cell (including all 9 layers of the fuel cell) was performed in real di-
mensions. The results of numerical modeling showed that the symmetric (new) helical channel can create the desired temperature
distribution and concentration throughout the active region even at high current densities. Monsef et al. [26] investigated the effects
of channel width, the number of coil channels, and flow direction on the consumption of reactants in a PEM fuel cell with cochlear
flow field design numerically using FVM in cylindrical coordinates. Their findings show that the ratio of channel width to rib influ-
ences cell performance. The larger the ratio, the more important the contact area between the channel and the GDL, the more reac-
tants penetrate the GDL, and the more uniform the distribution of reactants. Rostami et al. [27] studied a 3-D to understand the influ-
ence of bending size on a PEM fuel cells. The findings show that increasing the bend from 1 mm to 1.2 mm, not only significantly re-
duces the overvoltage, but also reduces the temperature gradient. A review of research on flow simulation in PEM fuel cells with dif-
ferent channel shapes shows that the common denominator of all this research is that most of them focus only on the cathode side of
the PEM fuel cell and the different cross-sections. This is logical because the PEM fuel cell cathode is a water-producing electrode and
is where flooding is most likely to occur. Sun et al. [28] studied channel-to-channel flow in a PEM-fuel-cell using a serpentine channel
with a trapezoidal cross-sectional shape. Their results show that for both modes the pressure drop is significant but for cross-flow, the
pressure drop tends to decrease across the channel. Perng and Wu [29] studied the trapezoid baffles effect on cell net power in a
PEMFC. Their results showed that the maximum increase in cellular network power is 90 % with baffles with an angle of 60° and a
height of 1.125 mm. Freire et al. [30] studied the operational parameters on the performance of PEMFCs having different (rectangu-
lar and trapezoidal) cross-section shape. Their results showed that the trapezoidal channel has a high ability to remove water from the
cathode. However, recent experimental studies show that for certain operating conditions, overflow can occur in the anode gas chan-
nels and can be even more noticeable than on the cathode side [31-33]. A literature review shows that robust studies have been per-
formed in relation to fuel cell simulations. However, most studies focus on the study of physical parameters (relative humidity, cell
voltage, stoichiometric ratio, mass flow rate, etc.) and their impact on fuel cell performance. Also, in some studies, water and thermal
management in fuel cells or flow channel design have been studied. Because one of the factors influencing the performance of the fuel
cell is its configuration and structure, the need for a structural study was felt. Therefore, based on the literature review, it is observed
that the effect of structural and physical properties on the fuel cell performance with a trapezoidal channel has not been studied so
far.



S. Hamedi et al. Case Studies in Thermal Engineering 60 (2024) 104760

1.1. Problem statement

Without considering the electrochemical equations of the cell, it is not possible to accurately study the performance of the cell.
Consideration of other parts of the PEMFC (GDLs, CLs, BPs, and membrane) is necessary to investigate the phenomena involved in cell
function, and such simulation is only possible with an integrated view of the cell. Therefore, in the present study, the effect of current
channel cross-section geometry in both anode and cathode channels along with simulation of other parts of the cell on the perfor-
mance of PEM fuel cell in the three-dimensional and permanent state is investigated and compared with conventional rectangular
geometry. The geometry under consideration is shown in Fig. 1. As can be seen, the trapezoidal geometry is maintained in both the
cathode and anode channels of the cell function. The properties of the materials used in the polymer fuel cell are presented in Table 1.
The purpose of this study is to investigate the following.

The effect of the cross-sectional shape of the anode and cathode channels on the performance of the PEM type fuel cell.
The effect of temperature on the performance.

The effect of GDL thickness on the performance.

The effect of catalyst layer thickness on the performance of PEM fuel cell.

2. Mathematical description

2.1. Assumptions

The assumptions that are considered for the equations are as follows.

