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Abstract

A three-dimensional numerical model is developed to simulate the transport phenomena on the cathodic side of a
polymer electrolyte membrane fuel cell (PEMFC) that is in contact with parallel and interdigitated gas distributors.
The computational domain consists of a flow channel together with a gas diffusion layer on the cathode of a
PEMFC. The effective diffusivities according to the Bruggman correlation and Darcy’s law for porous media are
used for the gas diffusion layer. In addition, the Tafel equation is used to describe the oxygen reduction reaction
(ORR) on the catalyst layer surface. Three-dimensional transport equations for the channel flow and the gas
diffusion layer are solved numerically using a finite-volume-based numerical technique. The nature of the multi-
dimensional transport in the cathode side of a PEMFC is illustrated by the fluid flow, mass fraction and current
density distribution. The interdigitated gas distributor gives a higher average current density on the catalyst layer
surface than that with the parallel gas distributor under the same mass flow rate and cathode overpotential.
Moreover, the limiting current density increased by 40% by using the interdigitated flow field design instead of the
parallel one.

List of symbols P pressure (Pa)
Din inlet pressure (Pa)
Co oxygen concentration (mol m™>) Pout  outlet pressure (Pa)
C, normalized oxygen concentration, ¢./Cref R universal gas constant (W mol™' K™
Cref reference oxygen concentration (mol m™) Ra ohmic resistance of the fuel cell (Q m?)
Cw water vapor concentration (mol m™>) T temperature (K)
Cy normalized water vapor concentration, ¢y/Crer u, v, w velocity components in the x, y, and z directions,
D, binary diffusivity of oxygen in the air (m” s™") respectively (m s™')
D, ox effective diffusivity of oxygen in the gas diffusion V. open circuit voltage (V)
layer (m?s™") Veen  cell voltage (V)
Dy, binary diffusivity of water vapor in the air w width of the computational domain, Figure 2
(m*s7) (m)
Dy, g effective diffusivity of water vapor in the gas W, half width of the flow channel, Figure 2 (m)
diffusion layer (m?* s™") W, width of the shoulder of the gas distributor,
F Faraday’s constant (96 487 C mol™") Figure 2 (m)
H height of the computation module, Figure 2 (m) x, y, z coordinate system, Figure 1 (m)
H, channel height, Figure 2 (m) X nondimensional x coordinate, x/L
H, thickness of the diffusion layer, Figure 2 (m)
I averaged current density (A m™?) Greek symbols
i local current density (A m™2) o net water transport coefficient through the
io exchange current density (A m™) membrane into the cathode
K permeability of the porous medium (m?) € porosity of the gas diffusion layer
L length of the computational domain (m) 0 density (kg m™?)
m mass flux (kg m™> s n cathodic overpotential (V)
n number of electron transfer during the ORR T tortuosity of the porous gas diffusion layer
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Subscripts

eff effective

in inlet

o oxygen

out outlet

ref reference

w water vapor

1. Introduction

The polymer electrolyte membrane fuel cell (PEMFC)
has been considered as an alternative power source for
various applications. The requirements of compactness,
high power density, performance, stability, and low
cost lead to the optimization of different aspects of a
PEMFC. A meaningful theoretical analysis of the
critical aspects of a PEMFC is essential for the
optimization of the fuel cell itself. Mathematical mo-
delings of a PEMFC [1-6] have been proposed to
determine the cell voltage as a function of the current
density under various operating conditions. Due to the
complex interaction of electrochemical reaction, hydro-
dynamics, and multi-component transport in the fuel
cell, however, fundamental transport phenomena of a
PEMEFC still require further investigation.

For the performance of a PEMFC, the cathode is
considered the dominant component. This is due to the
slow kinetics of oxygen reduction [7] and the cell
performance depends strongly on the oxygen transport
rate to the cathode. Therefore, modeling of the cathodic
half cell of a PEMFC has been emphasized [7-16].
Kulikovsky et al. [8] numerically simulated the cathodic
compartment of a PEMFC and investigated the influ-
ence of the two-dimensional effects on the cathode
performance. The low diffusivity in the backing layer
created dead zones in front of the current collector
where catalysts were not used and could be removed
from these zones for cost-reduction purposes. Yi and
Nguyen [9] proposed a two-dimensional multi-compo-
nent transport model to investigate the gas hydrody-
namics in a PEMFC cathode with an interdigitated gas
distributor. The flow patterns and the distributions of
gaseous species in the porous cathode were presented at
a fixed cathodic overpotential value of = 0.3. The
average current density decreased with an increase in the
electrode thickness and the shoulder width when both
the pressure drop across the module and the cathodic
overpotential were kept constant. Kazim et al. [10]
developed a two-dimensional numerical model for the
cathode of a PEMFC with both interdigitated and
parallel flow fields. They showed that the interdigitated
gas distributor was effective in enhancing the transport
rate of the reactive gases to the active sites in the
cathode. Gurau et al. [11] proposed a one-dimensional
mathematical model of a PEMFC containing a cathode
gas channel, a gas diffusion layer, a catalyst layer, and a
membrane. Analytical solutions were derived for the
coupled equations, consisting of the oxygen mass

