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Abstract—The CFD simulation of a tubular-shaped proton exchange membrane (PEM) fuel cell in the pat-
terns co-current flow for evaluation of the effects of different influencing parameters on fuel cell performance
is presented. The model considers transport phenomena in a fuel cell involving mass and momentum transfer,
electrode kinetics, and potential fields. The governing equations coupled with the CFD model are then solved
using the finite element method. The predicted cell potentials are in good agreement with the available exper-
imental data. The parametric studies have been conducted to characterize the effects of the gas diffusion layer
(GDL) porosity and length, the inlet velocity of gases, and the hydrogen channel diameter on various cell per-
formance parameters such as the concentration of reactants/products and cell current densities. The effect of
the length and diameter of the channel on cell current density and the optimum gas diffusion layer porosity
at a given hydrogen channel diameter to obtain the maximum current density is determined. In this work, a
systematic procedure to optimize PEM fuel cell gas channels in the systems bipolar plates with the aim of
globally optimizing the overall system net power performance was carried out.
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INTRODUCTION

Fuel cells technology is attracting more consider-
ation as one of the solutions to the energy and environ-
mental problems [1—5]. Fuel cells are electrochemical
energy converters that convert chemical energy of fuel
into electrical energy. One kind of the fuel cells is
called the proton exchange membrane (PEM) fuel cell
that operates at a considerably lower temperature than
other types of fuel cells. The PEM fuel cells are well-
set and light weight and high power density and low
environmental impact [6—8]. All of PEM fuel cell
consists of three essential compartments: polymer
electrolyte membrane, an anode and a cathode. At the
anode a hydrogen is oxidized into electrons and pro-
tons, while at the cathode oxygen is reduced [9, 10]. In
many cases, modelling efforts concentrate on the
cathode electrode (gas diffusion layer plus catalyst
layer) or the membrane electrode assembly (MEA)
[11, 12].

The gas diffusion layers are used to increase the
reaction region available by the gas reactants. These
diffusion layers allow a spatial distribution on the
around of membrane in both the path of bulk flow and

! The article is published in the original.

the path of orthogonal flow but parallel to the mem-
brane [13, 14]. Typically, gas diffusion layers are con-
structed with a thickness in the range of 100—300 um.
The gas diffusion layer also assists in water manage-
ment by allowing an appropriate amount of water to
reach, and be held at, the membrane for hydration
[15]. The difficult experimental PEM of fuel cell sys-
tems has stimulated efforts to develop models that
could simulate and predict multidimensional coupled
transport of reactants and charged species using com-
putational fluid dynamics (CFD) methods. Theoreti-
cal studies on simulation of PEM fuel cells have been
carried out to enhance the efficiency of these appara-
tuses. All theoretical studies concentrate on electro-
chemical kinetics and transport phenomena of PEM
fuel cells (PEMFCs).

Much research [16, 17] has been carried out on
PEMFCs ranging from one-dimensional and two-
dimensional models showing phenomena in a PEM
fuel cell. Dutta et al. [14] obtained velocity, density
and pressure contours in the gas diffusion layers. They
used a finite volume technique for solving model
equations. Their results illustrated that the current
direction is drastically dependent on the mass transfer
mechanism in the membrane—electrode assembly.
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Fig. 1. Geometry of a PEM fuel cell.