Bipolar plate +———1—

Gas channel <
—  Cathode

Gas diffusion layer

Catalyst layer
Membrane

—— Anode
Fig. 1. Schematic of the problem.
Table 1
Parameters required simulating the PEM fuel cell.
Value Unit Characteristic Component
7500 S/m Electrical conductivity Bipolar plate
31.5 W/m.K Thermal conductivity
4.5e+6 m™ Active level per unit volume CL
1800 S/m Electrical conductivity
1.45e-11 M2 Permeability
12 W/m.K Thermal conductivity
0.4 - Porosity
1800 S/m Electrical conductivity GDL
1.45e-11 M2 Permeability
12 W/m.K Thermal conductivity
0.4 - Porosity
2719 kg/m® Density
11000 kg/kmol Equivalent weight Membrane
0.36 W/m.K Thermal conductivity
le-16 S/m Electrical conductivity
1980 kg/m3 Density
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e The fluid flow inside the fuel cell channel is assumed to be steady (a common assumption in PEMFCs is due to the lack of phase
change modeling).

e The flow is considered incompressible and laminar (the low pressure and velocity gradients justify this assumption).

e The behavior of the gases follows the ideal gas law (qualitatively, at different temperatures and pressures, many gases, such as
hydrogen and oxygen, behave like an ideal gas in which molecules play the role of ideal particles).

e The relative humidity is considered to be 100 % for both the cathode and the anode (fuel cell performance is higher if the intake
gases are completely humid).

e The effect of gravity is ignored (the convective and viscosity forces are much larger than the weight forces).

e The porous media in the cell are assumed to be homogeneous and isotropic (a realistic assumption in fuel cells, because there is
uniformity of matter structure in every direction)

e Darcy's law is used to simulate a porous medium (because Darcy's law, in combination with laminar flow, has good accuracy).

e The flow is considered as a single-phase (using this assumption significantly reduces the complexity of the simulation and makes
it easier to understand the physics of the problem).

e The membrane is impermeable to gases (if the membrane is permeable to the penetration of gases, the PEM fuel cell will
malfunction).

2.2. Governing equations

The continuity equation is generally as follows [34],

{sv.(pu) =S,

V. (i) =0
S -0 = V. (pii) e)

m

In Eq. (1), S,, represents the mass source, p represents the density, ¢ represents the porosity in the gas diffusion layer and the catalyst
layer, and u represents the velocity. The fluid flow in the gas diffusion layer and the catalyst layer is in a porous medium, and there is
a mass source in it because the chemical reaction of the fuel cell, which leads to the production of water and oxygen consumption,
takes place inside the catalyst layer. In practice, the amounts of water production and oxygen consumption in different areas of the
catalyst layer is not constant and have a direct relationship with the amount of current density produced in the catalyst layer, which is
obtained from the Faraday relation. Since the channel is not a porous medium and there is no mass source in it, the continuity equa-
tion in the channel area is simpler (although the gas diffusion layer is a porous medium, there is no mass source in that area because
no chemical reaction occurs).
The momentum equation is generally in the form expressed as follows [35],

V. (pgiii) = —eVP + V. (euTVii) +£, + S, @)

In Eq. (2), S, represents source term, P represents pressure, u¢f represents effective viscosity, and f; represents volumetric force. Con-
sidering the continuity equation and the momentum equation, at the inlet of the gas channels, the boundary condition of the mass
flow rate is used. At the outlet of gas channels, the pressure outlet is used. The interior boundary condition is used to communicate
with the internal parts of the fuel cell. For initial conditions, the temperature is assumed to be 353 K and the gauge pressure to be
0 Pa.

The \ equation of chemical components is generally expressed as follows [36],

V. (giic;) = V. (D;fVck) +5, 3)

In Eq. (3), S represents the source term, c, represents the mass fraction, and Df;ff represents the diffusion coefficient. In general, the
index k represents the kth component of the chemical reaction. The Faraday equation in the catalyst layer of the PEM fuel cell is ex-
pressed as follows,

. I I
"0, = Tqp o = 3F )

In Eq. (4), F shows the Faraday constant, I indicates the generated electric current in the catalyst layer, and n represents the number
of moles of oxygen and water. In the catalyst layer, there is the expression for the source of the components, the value of which can be
obtained according to the Faraday constant and the electric current produced. Therefore, it can be written as follows,

. I . . .

no, = _E’I = X Agfecrives Mo, = Mo, 1o, M, i
o, (5)

