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ARTICLE INFO ABSTRACT

Keywords: In this study, a three-dimensional simulation of fuel cell (FUC) by using FEM is presented. The
Fuel cell values of electrolyte potential (EPL), cell power (CPR), hydrogen mole fraction (HMF), water
Cell power mole fraction (WMF), oxygen mole fraction (OMF), pressure, and rate changes in the channels are
Potential electrolyte determined by changing the voltage from 0.1 to 0.8 V and the length of the hydrogen and oxygen
Molar hydrogen content channels (HOC) from 5 to 20 mm. This study is carried out by employing COMSOL software. The

results reveal that an enhancement in the length of HOC reduces the amount of CPR. The
maximum amount of CPR occurs when the HOC are 5 mm and the voltage is 0.5 V. The minimum
amount of CPR corresponds to the channel length of 20 mm and a voltage of 0.8 V. At higher
voltages, the use of longer channels increases the EPL. An increment in the voltage significantly
reduces the EPL, while increasing the length of the HOC intensifies the EPL. An enhancement in
the length of the channel and increasing the applied voltage results in a reduction in the HMF. An
increase in the voltage results in a more significant reduction in HMF for larger lengths of the
HOC.

1. Introduction

The increasing use of non-renewable fossil resources and their environmental impact has led scientists to explore sustainable
energy sources [1,2]. Hydrogen, due to its unique properties, is predicted to play a significant role in future energy production, with
experts suggesting that the future belongs to hydrogen and its related technologies [3]. The features that distinguish hydrogen from
other fuels are abundant, very little emissions of pollutants, the reversibility of the production cycle, and the reduction of greenhouse
effects [4]. Fuel Cell (FUC) technology, where hydrogen undergoes a chemical reaction with oxygen to produce electricity and heat, is
considered a promising option for future electric energy production [5]. The advantages of this technology is its high efficiency
compared to competing technologies, a wide range of power generation from nanowatts to megawatts, wide applications in various
industries, such as electricity, transportation, information and communication, military, aerospace and household appliances, the
possibility of feeding from fossil and renewable fuels, the production of low environmental pollutants and the possibility of
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Fig. 1. A schematic of the polymer FUC.

simultaneous use of electrical and thermal energy [6]. FUCs are electrochemical devices that convert the chemical energy of the fuel
into electricity directly. Unlike batteries, which are energy storage devices with limited reactants and limited operating time, the FUC
produces electrical energy as long as they are fed with fuel and oxidizer [7]. In general, a FUC can be compared to an internal
combustion engine in which the chemical energy of the fuel is directly used for electrical work without moving parts [8]. However,
FUCs have many advantages over internal combustion engines. In the internal combustion engine, the energy conversion process is
multi-stage and its value depends on the temperature of two hot and cold heat sources [9]. While a FUC is a constant temperature heat
exchanger and does not have the limitations of Carnot law [10,11]. The absence of vibrations and noise, low maintenance cost, variety
of fuel, the possibility of obtaining it such as hydrogen from renewable and non-renewable energy sources, and most importantly, low
pollution can be considered as other advantages of FUCs [12,13].

In an experimental work, Freire et al. [14] evaluated the effect of operating parameters on the performance of a FUC by means of a
spiral flow field with trapezoidal and rectangular cross-sections. The temperature of the cell, the pressure, and the wet temperature of
the reactants had significant effects on the performance of the spiral field FUC with a trapezoidal cross section. The high water removal
capability in this channel had a positive effect on the performance of the FUC when the produced water was high when the wet
temperature of the reactants was higher than the temperature of the cell. On the other hand, when the amount of water was low, high
water removal caused the humidity in the membrane to decrease. But, the influence of the wet temperature of the reactants was
insignificant for the spiral channel with a rectangular cross-section. In an experimental work and 3D numerical simulations, Ferng and
Lu [15] assessed the impact of flow patterns on the performance of a polymer FUC. The flow fields were parallel and spiral. The results
demonstrated that spiral channels have a higher efficiency than parallel ones. The effect of channel depth was evaluated and it was
found a significant effect on FUC performance when parallel channels were used but does not have much effect on FUC performance
when spiral channels were utilized. Jang et al. [16] performed three-dimensional simulations of parallel, spiral, and z-type flow fields
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Table 1