Futerko and Hsing [18] applied the finite element
method (FEM) for solving governing equations in the
gas diffusion layers and flow channels. They studied
the resistance of membranes in polymer electrolyte
fuel cells. Their modeling findings illustrated that the
mole fraction of reactant gases, water content in the
membrane and current density are dependent on pres-
sure. More recently, Rodatz et al. [19] carried out
studies on the operational aspects of a PEMFC stack
under practical conditions. Their work focused exclu-
sively on the pressure drop, two-phase flow and effect
of bends. They noticed a decrease in the pressure
drops at a reduced stack current. Ahmed and Sung
[20] performed a numerical model to investigate the
effects of channel geometrical configuration and
shoulder width at high current density in the perfor-
mance PEM fuel cell. Their result further reveals the
presence of an optimum channel-shoulder ratio for
optimal fuel cell performance. Al-Baghdadi [21] car-
ried out the simulation of the tubular-shaped PEM
fuel cell to investigate information about the transport
phenomena inside the fuel cell such as reactant gas
concentration distribution, temperature distribution,
potential distribution in the membrane and gas diffu-
sion layers, activation overpotential distribution, dif-
fusion overpotential distribution, and local current
density distribution. ZareNezhad and Sabzemeidani
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[22] optimized flow channel dimensions using a 3-
dimensional and isothermal model. They investigated
the effect of channel dimensions on current density
and hydrogen consumption in a fuel cell. They found
that an increase in the flow velocity from 0.1 to 0.5 m/s
leads to a decrease in the optimum channel width from
0.8 to 0.6 mm. The tubular-shaped fuel cell is one of
the new architectures in PEM fuel cell. Fuel cell inves-
tigative institutes may have performed different exper-
imental studies for tubular-shaped PEM fuel cell, but
would be dedicated very limited information are
accessible in the open access literature. There are var-
ious reasons that make the tubular architectures more
useful than the planar fuel cell : lower pressure drop
along the tubular fuel cell and uniform pressure in the
cathode of MEA and the greater cathode area surface
that increases the content of oxygen reduction and the
reaction rate of oxygen reduction is very slow toward
the reaction rate of hydrogen oxidation [21, 23]. In this
paper, a single-phase and isothermal, fully three-
dimensional CFD model of the quarter of tubular-
shaped PEM fuel cell with the patterns co-current
flow is presented. The model accounts for detailed
species mass transport, potential losses in the gas dif-
fusion layers and membrane, electrochemical kinetics.
The full computational domain consists of cathode
and anode gas flow fields, gas diffusion layers, catalyst
layers, and a proton exchange membrane (Fig. 1). Also
this model is used to study the effects of several mate-
rial parameters and the effect of channel geometry on
fuel cell performance and the optimal operating con-
ditions at different flow conditions are investigated by
CFD simulation.

CFD MODELING

A 3-dimensional isothermal model is presented to
account the mass, momentum and species balances in
the flow channels, the gas diffusion layer (GDL), and
the catalyst layers. Electrochemical equations in the
catalyst layer and GDL parts of the fuel cell and mem-
brane are also considered in the proposed model.
Model assumptions consist of steady state condition,
laminar flow regime, ideal gas behavior, single phase
(gas phase), proton conductivity of membrane is
fixed, the gas diffusion layer is isotropic, activation
over potential is constant, the membrane is not per-
meable for reactant gases, isothermal operation.

Gas flow fields. In the channel of fuel cell, the the
governing equations include conservation of mass and
momentum as shown below:

V(pi) =0, (D
VI((Vid) + (Vi) )]+ p@.V)i + Vp = 0. (2)
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The mass balance in channel is described by the
divergence of the mass flux through diffusion and con-
vection. The steady state mass transport equation can
be written in the following expression for species i:

V.j. +piaV)w, = R, (3)

Ji = _[P(’)iz Dy [ka + pl[(xk - Cok)VPA]D7 (4)
% Y

where D, is diffusivity of mixture that can be calcu-
lated using Maxwell—Stefan equations. The parame-
teris p the overall mass density of the gas mixture
obtained from the ideal gas law by

P
=—. (5
RT )
Gas diffusion layers. In the gas layer of the fuel cell,
the the governing equations include conservation of

mass and momentum as shown below:
V(p.i) =0, (6)

V.{—p + 2 (vay+ v
© )

- 2—“(%7)} - (ijﬁ ~0.
3e, ky,

In order to account for the mass transport equation
in porous media, the diffusivities are corrected using
the Bruggemann correction:

eff

Dy =€"D,. (8)

The potential distribution in the gas diffusion lay-
ers is governed by

V.(6"Vo,) = 0.

Within porous media, electrical conductivity of
electrode and membrane are estimated from the mod-
ified Brueggemann equation [24]:

o =0, xel’. 9)

Catalyst layers. The catalyst layer is treated as a thin
interface, where sink and source terms for the reac-
tants are implemented:

V(pa) = Q,,.