2 Vcl

’ Vc‘l = Aeﬁ‘ective X hL'l

Eq. (5) expresses the relationship between the oxygen consumption in the cathode electrode and the generated current density. A
negative sign indicates oxygen consumption in the catalyst layer. M, represents the mass of a mole of oxygen, h; indicates the height
of the catalyst layer, and i represents the output current density. If, like oxygen for water, the necessary simplifications are made, the
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relationship between water production at the cathode side and the current density generated in the catalyst layer results from Eq. (6).
It should be noted that the positive sign indicates the water production in the catalyst layer.

o Myl
hO0 = 2F x by,

O]

The energy equation is generally for the porous medium in the form of Eq. (7). Each component of the phrase related to the energy
source is shown in Eq. (8) [37,38],

V. (epC,uT) = V (ko .VT) + Spee's” @

Suc’® = S0 + Su + SuPR + Syevep ®

In Eq. (8), Su®, Sutt,SuPR and Suev®,respectively, represent heat generation due to the ohmic losses, reaction activation, direct reac-
tion and evaporation of water. Each of the values of the heat generation in Eq. (8) can be determined from Egs. (9a) to (9d),

Su’ =i*/o (9a)
SUPR = G (9b)
Suavt — Vactj (9C)
Su¢wP = G (9d)

evap

where j represents the density of the transfer current, indicates the rate at which a chemical reaction is carried out and includes the
amount of material produced and consumed, the production of ions, and the release of electrons. V% represents the activation volt-
age, G represents the molar flux of water production in direct reaction, Ry and heyap Tepresent the enthalpy of water formation at
local temperature and the latent enthalpy of evaporation, respectively. Protons flow only in the catalyst layer and membrane, and i is
zero in GDL. Activation and direct reaction terms are also zero except in the case of catalyst layers. Transmission enthalpy due to
species distribution is neglected due to its small value. The charge equation is in the form of Eq. (10), and the source term due to the
production of electric charge in the catalyst is expressed as follows [39],

V (cV®) = Su® (10)

+j Anode catalyst
Su® =3 —j Cathode catalyst 11

0 other location

The Butler-Volmer equation expresses the relationship between the operating voltage and the current density of the fuel cell so
that according to the physical characteristics and operating conditions, the amount of operating voltage at any current density can be
determined. The Butler-Volmer equation is expressed as follows [40],

. O
RT l/ G ,
Vcell = Vrev_ o F In CO - ol 12)
¢ io/ )'L”Zf

In Eq. (12), V, represents the operating voltage, V., represents the reversible voltage, «. represents the cathode charge coefficient,
and i is the current density after which the voltage drop starts and its value is constant. Cr(;} represents the oxygen concentration in
standard conditions (temperature of 25 °C and pressure of 1 atm), C{* represents oxygen concentration in fuel cell operating condi-
tions. Also, o represents the specific surface resistance. Since in the fuel cell, an electric current is generated in the catalyst layer, the
Butler-Volmer equation is established in this region and the generated current is zero in the GDL and inside the channels. The values

of the boundary conditions for the polymer fuel cell are presented in Table 2.

2.3. Grid study and validation

Since the different parts of the studied geometries are cubic and trapezoidal, rectangular and trapezoidal grids were selected to
mesh the geometry. For different areas of the solution range, meshes with different sizes are considered. For example, since electro-
chemical reactions take place in the catalyst layer and its thickness is very small, we should have smaller meshes than the parts re-
lated to the gas passage channel. To investigate the grid independency, models with different numbers of cells were created and their
results were compared with each other. First, the number of cells was less and then, step by step, we increase the number of cells in
different parts until the number of cells did not change much in the obtained answers. It is clear that in this case, to reduce the compu-
tation time, the minimum number of cells should be used, after which the results are not changed. Fig. 2 shows the meshing of the gas
channels with a trapezoidal channel, and Fig. 3 shows the meshing of the channel with the GDL and the CL. As described, it can be
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Table 2
Boundary conditions in the present work.
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Value Unit Boundary condition

70 °C Fuel cell temperature

70 °C Humid anode temperature

70 °C Humid cathode temperature

3 atm Anode reverse pressure

3 atm Cathode reverse pressure

4.9¢-8 kg/s Anode flow rate

6.82e-7 kg/s Cathode flow rate

1.1 A Open circuit voltage

49.5 % H, Anode inlet mass fraction
50.5 % H,0

21.8 % 0, Cathode inlet mass fraction
6.6 % H,0

71.6 % N,

Fig. 2. Meshing of gas channels from a longitudinal section.

