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Abstract

Proton exchange membrane fuel cell (PEMFC) has attained increasing interest during the past decade owing to
operating at low temperatures, generating higher efficiency power and having low pollutant emissions. Many
parameters including operating temperatures, pressures and mass fraction of gas species affect PEMFC
efficiency. In this work, a 3D Computational Fluid Dynamics approach is employed to study the influences of
hydrogen mass fraction (0.1-0.6), oxygen mass fraction (0.1-0.2) and cathode water mass fraction (0.1-0.26) on
the cell performance at 0.4-0.8 V. The numerical results using ANSYS Fluent reveal that decreasing hydrogen
mass fraction and increasing water mass fraction augment the current density at 0.4 and 0.6 V. Besides,
decreasing oxygen mass fraction from 0.2 to 0.16 also enhances the cell performance whereas the current density
remains almost constant with further decreasing oxygen mass fraction. The highest current density of 2.30 A/cm?
is achieved with mass fraction of oxygen of 1.6 and the current density increases by 82.5% compared to the base
model at 0.4 V. However, the pressure drop of channels is not significantly affected by modifying mass fractions
of gases. It is found that determining the optimum value of each species mass fraction at the anode and cathode
plays a crucial role in the development of the cell efficiency.

Keywords: PEMFC, CFD Model, Species Mass fractions, Cell Performance, Pressure drop, Optimization

1. Introduction

Proton exchange membrane fuel cell (PEMFC) is regarded to be an encouraging technology for producing clean
and efficient energy at low operating temperatures (333-353 K). PEMFC transforms the chemical energy of the
fuel into electricity by oxidizing hydrogen as a fuel. There are three major application areas for PEMFC systems
such as transportation (aviation, marine, rail and road), stationary (backup systems) and portable power (Wang et
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al., 2020). Membrane, catalyst layer (CL), gas diffusion layer (GDL) and bipolar plate are main parts of PEMFC.
The flow channel machined into bipolar plate surfaces supplies reactant gases (hydrogen and oxygen) and takes
away water and heat from the cell (Xing et al., 2019). The electrochemical reactions that occur at the surfaces of
CL are as follows:

H, > 2H" +2e” (Anode) )
%0,+2e" +2H" — H,0 (Cathode) 2

Recently, transport and electrochemical phenomena associated with the components of PEM fuel cell have
gained significant attention in academia for augmenting the cell efficiency (Song and Meng, 2013; Salva et al.
2016; Wu, 2016; Subin & Jithesh, 2018; Ahmadi & Rostami, 2019; Ogungbemi et al. 2021; Yang et al., 2022).
Salva et al. (2016) developed a 1D analytical model to determine the current densities under different operating
conditions including pressure, temperature, relative humidity and stoichiometry in the cathode. They reported
that the suggested PEMFC model had a potential to optimize operating parameters to obtain maximum possible
power output. It was also found that for higher current density, it was required to elevate the cathode
stoichiometry and decrease the relative humidity gradually. Subin & Jithesh (2018) conducted an experiment to
study the impact of operating parameters including temperature and air flow rate on the performance of the self-
humidified PEMFC having dry feed condition at the cathode. It was found that the high operating temperature
leaded to performance losses related to membrane dehydration. They also concluded that optimization of the air
flow rate was necessary for achieving high efficiency. Ahmadi & Rostami (2019) experimentally and
numerically examined the influence of inlet velocity of gases on PEMFC efficiency. The results showed that
higher inlet velocity (> 0.2 m/s) affected the penetration of gases from the channels adversely whereas lower
inlet velocity (< 0.05 m/s) resulted in the loss of species concentration which affected the long-term
performance. Yang et al. (2022) experimentally studied the influencing of air velocity and operating temperature
on cell performance of open-cathode PEMFC. They revealed that increasing temperature and velocity
augmented the cell efficiency due to taking out excessive water in pores of GL and CL.

Literature studies show that it is common practise to assess the influences of operating parameters on PEMFC
performance. However, the combined influence of mass fractions of anode and cathode gases on the
enhancement of PEMFC efficiency is not readily available in the literature. The goal of this work is to analyse
the influence mass fraction of gases involved in PEMFC electrochemical reactions on the PEMFC performance
using a single-phase computational model developed in the previous study (Kaplan, 2021). The organization of
the paper is as follows. In the second part, the PEMFC model is described in detail. In the third part, the
numerical results and their discussion are introduced. In the fourth part, the conclusions obtained from the
present numerical study are presented.

2. CFD Model Details
In the present work, 3D geometry is generated using SOLIDWORKS. Then computational mesh is produced and
divided into 9 parts containing a membrane and CL, GDL, flow channel and current collector in the anode and

cathode sides using ANSYS Meshing as seen in Figure 1. These parts are required to specify anode and cathode
characteristics in the FLUENT Fuel Cell module (ANSYS, 2011).
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Figure 1: Grid structure of PEMFC model

The dimensions of PEMFC geometry are obtained from the experiment performed by Wang et al. (2003). The
cell width and length are 2 and 70 mm, respectively. The membrane, GDL and CL thicknesses are 0.108, 0.3 and
0.0129 mm, respectively. The flow channel is 1 mm in width and height. The operational parameters employed
for the model are summarized in Table 1.