V. [—p + (i) + va)
€p
e S P

3¢, ky €,

where Q,, is source term in the catalyst layer due to

reaction of reactant species and can be calculated from
the following equation:
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Table 1. Electrochemical reactions of sink term for water,
hydrogen, and oxygen

g _ Ay
4F 2F 2F

0, = z ZRi,mMn

R. ,, is the electrochemical reactions of hydrogen and
oxygen and water in the catalyst layer:

;0
R,‘ — t,mv.
™ nF

m

The electrochemical reactions of sink term for
water and hydrogen and oxygen shown in Table 1.

The potential distribution in the catalyst layers is
governed by

eff .
V'(Ge V(be) = ilv,tolal'

The source term, i, ., is given by

lv,tolal = ZaVIIOC'
m

The current densities, i,. are calculated using the
Butler—Volmer equation in anode and in cathode:

0.5
S
I, = lO,a ref

(10)

(11)
) g )
L (Y_]
N7 (12)

% (CXP (ac,;Fpact) —exp (_aczinact jj ,

where i, and i, are the exchange current density
anode and cathode at a reference temperature (25°C)
and pressure (1 atm), respectively. o, , and o, . are
the anodic and the cathodic transfer coefficients for
the reaction at the anode. o , and o . are the anodic
and the cathodic transfer coefficients for the reaction

at the cathode. Y(;ff and Yﬁif are the mass fractions for
hydrogen and oxygen at a reference temperature
(25°C) and pressure (1 atm), respectively. The values
of the exchange current density and the transfer
coefficients are listed from Siegel et al. [25]. R is the
universal gas constant (8.314 J mol~! K~!), Fis Fara-
day constant (C mol™!), and 7 is the temperature (K).
The activation over potential 1 is given by
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Table 2. Operational conditions used in the simulations of
PEMFC

Parameters Value
Inlet anode/cathode temperature, °C 80
Inlet anode/cathode pressure, atm 3
Anode/cathode flow velocity, m/s 2
Relative humidity of inlet gases, % 100
Mole ratio of O,/N, 0.79/0.21
Mass fraction of H,O, anode 0.7
Mass fraction of H,, anode 0.3
Mass fraction of H,O, cathode 0.14
Mass fraction of O,, cathode 0.2
Mass fraction of N,, cathode 0.66
Inlet O, concentration, kmol/m? 0.00086
Inlet H, concentration, kmol/m?3 0.04

Table 3. Geometric parameters of the modeled fuel cell [8]

Description Value
Channel length, m 0.005
Hydrogen flow channel height (channel le=3
diameter), m
Air flow channel height, m le—3
Gas diffusion layer thickness, m 0.26e3
‘Wet membrane thickness (Nafion 117), m 0.23e3
Catalyst layer thickness, m 0.025¢73
Mact = @5 = @ — Eq- (13)

The relevant numerical and geometric parameters
for this study are given in Tables 2 and 3.

Boundary conditions. The inlet values at the anode
and cathode are determined for the velocity and spe-
cies concentrations (Dirichlet boundary conditions).
For all other variables, the gradient in the flow direc-
tion is assumed to be zero (Neumann boundary con-
ditions). At the inlet, the velocity in the x-direction is

determined to be u = u,. At the inlet, the mass fraction

is defined as ® = ®,. At the walls no-slip boundary
condition is applied. to the boundary velocity is zero in
the case of a fixed wall ¥ =0. A mass insulation
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boundary condition is applied at the walls —n.N; = 0.
The outflow boundary condition is prescribed as
p = p,- The convective flux boundary condition is
applied at the outlet.

RESULTS AND DISCUSSION

The simulation results are compared with experi-
mental data [26] in Fig. 2. The computed polarization
curve values are in good agreement with the measured
data in the range of current densities shown in the pre-
sented figure. As the main objective of this paper is to
investigate the sensitivity of the fuel cell performance
to the porosity and length of the GDL and the diame-
ter of a tubular-shaped PEM fuel cell.