Fig. 3. Channel mesh with gas diffusion layer and catalyst layer.

seen that the mesh size of the catalyst layer is much smaller than the mesh along the longitudinal axis of the channel. Fig. 4 also shows
a three-dimensional image of the model in ANSYS FLUENT 2020 R2. To check the appropriate number of meshes in the z-direction,
which is in the direction of the channel length, the first 30 meshes were considered, but in each step by increasing the number of
meshes in the longitudinal direction of the channel (50 meshes), the 93000 meshes were obtained. Table 3 shows the results of grid
independency. Table 3 shows the results of the grid independency for the trapezoidal channel of the anode and cathode, according to
which in the case of 93000, the number of cells has reached the correct solution value and this number of cells is sufficient. In cases
with less mesh number, the number of required repetitions to converge the answer is very high and even in some intervals, the oscil-
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Fig. 4. Three-dimensional view of the meshed geometry.

Table 3
Results of grid independency at 0.5 V.

130200 93000 67700 19000 Mesh

1.3961 1.3956 1.3926 1.3908 Current density (A.m_z)

lating answer is observed. One hundredth is the same, but at 93,000 cells, both the convergence rate and the accuracy of the answer
are acceptable, and there is no need to make the meshes smaller.

When solving a problem numerically, it is necessary to compare the numerical results with the experimental results obtained by
others. Even when the analytical solution or experimental measurement is performed, comparing the obtained results with the results
of previous works is very useful and the accuracy of the research is correct. Although many experimental and numerical studies are
done in the field of polymer fuel cells, there are not many comprehensive experimental studies. One of the most comprehensive exper-
imental studies in this field was conducted by L. Wang et al. [41], which was the reference for many experimental and numerical stud-
ies to validate their results. A model similar to Wang's model is simulated and its results are compared with the experimental results in
this paper. The cell is checked stably and isothermally (at 70 °C) and the flow at the anode and cathode is considered to be in the op-
posite direction. The dimensions of the polymer membrane fuel cell related to L. Wang et al. [41] are shown in Table 4. Here, to vali-
date the results, at different voltages, the simulation results are compared with the experimental results obtained in the paper, which
are shown in Table 5. In another study, Yan et al. [42] experimentally considered the steady-state performance of a PEM fuel cell. In
addition to the polarization curve, they examined the effects of temperature, relative humidity, and pressure on current density and
power density. In their work, the studied fuel cells had an area of 5 cm?-25 cm?. The active membrane area was assumed to be
49 cm? and the fuel cell performance was tested at pressures of 1-4 atm, relative humidity of 0 %-100 % up to 85 °C. Fig. 5 shows the
changes in current density with cell voltage at 100 % relative humidity. As can be seen, an acceptable correlation is seen between the
present work and the experimental reference [42].

Table 4
Dimensions of fuel cell (L. Wang et al. [41]).

Thickness (mm) Component

0.051 Membrane

0.26 GDL

0.0129 CL

70 Channel length

1 Channel height

0.9 Channel weight

1.5 Bipolar plate height

1.8 Bipolar plate weight
Table 5

Comparison of the present work and Ref. [41].

Current density (A.m_z)

Present work L. Wang et al. [41]

Voltage (V)

0.0317 0.0316 0.9
0.3228 0.3118 0.8
0.8189 0.8831 0.7
1.2411 1.1241 0.65
1.3459 1.2338 0.6
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P=1 atm, T=353 K

09F

08F

0.7F

06}

05F

Cell voltage (V)

04F

03F

02f | Experimental data
Present work
0 200 400 600 800

Current density (mA/cmz)

0.1

Fig. 5. Comparison of the present work with experimental data [42].

3. Results

3.1. Investigation of the effect of anode and cathode channel cross-sectional shape on PEM fuel cell performance

One of the most important parameters to determine the geometry of the fuel cell channel is to determine the appropriate length for
it. To obtain the appropriate length, various criteria should be considered, such as increasing the density of the production current
from the cell and limiting the space for using the fuel cell.