The following assumptions have been made when constructing the computational model:
e The flow is steady state, laminar, single phase and incompressible.
e Assume the species behave as ideal gases and exist only in gas phase in the flow channel.
e A homogeneous isotropic porous medium is considered for the GDL, CL and membrane.

Table 1: Electrochemical properties of PEMFC

Parameter Value
Anode mass fraction of H, and H,O at the inlet 0.2 and 0.8
Cathode mass fraction of O, and H-O at the inlet 0.2and 0.1
Reference exchange current density (anode) 4000 A/m?
Reference exchange current density (cathode9 0.1 A/m?
Reference H: and H-O diffusion 7.33 x 10°° m?/s (Mazumder & Cole, 2003)
Reference O: diffusion 2.13 x 10° (Mazumder & Cole, 2003)
Reference other species diffusion 4.9 x 10°°m?/s (Mazumder & Cole, 2003)
Operating temperature and pressure 343 K and 101.325 kPa (Wang et al., 2003)
GDL and CL porosity and viscous resistance 0.5 and 1 x 10*? 1/m? (Kahveci & Taymaz, 2018)
CL surface/volume ratio 200000 1/m
Open-circuit voltage 094V
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Mass, momentum, species, energy and charge equations are used to simulate physical phenomena taking place in
the PEMFC as shown in Table 2 (Kaplan, 2021; Spiegel, 2008; Barbir, 2013).

Table 2: Governing equations
Equations

Mass V(pd)=0

l it —
Momentum 7 ¥ (pUl) =-VP+V(uVU)+S,

(=)

Species V(UC,) =V(D"VC,) +5,
Energy V(piT)=V(K*VT)+S,

\4 (O-memv¢mem ) + Rmem =0

V(o-solv¢sol )+ Rsol = 0
Nan = ¢so| _¢mem
N = ¢so| _¢mem _Voc

Charge

The constant mass flow boundary condition is applied at the flow channel inlet with mass flow rate of 5.398 x
10 and 3.294 x 10 kg/s at the anode and cathode, respectively (Biyikoglu & Alpat, 2011). Pressure at the
outlet of flow channels is fixed and atmospheric. The upper and lower current collector faces are specified as the
wall. The electrical potential at the anode and cathode terminals is fixed as zero and the operating voltage,

respectively. The same boundary conditions are employed for the model and the cases including different mass
fractions of gases.

3. Results and Discussions

3.1 Model Validation

In the current study, the model is verified by comparing the computational results with measured data from
Wang et al. (2003) in Figure 2.

v Wang et al. (2003)
- =-Model

)
'
'
'
1

Voltage (V)
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Figure 2: Comparison mathematical model with experimental data (Wang et al., 2003)
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The predicted results agree well with the measured data, especially at lower current densities. But the present
model overestimates the experimental data at higher current densities. It may be owing to the model ignoring the
liquid water in the GDL and CL resulting in decreasing the GDL and CL porosity and increasing the resistance
to mass transfer in gas phase.

3.2 Influence of Mass Fraction of Gas Species on Current Density

In this section, the effect of mass fraction of hydrogen, and oxygen and water (cathode) on PEMFC performance
is presented. Figure 3 displays the calculated current densities for various mass fractions of hydrogen (0.1-0.6) at
three voltages of 0.4, 0.6, and 0.8 V.
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Figure 3: Change of current density for different mass fractions of hydrogen at various cell voltages of 0.4-0.8 V

As seen in Figure 3, the influence of hydrogen mass fraction on the current density is almost negligible at 0.8 VV
whereas the current densities increase linearly with a decrease in hydrogen mass fraction from 0.6 to 0.4 at 0.4
and 0.6 V. After this, the hydrogen mass fraction has a more obvious impact on the current density. Then a
sudden increase of the current density is detected when the value of hydrogen mass fraction reaching 0.3 at 0.4
and 0.6 V. The results in Figure 3 indicate that increasing water mass fraction with decreasing hydrogen mass
fraction plays a dominant role for augmenting the cell efficiency at 0.4 and 0.6. The peak value of 1.58 A/lcm? is
achieved with hydrogen mass fraction value of 0.1 at 0.4 V. Figure 4 illustrates the computed current densities
for various mass fractions of oxygen (0.1-0.2) at three different voltages of 0.4, 0.6, and 0.8 V.
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Figure 4: Change of current density for different mass fractions of oxygen at various cell voltages of 0.4-0.8 V