The source term parameters in Eq. (3).
H,0 H, 02
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numerical to assess their effect on fuel utilization, water transfer and FUC performance. In this study, velocity distribution, oxygen
mass fraction, current density, water production amount, and pressure drop were estimated in detail. According to the results of this
study, the spiral field had the best performance and the parallel field had the worst performance. The remarkable point was that an
increment in the performance of the FUC in the spiral flow field and spiral type (z) leads to a higher pressure drop. Li et al. [17]
determined the flow along the channel with a new design of bipolar plates with a suitable pressure drop and improved the removal of
water from the FUC. In this design, liquid water outside the channel was observed in the cathode and anode during the experiments by
neutron imaging techniques. Lu et al. [18] examined the geometry and orientation of the channel surface and water management in the
polymer membrane FUC and found that if the direction of the channel is horizontal, the water flow moves in a spiral manner and as a
result, non-uniform distribution of liquid water occurs. Hence, they employed the vertical channel.

Considering the mentioned importance of FUCs in the production and storage of energy in the future of human beings, a FUC is
studied numerically in this article by changing the length of HOC for different voltages. Finally, the electrolyte potential (EPL), cell
power (CPR), hydrogen mole fraction (HMF), water mole fraction (WMF), oxygen mole fraction (OMF), pressure, and rate changes in
HOCs are analyzed by changing the effective variables.

2. Problem description

A three-dimensional polymer FUC is examined in this study. According to Fig. 1, the FUC consists of two channels in which
hydrogen and oxygen flow and there are electrode layers and electrolyte cathode between them. Electrochemical reactions are carried
out in the electrodes, and they are used for the simultaneous production of electricity and heat. In FUCs, the oxidation reaction of
oxygen is one-third of oxidized hydrogen. In this paper, the performance of the FUC is evaluated by changing the voltage and its length.

The computational domain and the grid are shown in Fig. 1. The battery includes HOC and bipolar plates on the anode and cathode
sides of the battery. The electrodes and membrane are located between the gas channels. In the current non-isothermal model, some
simplifications are assumed: the gas mixture is assumed to be ideal, the gas penetration layer and the porous catalytic layer are ho-
mogeneous, and the flow is incompressible and laminar because the pressure and velocity gradients are small.

3. Governing equations and numerical method
Continuity and momentum equations are used to calculate pressure and velocity distribution. The continuity equation is [19,20]:

The value of the source term in Eq. (1) depends on the rate of the electrochemical reaction, which can be calculated as follows:

Oy =3 > RinM; 2

m

The rate of the electrochemical reaction is calculated as:

uimiv
R, =
i 3
The source term parameters in Eq. (3) are presented in Table 1.
The momentum equation in a FUC channel is as follows:
V| pr (@) + (@) - 2 (va)| - (L + 2 )7 =0 )
€, 3, K, Eg

By solving the mass transfer equation, the concentration distribution of species in the channel, gas diffusion layer and catalytic
layer is obtained. The partial mass conservation equation of the species is as follows:

V.7 i+ p(# V) =R; 5)

The Stefan-Maxwell equation is used to calculate the transfer flux of species:

— 1
j = — <ﬂ(1},Zkaﬂ <V)Ck +17A [(Xk - a)k)pr])) (6)
k

The permeability coefficient at the operating temperature is calculated using Eq. (7) and the effective permeability coefficient is
calculated using the Bergman equation Eq. 8 [20,21]:
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Table 2

Comparison of voltage obtained from current changes in numerical simulations compared to experimental data [10].
Current density (A/mz) 0.12 0.37 0.63 0.92 1.18 1.28
Joe et al. [10] 0.79 0.69 0.59 0.49 0.34 0.09
Present simulation 0.82 0.71 0.63 0.51 0.35 0.09
Error 3.8% 2.9 % 6.8 % 4.0 % 2.9 % 0.0 %

Fig. 2. A schematic of the 3D grid of the polymer FUC.