3.1.1. Influence of channel developing length on cell performance

In this simulation, four different lengths of 50, 25, 100, and 150 mm are considered for the channel length. Taking into account
the operating conditions mentioned in the previous sections, a working voltage of 0.8 V was imposed for all three simulation modes.
The results obtained from channel simulations with different lengths are shown in Fig. 6. According to the results obtained from this
figure, by increasing the length of the channel from 25 to 150 mm, the generated electric current increases.

According to the results obtained from the contours shown in Fig. 7a to d, it can be said that at lengths of 25 and 50 mm, the flow
is not yet developed, but at 100 flows it reaches a fully developed. If the channel length is appropriate, the reactants have their maxi-
mum value at the input and after the reaction along the channel, they are consumed due to the reaction and at the output, their molar
fraction decreases and they leave the channel at a minimum value. In this case, an electric current is generated from most of the active
surface of the cell, which leads to improved cell performance. In addition, using the appropriate channel length becomes more impor-
tant in situations where there is limited space to use the fuel cell. Therefore, if the only selection criterion is the generated electric cur-

12}

06}

Current density (A/m”)
o
ec]

04

0'220 40 60 80 100 120 140 160
Channel length (mm)

Fig. 6. Results of channel simulation with different lengths (V = 0.8 V).
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(c) Length of 100 mm (d) Length of 150 mm

Fig. 7. Contour of oxygen mole fraction in the middle of the cathode side catalyst layer.

rent, the selected length for the next steps is 150 mm, while in addition to other parameters such as the active surface of the cell, the
power consumption required to create fluid flow inside the channel and space constraints must be considered.

The active surface of the cell with different dimensions is shown in Fig. 8. In this figure, L represents the length of the channel and
W represents the width of the channel, and their product is equal to the active surface of the fuel cell. For the comparison between dif-
ferent lengths to be the same, the amount of fuel cell-active surface for the channel with different lengths must be kept constant. The
following conditions must be met to keep the activity level constant,

A=L, W, =L, W, (13)

Considering these conditions, the obtained results for different lengths are shown in Fig. 9. According to the obtained results, the
channel with a length of 100 mm is optimal because the density of the output current is the maximum, which increases the produc-
tion capacity of the cell. Also, the amount of pressure drop is much less than when the channel length is 150 mm, which reduces the

W,

W,

Fig. 8. Active cell surface with different dimensions.
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Fig. 9. Simulation results with different lengths and fixed active surface (V = 0.8 V).

amount of power consumption of the cell. In addition, for places where space is limited, a length of 150 is preferable to a cell. The mo-
lar fraction of oxygen in the middle of the catalyst layer on the cathode side for a 25 mm long channel is shown in Fig. 7a. In this case,
the reactants leave the channel before they react enough and are consumed to increase the density of the output current, which re-
duces the performance of the fuel cell. The molar fraction of oxygen in the middle of the catalyst layer on the cathode side is shown in
Fig. 7b for a 50 mm long channel. In this case, the reactants are consumed after the reaction along the channel, due to the reaction,
and at the output, the amount of their molar fraction is reduced and they leave the channel. The molar fraction of the reactants, even
near the output, is such that if the channel length was longer and more of them were consumed during the reaction, it would still be
possible to react and generate electricity at the output, so the channel length would be less than its optimal length. The molar fraction
of oxygen in the middle of the catalyst layer on the cathode side is shown in Fig. 7c for a 100 mm long channel. In this case, the reac-
tants are consumed after the reaction along the channel, due to the reaction, and at the output, the amount of their molar fraction is
reduced and they leave the channel. The molar fraction of the reactants, even near the outlet, is such that an electric current is gener-
ated from most of the cell's active surface, which improves the cell's performance. In addition, using the appropriate channel length
becomes more important in situations where there is limited space to use the fuel cell. The molar fraction of oxygen in the middle of
the catalyst layer on the cathode side is shown in Fig. 7d for a channel with a length of 150 mm. According to the obtained results, the
reactants in one length of the channel are completely consumed due to the reaction and their amount is so low that they can no longer
react in the catalyst layer and there will be no production current density in these areas. The channel does not increase the amount of
electric current produced and its ratio per unit area decreases, thus reducing the performance of the fuel cell. In addition, increasing
the duct length is not recommended and is not recommended in situations where there is limited space to use the fuel cell, and as a re-
sult, it is undesirable in this regard. In addition to the above, the parameter of the amount of inlet pressure created to create a fluid
flow inside the channel that is directly related to power consumption should be considered. In this case, only the lengths of 100 and
150 mm are compared because the amount of current density generated from them is close to each other, and to discuss the net power
output, the amount of power consumption must be compared with each other. The amount of pressure gradient in the channel is im-
portant so that the reactants can travel the length of the channel and the reaction rate is higher. On the other hand, a high value of the
pressure gradient increases the power consumption in the fuel cell, which is undesirable. As a result, the pressure drop parameter
plays an important role in selecting the appropriate channel length.