As seen in Figure 4, decreasing oxygen mass fraction from 0.2 to 0.16 significantly improves the cell
performance at 0.4 and 0.6 V whereas the current density is almost independent of oxygen mass fraction for its
values between 0.1 and 0.16 at all cell voltages. Due to the sum of all mass fractions of cathode gases being
equal to unity, an increase in oxygen mass fraction results in decreasing water mass fraction. Like the previous
results obtained with variation of hydrogen mass fraction, higher cathode water mass fraction results in elevating
the cell current density at 0.4 and 0.6 V. The maximum value of 2.30 A/cm? is observed with oxygen mass
fraction value of 0.14 at 0.4 V. Figure 5 illustrates the current densities for different water mass fractions (0.1-
0.26) for three different voltages of 0.4, 0.6, and 0.8 V at the cathode.
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Figure 5: Change of current density for different mass fractions of water (cathode) at various cell voltages of 0.4-
08V

As illustrated in Figure 5, increasing water mass fraction until reaching a value of 0.22 enhances the current
density remarkably at 0.4 and 0.6 V. However, the current density remains almost constant with further increase
in hydrogen mass fraction at 0.6 V. The highest value of 2.28 A/cm? is obtained with water mass fraction value
of 0.26 at 0.4 V. The results in Figures 3, 4 and 5 reveal that finding the optimal values for the mass fractions of
anode and cathode gases is a key factor to improve PEMFC efficiency.
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3.2 Optimization of Mass fractions of Gas Species

The calculated values of current densities and pressures for the cases with different mass fractions of gases at 4
V are given in Table 3. It is obvious from Table 3 that changing mass fractions of anode and cathode gases
significantly affects the cell performance. Modifying oxygen and water mass fractions has nearly no significant
impact on the pressure drop in the anode and cathode. However, increasing hydrogen mass fraction results in
elevating pressure drop in the anode channel. The maximum pressure drop of 1.35 kPa is gained with hydrogen
mass fraction value of 0.6 at 4 V. The results suggest that the influence of mass fractions of gas species on the
current density is more dominant than that on the pressure drop.

Table 3: The calculated results for different mass fractions of gases at 4 V

Mass fraction of Mass fraction of . Pressure drop
anode gases cathode gases Current dezrnsny (kPa)

H; H,0 (o]} H,0 (Aem’) Anode  Cathode
0.10 0.90 0.20 0.10 1.58 0.45 2.48
0.20" 0.80" 0.20" 0.10" 1.26 0.66 2.23
0.30 0.70 0.20 0.10 0.79 0.89 2.34
0.40 0.60 0.20 0.10 0.66 1.05 2.31
0.50 0.5 0.20 0.10 0.61 1.20 2.31
0.60 0.40 0.20 0.10 0.57 1.35 2.30
0.20 0.80 0.10 0.53 2.25 0.63 2.42
0.20 0.80 0.12 0.44 2.29 0.66 2.53
0.20 0.80 0.14 0.36 2.30 0.69 2.62
0.20 0.80 0.16 0.27 2.29 0.69 2.55
0.20 0.80 0.18 0.19 1.97 0.65 2.26
0.20 0.80 0.19 0.14 1.54 0.67 2.33
0.20 0.80 0.18 0.18 1.87 0.66 2.29
0.20 0.80 0.17 0.22 2.22 0.70 2.48
0.20 0.80 0.15 0.26 2.28 0.69 2.53

“Mass fractions of gases for the model

3. Conclusion

In this work, a three-dimensional single phase PEMFC model is developed to scrutinize the impact of varying
mass fraction of hydrogen, oxygen and water (cathode side) on the cell performance. The findings are
summarized as follows:

e Altering mass fractions of gases at the anode and cathode sides has a considerable impact on the cell
power output.

e Decreasing hydrogen mass fraction and increasing water mass fraction lead to augmenting the current
density at 0.4 and 0.6 V.

e The current density remains nearly unchanged with increasing oxygen mass fraction from 0.1 to 0.16
whereas further increasing oxygen mass fraction leads to reducing the cell efficiency at 0.4 and 0.6 V.

e There is not a significant impact of mass fractions of gas species on performance of PEMFC at 0.8 V.

e An increase in hydrogen mass fraction results in pressure drop in the anode whereas the pressure drop
in the cathode remains nearly fixed for varying mass fractions of gases compared the model.

e The highest current density of 2.30 A/cm? is gained with 0.16 oxygen mass fraction and the current
density increases by 82.5% compared to the model at 0.4 V.

e Optimizing mass fraction of anode and cathode gases is necessary to achieve better cell performance.
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Nomenclature

C Molar concentration (mol/m?%) o Electrical conductivity (1/Qm)
D Diffusion coefficient (m?/s) '] Electric potential (V)

k Thermal conductivity (W/mK) Subscript

P Pressure (Pa) an Anode

R Volumetric transfer current, A/m? cat Cathode

Sh Energy source term k Chemical species

Sk Species source term mem Membrane

Sm Momentum source term sol Solid

T Temperature (K) Superscript

u Velocity vector (m/s) eff Effective

Voc Open-circuit voltage (V) Abbreviations

Greek letter CL Catalyst layer

€ Porosity CFD Computational fluid dynamics
n Overpotential (V) GDL Gas diffusion layer

i Viscosity (kg/ms) PEM Proton exchange membrane

p Density (kg/m®)
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