Table 3
Grid independence test (v = 0.05 V).
Elements number 630000 690000 765000 820000 890000 950000
Electrolyte potential (V) 0.049 0.061 0.073 0.078 0.079 0.079
T\ '3 Py
Dy =Dy o| = — 7)
ik ik—0 <T0> P
DY =€ Dy (8)
AMn
- 9
P="rr 9

In multi-component mixtures, Fick’s law is not accurate enough to determine the permeability flux, and the Stephen-Maxwell equation
is used to determine the permeability flux in the mixtures. In the proton membrane exchange FUC, an electrochemical reaction occurs
on the surface of the cathode and anode catalytic layers. To do this, the proton is transferred through the membrane, and the electrons
that reach the cathode current pass through the external circuit. The electrical charge balance in the connectors on the anode and
cathode sides is:

VA(GﬁﬂVQX) =+ iv.totul (10)

iy ot 1S the current produced due to the electrochemical reaction on the catalytic layer (source term current). The electric charge
balance on the membrane is as follows

V.(af”V(Z),-) = - i\',lolal (11)

In the porous medium, the effective electrical conductivity of the electrode and the membrane is calculated using the Bergmann
relation [22]:

T =, x e!? (12)

ol =6, x €!? (13)

The source term current is calculated utilizing the following equation. The linear relation of Butler-Volmer expresses charge current
density. The kinetic equation of charge transfer is [23]:
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Fig. 3. EPL for different channel lengths of 5, 10, 15, and 20 when the voltage is 0.8 V.

0.5

. X Yy, Ao oF 1, — o1,

=ioa | =2 Zaa” Nact | _ —ac” Hact 14
iq =y, (Yif) (exp( exp 14

The kinetics of cathode charge transfer is determined as follows:

05
P Yﬂz aa,aF Nact — 0 F Nact
ie =l0q (Yo'if> (exp ( RT exp RT (15)

During the chemical reaction, the driving force is the potential between the solid electric phase and the ion phase, which is known
as the activation loss:

N=0,¢.E, (16
The reversible potential is obtained using the following equation:
E.,=0.0025T + 0.2329 a7

The amount of average current density is equal to the total current density produced in the FUC divided by the surface of the
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Fig. 4. HMF for different channel lengths of 5, 10, 15, and 20 when the voltage is 0.8 V.

geometry, which is calculated as [22]:

. L[ L[
t,m,fg/z,,dV 7;/lch as)

Va Ve

4. Validation and grid study

To validate the FUC model, the comparison of voltage data with current change has been done. Operational parameters and di-
mensions for modeling are given in Ref. [10]. To compare the experimental data and the numerical data obtained from this research in
Table 2, the battery voltage values are calculated with the current intensity. Table 2 shows the data obtained from the numerical
modeling, which is in good agreement with the measured data in the study of Joe et al. [10] and shows an error of about 6.8 %. The
output voltage from the FUC is obtained by subtracting the voltage losses from the theoretical voltage. Voltage losses are due to the
activation energy, mass transfer, and ohmic loss.

This article aims to compare the FUC with the co-current gas flow in the channels as well as the FUC with counter-current gas flow.
All geometric parameters and operating conditions are the same in both models. The computational grid structure is divided into
890000 cells after performing the grid independence test (Fig. 2). Table 3 demonstrates the result of the grid independence test.
According to the result, the results do not change for the grid with 890000 cells and more, indicating that this grid can be selected for
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Fig. 5. OMF for different channel lengths of 5, 10, 15, and 20 when the voltage is 0.8 V.
the simulations to reduce the computational cost.