The pressure contour in the middle of the catalyst side catalyst layer is shown in Fig. 10 for a 100 mm long channel. Since the out-
let pressure is equal to the ambient pressure, the amount of pressure at the inlet is equal to the pressure created by the inlet air pump
to the cell. Due to the symmetry of the channel geometry, the pressure contour is also symmetrical and the amount of pressure de-
creases uniformly from the inlet to the outlet.

The pressure contour in the middle of the catalyst layer on the cathode side is shown in Fig. 11 for a channel with a length of
150 mm. In this case, as in the previous case, the amount of pressure at the inlet is equal to the pressure created by the inlet air pump
to the cell. The pressure contour is symmetrical and the amount of pressure from the inlet to the outlet decreases uniformly. Accord-
ing to the obtained results, the amount of pressure at the inlet of the channel with a length of 150 mm is about 3.5 times that of the
channel with a length of 100 mm, which causes a drop in power consumption of about 3.5 times. Therefore, considering that the
amount of generated current density from the channel with a length of 100 mm is higher and its pressure drop is less, a length of
100 mm is more suitable for the channel. In the discussion of the pressure parameter, the difference in the amount of pressure on the
cathode and anode sides is investigated.

Figs. 12 and 13 show the pressure contour in the middle of the channel with a length of 150 mm and the pressure contour in the
middle of the catalyst layer at the anode side, respectively. According to the obtained results, the amount of pressure at the input of

11



S. Hamedi et al. Case Studies in Thermal Engineering 60 (2024) 104760

Fig. 10. The relative pressure contour (in terms of Pa) in the middle of the catalyst side catalyst layer for a channel with a length of 100 mm.

Fig. 11. The relative pressure contour (in terms of Pa) in the middle of the catalyst side catalyst layer for a channel with a length of 150 mm.

the anode side from the cathode side is less. In this case, as in the previous case for the cathode, the pressure contour is symmetrical
and the amount of pressure decreases uniformly from the inlet to the outlet. It can be concluded from Fig. 13 that the flow velocity at
the anode side is faster than the cathode. Therefore, more hydrogen is expected to be consumed.

3.1.2. Influence of channel dimensions on cell performance

To investigate the effect of geometry, in addition to the channel length, the trapezoidal sides of the cathode and anode channels
have also been investigated. In changing the geometric dimensions of the channel, it has been noticed that in both cases, the hydraulic
diameters of the two channels are equal to each other. If we denote the sides of the channel by a and b and the height of the channel
by h, the value of the hydraulic diameter denoted by Dy, can be obtained from the formula. In this formula, A is the area of the channel
and P is the circumference of the channel, which is the height of the channel according to the amount and ratio of trapezoidal sides.

_4A _ 2h(a+b)

D
h 2 P

a4

Figs. 14 and 15 show the cross-sections of cathode and anode channels with two ratios of 1/3 and 2/3, respectively. By placing
the values shown, the value of the hydraulic diameter for this geometry is 1.4 mm. In the second case, the ratio of the sides of the
channel is as shown in Fig. 15. By equating the hydraulic diameter in the two shown cases, the height of the channel in the second
case is 1.25 mm. After determining the new dimensions of the channel, the simulations were performed with the same operating
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Fig. 12. Relative pressure contour (in terms of Pa) in the middle section of the channel with a length of 150 mm.