Reactant transport in the gas diffusion layer and
catalyst layer has a significant impact on fuel cell per-
formance. Within the GDL and catalyst layer, the
reactant diffusive flux in the direction through the
layer thickness is much more important than the flux
in other directions. The wet reactant gases in the chan-
nel transport through the gas diffusion layer and attain
the catalyst layer where the electrochemical reactions
take place. Electrodes are considered as a porous
media where reactant gases are distributed on the cat-
alyst layers. The effect of the GDL porosity on the fuel
cell performance was investigated at a constant chan-
nel length and different flow velocities that the shown
in Fig. 3 were simulated. The current density increased
gradually from at a porosity of 0.3 until an optimum
was obtained at a porosity of 0.55 at different flow
velocities. The reason is the increase in the hydrogen
and oxygen gases through the gas diffusion layer to the
reaction sites in catalyst layer, which increased the rate
of reaction. The explanation is that the increase in the
hydrogen and oxygen gases through the gas diffusion
layer to the reaction sites in catalyst layer, that
enhanced the rate of reaction.

Figure 4 illustrates the effect of changing the
hydrogen channel diameter from 1.1 to 1.25 mm on the
fuel cell performance at various GDL porosities from
0.3 to 0.65. The current density increased gradually
from at a porosity of 0.3 until an optimum was
obtained at a porosity of 0.55 at various hydrogen
channel diameters. The reason is the increase in the
pore space of the gas diffusion layer, which increases
the transport of gases and enhance the reaction region
accessible by reactants, on the other hand, the physi-
cal properties affecting transportation processes inside
the gas diffusion layer.

Figure 5 illustrates the effect of changing the inlet
velocity of gases from 1 to 2 m/s on the average mole
fraction of H, at the outlet channel in the hydrogen
channel diameter. When the inlet velocity of gases is

No. 6 2018



A THREE-DIMENSIONAL MODEL FOR EVALUATING

1033

—O— Presented model

0.8 B Experimental
>
= 0.6
=
]
2 ]
% 0.4 m =
@)

.I
0.2 ]
[
[ |
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Current density, A/cm?
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Fig. 3. Effect of the GDL porosity on the current density at a cell potential of 0.6 V for different flow velocities.

increased, the average mole fraction of H, at the outlet
channel is enhanced especially at lower hydrogen
channel diameter. As observed, at the flow velocity
1 m/s, an increase in the hydrogen channel diameter
from 0.25 to 1.75 mm leads to an increase in the aver-
age mole fraction of H, at the outlet channel.

The hydrogen molar fraction distribution in the
anode side is shown in Fig. 6 for three various flow
velocities. In general, the hydrogen molar fraction
decreases during the anode side channel as it is being
consumed and the decrease is small along the channel.
The hydrogen molar fraction in the output channel
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increases with an increase in the reactant gases flow
velocities.

Figure 7 illustrates the distribution of velocity mag-
nitude at a cell voltage of 0.6 V and confirm the men-
tioned details. Increasing in inlet velocity provides the
reactant gases to the catalyst layers. Therefore, the
efficiency of catalytic reaction enhances, and tubular-
shaped PEM fuel cell performance improves.

Figure 8 illustrates the effect of the channel length
of tube on the current density at a constant channel
diameter for various flow velocities. The numerical
results confirm that the current density decreased as
the channel length of tubular-shaped PEM fuel cell is
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Fig. 4. Effect of the GDL porosity on the current density at a cell potential of 0.6 V for different hydrogen channel diameters.
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Fig. 5. Effect of hydrogen channel diameter on the average mole fraction of H; at the outlet of the channel.

increased for various flow velocities. The reason is the
length of the channel affecting the presence of hydro-
gen inside the gas diffusion layer and the catalyst layer.
A length of the gas diffusion layer improves the gas dif-
fusion into the reaction sites, improving the PEM fuel
cell performance.