5. Results and discussion

Fig. 3 illustrates the EPL for different channel lengths of 5, 10, 15, and 20 mm when the voltage is 0.8 V. Electrolyte potential
changes with increasing channel length in a fuel cell are significant because they affect the electrochemical processes inside the cell.
Electrolyte potential represents the driving force for ion transport and reactions. The increase in length increases the resistance and
leads to an increase in ohmic losses in the electrolyte. This causes it to disrupt the transport of ions through the electrolyte and affects
the efficiency of electrochemical reactions. It can be observed that the amount of EPL is higher on the front side of the contours. The
back side of the contours and the exit of the HOC have a lower EPL. Also, the amount of EPL is high at the bottom of the channel
towards the hydrogen channel. This value is low on the upper side towards the oxygen channel. This issue can be seen especially when
the length of HOCs is 5 mm. It causes the EPL changes to be higher. The changes in the EPL in the middle section along the length of the
5-mm channel are low, while its changes are high for the HOC length of 20 mm.

Fig. 4 depicts the HMF for different channel lengths of 5, 10, 15, and 20 when the voltage is 0.8 V. The amount of HMF entering the
cathode channel is high. The amount of HMF is decreased along the length of the cathode channel by passing through the middle of the
cathode channel and the electrochemical activities in the cell. It reaches the minimum value at the outlet of the channel. An increment
in the length of the channel affects the HMF. It can be seen that increasing the length of the channel decreases the HMF at the outlet of
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Fig. 6. WMF for different channel lengths of 5, 10, 15, and 20 when the voltage is 0.8 V.

the channel. If the channel has a longer length, hydrogen is exposed to more electrochemical activities, and as a result, the HMF at the
outlet is reduced, which can cause less hydrogen loss. The minimum amount of HMF corresponds to the channel length of 20 mm, in
which hydrogen is more exposed to electrochemical activities. On the other hand, when the channel length is 5 mm, the amount of
HMF at the output is higher, because the hydrogen exits the channel faster, and as a result, it has a lower electrochemical activity.

Fig. 5 demonstrates the OMF for different channel lengths of 5, 10, 15, and 20 when the voltage is 0.8 V. The changes in the OMF
depend on the channel length. It can be observed that the variation of the channel length changes the values of the OMF. Along the
channel, the OMF is reduced due to oxygen consumption. The concentration of oxygen decreases from the inlet towards the catalyst,
and it is low at the boundary of the catalyst. Most of the changes in the OMF occur in the initial parts of the channel, and little changes
can be seen in the channel. Therefore, the excessive enhancement in the channel size does not affect the OMF, but it affects the OMF in
the initial increases. It can be seen that the maximum and minimum amounts of OMF are changed with the change in the channel
length.

Fig. 6 shows the WMF for different channel lengths of 5, 10, 15, and 20 when the voltage is 0.8 V. The WMF in the upper channel
and in the oxygen channel is a little more than that in the hydrogen channel. Also, it is different along the length of each of these
channels. In the beginning parts, the amount of WMF is low. Changes in the length of HOCs affect the WMEF. Especially, changing the
length of HOCs from 5 to 10 mm has a greater effect on the WMF. As the length of the HOCs is enhanced, oxygen and hydrogen can
perform electrochemical activity for a longer time, and the mole fraction of water is also changed with the change in the length of the
HOCs. For most of the lengths of the HOCs, the amount of WMF moves towards the average values for both channels at the end of the
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Fig. 7. Variations of pressure in HOC for different channel lengths of 5, 10, 15, and 20 when the voltage is 0.8 V.

channel.