06
000

Fig. 13. The relative pressure contour (in terms of Pa) in the middle of the catalyst layer at the anode side for a channel with a length of 150 mm.

a=1
4+“—>

d | -
| »

b=3

Fig. 14. Cross section of cathode and anode channels with ratio 1/3.

conditions, the results of which are shown in Table 6. According to the obtained results, in the case where the ratio of the sides is 2/
3, the density of the generated electric current is higher, and as a result, these dimensions are considered for the channel at the an-
ode and cathode side of the fuel cell.

3.1.3. Investigation of the effect of GDL thickness on PEM fuel cell performance

Another factor affecting the performance of the fuel cell is the thickness of the penetration layer of the fuel cell, which was studied
in this section. As explained in the previous section, to determine the dimensions of the channel, in determining the thickness of the
GDL, it should be noted that its thickness should not be increased as much as possible so that the space occupied by the cell is less and
on the other hand the output current density is high. For the cell, three different modes of GDL with thicknesses of 0.25, 0.5 and
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Fig. 15. Cross section of cathode and anode channels with ratio 2/3.

Table 6
Results of channel simulation with different sides (V = 0.8 V).

2/3 1/3 Ratio of channel sides

1.0413 1.0265 Current density (A.m™2)

0.75 mm are considered. The results obtained for these three cases are shown in Fig. 16. According to the obtained results, by increas-
ing the thickness of the GDL from 0.25 to 0.50 mm, the amount of production current density has increased, but when the thickness
reached 0.50 mm-0.75 mm, the amount of production current density has remained constant. As a result, the appropriate thickness
for the GDL is 0.50 mm because the production current density is higher than the 0.25 mm thickness and takes up less space than
0.75 mm.

3.1.4. Investigation of the effect of catalyst layer thickness on PEM fuel cell performance

Another factor affecting the performance of the fuel cell is the thickness of the catalyst layer of the cell, which is examined in this
section. As explained in the previous section to determine the dimensions of the thickness of the gas penetration layer, in determining
the thickness of the catalyst layer, it should be noted that its thickness should not be increased so that the space occupied by the fuel
cell is less and on the other hand the current density is also high. For the cell, three different states of the catalyst layer with thick-
nesses of 0.25, 0.5 and 0.75 mm have been considered. The results obtained for these three cases are shown in Fig. 17. According to
the obtained results, with increasing the thickness of the gas penetration layer from 0.25 to 0.50 mm, the amount of production cur-
rent density has increased, but when the thickness has reached from 0.50 to 0.75 mm, the amount of production current density has
remained constant. As a result, the appropriate thickness for the catalyst layer is 0.50 because the production current density is higher
than the 0.25 mm thickness and takes up less space than 0.75 mm.

3.1.5. Investigation of the effect of temperature on the performance of PEM fuel cell

One of the most important operating conditions for a polymer membrane fuel cell is the operating temperature of the cell. In gen-
eral, polymer membrane cells are considered as low-temperature types, therefore, to investigate the effect of temperature, functional
temperatures should be considered in their operating range. For this purpose, the studied temperatures of 60, 70 and 80 °C were con-
sidered. Another noteworthy point in this regard is that according to the authoritative article and X. D. Wang et al. [20], which was
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Fig. 16. Simulation results with different thicknesses of the GDL (V = 0.8 V).
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Fig. 17. Simulation results with different thicknesses of the CL (V = 0.8 V).

also used in the validation section, for the case that the working pressure of the cell is about 3 atm, the effect of temperature is differ-
ent in two ways. At higher voltages, with increasing temperature, the amount of generated current density decreases and after a volt-
age of about 0.75 V, the effect is reversed, i.e. with increasing temperature; the amount of generated electric current density will be
higher. In this part of the simulation, this has been considered. For this purpose, simulations have been performed at voltages of
0.85V, 0.8 Vand 0.75 V. The results obtained are shown in Fig. 18. According to the results obtained at a voltage of 0.85 V, with in-
creasing temperature, the amount of electric current produced has increased, which is also significant. By reducing the operating volt-
age of the cell to 0.8 V, the amount of electric current produced has very little change with temperature. Once again, by reducing the
operating voltage of the cell to 0.75, the trend of changes with temperature changes so that with increasing temperature, the amount
of electric current produced increases. These results are consistent with the results obtained from X. D. Wang et al. [20].