Figure 9 shows the effect of the channel length on
the average mole fraction of H, output channel at a
constant channel diameter for various flow velocities.
The predicted results confirm that the average outlet
mole fraction of H, decreased as the channel length is
increased at different flow velocities. As observed, the
flow velocity 0.5 m/s, a sharp decrease in comparison
of the flow velocity 1 m/s. Also, the effect of flow

THEORETICAL FOUNDATIONS OF CHEMICAL ENGINEERING  Vol. 52

velocity on the average outlet mole fraction of H, has
been compared with the inlet mole fraction of H,. The
inlet fluid velocity ranged between about 0.5 and
1.5 m/s, which can be selected for any channel of cell
based on economic rather than on physical constrains,
because increased inlet fluid velocity causes signifi-
cant hydrogen losses in the channel outlet of the tubu-
lar-shaped PEM fuel cell.

CONCLUSIONS

The 3-dimensional CFD simulation of the quarter
of the tubular-shaped PEM fuel according to a rigor-
ous finite element numerical method is presented.
The objective of this study was to improve the perfor-
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Fig. 6. Hydrogen molar fraction distribution in the anode side for three different velocities of gases: (a) 1, (b) 1.5, and (c) 2 m/s.
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Fig. 7. Velocity distribution at a cell potential of 0.6 V.

mance of the tubular-shaped PEM fuel cell with the
patterns co-current flow. Optimazition study using
this simulated model has been applied. The computed
polarization curve values are in good agreement with
the measured data in the range of 0—1 A/cm?. This
new proposed numerical model, such as velocity dis-
tribution and species mass fractions with conventional
model results shows. The simulation is conducted to
investigate the effect of the hydrogen channel diameter

THEORETICAL FOUNDATIONS OF CHEMICAL ENGINEERING  Vol. 52

and length on the performance of the PEM fuel cell at
various flow velocities. Also to investigate their effect
on the average outlet mole fraction of H, and current
density in the gas diffusion layer porosity from 0.3 to
0.6. The effect of the GDL porosity on the fuel cell
performance was investigated. The current density
increased gradually from at porosity of 0.3 until an
optimum was obtained at porosity of 0.55 at different
flow velocities and hydrogen channel diameters. An
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Fig. 9. Effect of dimensionless channel length on the average mole fraction of H, at the outlet of the channel at 0.6 V.

increase in the GDL length also reduces gas reactant
diffusion and subsequently reduces fuel cell perfor-
mance. Furthermore, the predicted results illustrated
that the reactant gases distribution is uniform at vari-
ous flow velocities in the fuel cell.

NOTATION
a, surface area, m?
Dy Maxwell—Stefan diffusivityfor the pair i—k, m?/s
Dieff Fick effective dusty gas diffusivity matrix, m?/s
Eq, equilibrium thermodynamic potential
F Faraday’s constant, 96.487 C/mol

Iy total current density source term, A/m?>

Hoc
lO,C

lO,a

local current density

cathodic exchange current density
anodic exchange current density

cathodic current density, A/m?

anodic current density, A/m?

diffusion flux of the ith species, mol/(m? s)
permeability, m?

average (mixture) molecular weight, kg/mol

number of electrons participating per electro-
chemical reaction

pressure, Pa
source term

THEORETICAL FOUNDATIONS OF CHEMICAL ENGINEERING  Vol. 52 No. 6 2018



A THREE-DIMENSIONAL MODEL FOR EVALUATING

electrochemical reactions

universal gas constant, 8.314 J/(mol K)
temperature, K

velocity vector, m/s

mole fraction of the ith species

mass fraction of hydrogen

mass fraction for hydrogen at a reference

mass fraction of oxygen

mass fraction for oxygen at a reference

anodic transfer coefficients at the anode
cathodic transfer coefficients at the anode
anodic transfer coefficients at the cathode
cathodic transfer coefficients at the cathode
porosity

activation over potential, V

overall viscosity, kg/(m s)

overall mass density of the gas mixture, kg/m?>

electrical conductivity of electrode and mem-
brane, S/m

effective electrical conductivity of electrode and
membrane, S/m

potential

potential of electrode and membrane

mass fraction of the ith species

SUBSCRIPTS AND SUPERSCRIPTS

Subscripts

anode
activation
cathode
electrolyte
effective
equilibrium

Superscripts

anodic
cathodic
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