Variations of pressure in HOC are illustrated in Fig. 7 for different channel lengths of 5, 10, 15, and 20 when the voltage is 0.8 V.
Pressure changes in HOCs affect the amount of water, hydrogen, and OMF s. The pressure changes in the HOCs are due to the creation
of a pressure gradient for the flow of oxygen and hydrogen in the anode and cathode channels. Since the pressure gradient in the HOCs
is constant, the velocity changes in them by increasing the length of the channels, which leads to a change in the flow rate of hydrogen
and oxygen in the anode and cathode channels. According to previous studies [16,24], increasing the length of fuel cell channels has
increased the pressure drop. The pressure changes in the HOCs are similar to each other, and the small differences in them are due to
the different properties of these two gases, which slightly affected the shear stress. Maximum pressure changes occur at the end of the
channels and at the channel outlet, when the fluid leaves the HOCs. The shear stress along the hydrogen and oxygen fuel cell walls
causes friction between the gas and the wall surface. This friction creates a drag force, disrupting the gas flow and resulting in lower
velocities near the walls. Due to the shear stress on the walls, the velocity on the side of the walls has been affected by the velocity of the
wall, which was zero. On the walls, the principle of non-slip has been used, and as a result, the speed on the walls has tended to zero.
Based on the momentum equations solved on the walls and Newtonian fluid are considered and their relationships, the fluid velocity in
different sections of the channels is also influenced by the wall velocity of the channel. The importance lies in the effect on mass
transfer and reaction rate. Slowing down the walls can prevent effective gas diffusion and contact with the catalyst and affect the
overall electrochemical reactions.
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Fig. 8. Variations of velocity in HOC for different channel lengths of 5, 10, 15, and 20 when the voltage is 0.8 V.

Variations of velocity in HOC are depicted in Fig. 8 for different channel lengths of 5, 10, 15, and 20 when the voltage is 0.8 V. The
velocity values of oxygen and hydrogen gases in the anode and cathode channels depend on the pressure gradient in them. Since the
inlet and outlet pressure in the HOCs is constant, the velocity values in the HOCs by changing the length of the HOCs. On the sides of
the walls of the HOCs, the gas velocity values are very low due to the shear stress on the walls. On the other hand, in the middle of the
HOCGs, the velocity values are maximal. As seen in the obtained results, speed changes along the HOC channel affect its performance. In
fact, according to the obtained results, speed changes and choosing the optimal speed can guarantee the transfer of the effective mass of
the reactants to the catalyst surfaces and cause effective electrochemical reactions. On the other hand, too low a speed leads to an
incomplete reaction and reduces the yield, while too high a speed may hinder the transfer of the reactant. Balancing these factors is
critical to maximizing fuel cell efficiency and overall performance. So the changes along the HOCs have more impact on the maximum
velocity. Therefore, the values of the maximum velocity in the HOCs are decreased with the length of the channel, so that the highest
maximum velocity corresponds to the channel length of 5 mm, and the lowest maximum velocity corresponds to the channel length of
20 mm, Changes in the velocity in the channel are also important in terms of the flow rate and the amount of power to move the gases.

Fig. 9 shows the average mole fraction of hydrogen for different voltages and various channel lengths of 5, 10, 15, and 20 mm.
According to the study of Ahmadi and Rostami [25], it can be seen that the average mole fraction of hydrogen decreases with
increasing channel length. As the voltage is enhanced, the average mole fraction of hydrogen is decreased for different lengths of HOC.
The consumption of hydrogen is increased with the voltage, and as a result, the amount of HMF is reduced. Therefore, the amount of

10
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Fig. 9. Average mole fraction of hydrogen for different voltages and various channel lengths of 5, 10, 15, and 20 mm.
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Fig. 10. CPR variations for different voltages and various channel lengths of 5, 10, 15, and 20 mm.

hydrogen loss is lower at higher voltages. The increase in the length of the HOC reduces the amount of the HMF. Using channels with a
longer length intensifies the consumption of hydrogen in the FUC; thus, there is a decrease in the quantity of hydrogen loss.. The
minimum amount of HMF corresponds to the channel length of 20 mm and the voltage of 0.8 V, while the maximum amount of HMF
corresponds to the channel length of 5 mm and the voltage of 0.1 V. The decrease in the amount of HMF with the voltage is more
significant for the higher channel lengths. In the higher channel lengths, the consumption of hydrogen is increased with the voltage,
and as a result, the amount of HMF is reduced.