Fig. 19 shows the temperature contour in the catalyst layer on the cathode side. The noteworthy point in the obtained results is
that the amount of temperature in the middle areas of the catalyst layer is higher because in these areas the reaction rate is higher
and the amount of heat exchange with the outside environment for cooling is also lower. Another conclusion that can be drawn
from this figure is that by moving along the flow, the temperature decreases, which is also due to the reduction of the reaction rate
at the channel output due to the presence of fewer reactants at the channel output. Given that the temperatures studied in this simu-
lation were within the normal range of fuel cell performance, the amount of temperature increase in the middle regions of the cata-
lyst layer is not a problem. If the operating temperature of the cell is higher, this increase in temperature can lead to a severe drop
in cell performance and even membrane defects.
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Fig. 18. Simulation results at different voltages and temperatures.
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Fig. 19. Temperature contour (in terms of Kelvin) in the catalyst layer on the cathode side.

Fig. 20 shows the temperature contour in the catalyst layer at the anode side. As in the previous section, the temperature is higher
in the central regions of the anode, and as it moves along the channel, the operating temperature of the cell decreases because the re-
action rate is lower at the outlet of the channel. Comparing the shapes related to the cathode and anode temperature contour, it can
be concluded that in general, the temperature value on the cathode side is higher than the anode and the reaction rate of the cathode
side is higher than the anode. On the other hand, the cathode side may be exposed to more thermal stresses, so it is necessary to use a
stronger cooling mechanism on the cathode side.

4. Discussion

In this study, a structural approach to fuel cell performance was investigated. The two most important components in a fuel cell
are the gas diffusion layer and the catalyst layer, the thickness of which greatly affects the performance of the fuel cell. Most experi-
mental studies focus on water and thermal management [43,44] and the improvement of the physical properties of these two compo-
nents by considering their thickness [45,46]. On the other hand, most numerical studies examine the physical characteristics of fuel
cell performance [47-50]. Therefore, numerical study by structural analysis of these two components considering the trapezoidal
channel is a prominent feature of this research. This study follows a single-phase model using the finite volume method. Using a sin-
gle-phase model makes it easier to understand the phenomena in the fuel cell and facilitates mathematical understanding of the equa-
tions. However, the two-phase model is more accurate and has a higher computational cost [51]. However, as a suggestion, it is rec-
ommended that researchers study thermodynamic irreversibility, new flow channel designs, energy analysis, and exergy, assuming a
multiphase model.

5. Conclusion

In this research, the effect of anode and cathode channel cross-sectional shape on the performance of PEM fuel cell was investi-
gated and the appropriate length and dimensions of the channel were determined. Finally, for the determined geometric conditions,
the cell performance at different voltages was investigated. The purpose of this study was to investigate the structural characteristics
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Fig. 20. Temperature contour (in terms of Kelvin) in the catalyst layer on the anode side.
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of the fuel cell on its performance. Given that most studies had examined the physical characteristics of fuel cell performance, a struc-
tural study was needed. The summary of the results obtained from this research is as follows.

o The channel with a length of 100 mm is optimal because the density of the output current is the maximum, which increases the
production capacity of the cell.

e As the thickness of the GDL increases, more electric current is generated.

o The appropriate thickness for the GDL is 0.50 mm.

o The appropriate thickness for the catalyst layer is 0.50 mm because the production current density is higher than the 0.25 mm
thickness and takes up less space than 0.75 mm.

e At a voltage of 0.85 V, with increasing temperature, the amount of electric current produced increases, and this amount is also
significant.

e By reducing the operating voltage of the cell to 0.8 V, the amount of electric current produced has very little change with
temperature.

Suggestion
In line with the present study, the following suggestions are recommended for further studies.

e Investigation of multi-phase flow and comparison with single-phase flow considering irreversibility.
o Energy and exergy analysis of the PEM fuel cell with different gas channels.
e Water and thermal management in the PEM fuel cells with coolant channels.
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