Fig. 10 illustrates the CPR variations for different voltages and various channel lengths of 5, 10, 15, and 20 mm. Changes in the
voltage lead to parabolic changes in the CPR in such a way that the CPR in the HOC first enhances and then reduces with the voltage. In
shorter channels, the rise in voltage results in a larger enhancement in the CPR. In higher channel lengths, the amount of increase in
CPR is less, and a more decreasing trend in CPR can be seen with the voltage. Enhancing the length of the channel reduces CPR. An
increment in the length of the HOC, especially from 5 to 10 mm, reduces the CPR. The maximum amount of CPR corresponds to the
channel length of 5 mm and a voltage of 0.5 V, while the minimum CPR corresponds to the channel length of 20 mm and a voltage of
0.8 V. When the HOC length is 5 mm, the amount of CPR at the voltage of 0.1 V is lower than that at a voltage of 0.8 V. For other lengths
of HOC, the amount of CPR at a voltage 0.8 V is less than that at the voltage of 0.1 V. For other lengths of HOC, the amount of CPR at a
voltage 0.8 V is less than that at the voltage of 0.1 V. In a fuel cell in general, the channels may be faster to carry out the transfer and
accelerate the electrochemical reactions. But increasing the length reduces the power of the fuel cell. In the channels, the speed in-
creases, which provides the transfer of various materials and improves the electrochemical reactions. While in the long term, the rate of
pressure increase has increased due to the more uniform presence, thus increasing the transfer of mass potential and subsequently
reducing the output. But in changing the voltage of the fuel cell at the beginning with increasing voltage, the output power may

11
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Fig. 11. EPL variations for different voltages and various channel lengths of 5, 10, 15, and 20 mm.

increase due to excessive reduction of activation. The highest voltage causes faster electrochemical reactions at the electrodes and
increases the output power. As the voltage increases, the mass transfer overpotential may become dominant. A higher voltage can
create limitations in the diffusion and transport of the reactant and reduce the output power despite the high voltage. An optimal point
can be seen in the diagram, which has the maximum power of the fuel cell at the optimal point, which results in the reduction of the
excess activation potential with losses caused by the increase in excess potential, mass transfer, and can lead to an increase in output
power.

Fig. 11 demonstrates the EPL variations for different voltages and various channel lengths of 5, 10, 15, and 20 mm. An
enhancement in the voltage greatly reduces the EPL. This decrease is greater for smaller lengths of the HOC. An increment in the length
of HOC enhances the amount of EPL, which is more significant for higher voltages. When the voltages are higher, using longer channels
enhances the EPL. The highest quantity of EPL is related to a voltage of 0.1 V and a channel length of 20 mm. The minimum value of the
EPL corresponds to the channel length of 5 mm and a voltage of 0.8 V.

6. Conclusions

This article presents the simulation of a FUC using COMSOL software. The outputs of the FUC, including EPL, CPR, HMF, WMF,
OMF, pressure and velocity changes in HOCs, etc. are determined by changing the length of the channels in the FUC in the range of
5-20 mm and altering the voltage from 0.1 to 0.8 V. Longer channels may increase the residence time of the reactants, potentially
increasing the reaction rate. However, too many channels may cause more pressure drop and inefficiency. Understanding how these
geometrical parameters affect the efficiency and output power is very important for the design of high-performance fuel cells, so in this
review, according to the discussed results, it can be pointed out that:

1 According to the pressure gradient in the HOCs, an increment in the length of the channels reduces the maximum velocity in the
HOGCs.

2 An enhancement in the voltage significantly diminishes the amount of EPL, while intensifying the length of the HOC enhances the
EPL.

3 At higher voltages, the use of longer channels intensifies the EPL.

4 The maximum amount of CPR is related to the channel length of 5 mm and a voltage of 0.5 V.

5 Enhancing the length of HOC reduces the amount of CPR.

6 An increment in the length of the channel and voltage reduces the mole fraction of hydrogen. Increasing the voltage has a more
significant reduction in mole fraction of hydrogen when the length of the HOC is smaller.

7 As the FUC length increases, the EPL difference in the beginning and end of the channel increases. On the other hand, HMF de-
creases with increasing fuel cell length. The longer the length, the more the amount of hydrogen exposed to electrochemical ac-
tivities, and as a result, the amount of HMF in outlet was also lower. Increasing the size of the same channel does not have a great
effect on OMF, but it has an effect on the amount of OMF in increasing its initial changes. As the volume increases, the WMF also
increases.
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