transport equation and Ohm’s law for proton migration
in a heterogeneous domain. Wang et al. [12] presented a
two-dimensional numerical study of two-phase flow
transport in the air cathode of a PEMFC. Their model
encompassed both single- and two-phase regimes corre-
sponding to low and high current densities and was
capable of predicting the transition between the two
regimes.

In contrast to the above one-dimensional or two-
dimensional models for the cathodic half cell of a
PEMFC, the objective of this work is to develop a three-
dimensional numerical model to simulate the transport
phenomena in the cathode of a PEMFC. Emphasis is
placed on the effects of the cathodic overpotential and
the flow-distributor geometry on the electrochemical
performance of the fuel cell. Fluid flow, concentration of
gaseous species and current density distributions are
presented to illustrate the relationship between the fluid-
flow and the electrochemical characteristics in the
cathode of a PEMFC. Polarization characteristics for
parallel and interdigitated flow fields are simulated and
compared. The results obtained provide an insight into
the multi-dimensional transport phenomena in the
cathode, which will be helpful in the design and
optimization of a PEMFC.

2. Numerical model

Figure 1(a) and (b) show the schematic drawings of the
cathode of a PEMFC in contact with parallel and
interdigitated gas distributors, respectively. In the par-
allel flow field, the oxygen enters the gas distributor and
then traverses an array of parallel channels equally
spaced by the current collectors. For the interdigitated
flow field, the inlet and outlet channels are dead-ended
downstream and upstream, respectively. In this circum-
stance, the oxygen flows across the porous gas diffusion
layer from the inlet channel to the outlet channel.
Figure 2 is a sectional yz plane view of the interdigitated
flow field, in which the oxygen is supplied to the inlet
channel, passes through the gas diffusion layer above the
current collectors, and then exits from the outlet
channel. The ORR occurs at the catalyst layer surface
(y = H). Detailed dimensions of the present computation
module are given in Table 1.

2.1. Governing equations

The following assumptions are used in this study: (1) the
gas mixtures are ideal gas, incompressible and laminar
flow, (2) the gas diffusion layer is homogeneous and
isotropic with uniform morphological properties such as
porosity, tortuosity and permeability, (3) the fuel cell
operates at a constant temperature, (4) water in the
electrode exits as vapor only, and (5) the catalyst layer is
treated as an ultra-thin layer; thus the ORR is consid-
ered to occur only at the surface of the catalyst layer.
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Fig. 1. Geometries and coordinate systems of the parallel and interdigitated flow fields.

Table 1. Geometric and physical parameters used in the present

simulation
Quantity Value Refer-
ence
Domain length, L 10 mm Assumed
KHKXIXIKRRKKXLIK KKK LLIR Domain height, H 0.7 mm Assumed
:E”"“" ' """’::::::: REES Domain width, W 2.0 mm Assumed
/ ‘0’2’2’24 3R] : i
XL XK | Flow channel height, H; 0.5 mm Assumed
Diffusion layer thickness, H, 0.2 mm Assumed
Flow channel width, 2, 1.0 mm Assumed
Shoulder (current collector) width, W, 1.0 mm Assumed
Faraday constant, F 96 487 C mol™! -
Permeability of backing layer, K 1.0 x 10712 m? [10]
Universal gas constant, R 8.314 J mol™' K! -
Open circuit voltage, V. 1.1V [9, 10]
Net water transport coefficient, o 0.1 [9]
Backing layer porosity (void fraction), ¢ 0.3 [9]
Fig. 2. Sectional view of the interdigitated flow field. Tortuosity of the diffusion layer, t 1.5 [9]
O, stoichiometric flow ratio 3.0 -
at/ = 1A jem™
Under these assumptions, the three-dimensional equa- Relative humidity of inlet oxygen 0% -
tions for gas channel and gas diffusion layer for the Exchange current density, iy 100 A m 5 [7]
Reference oxygen concentration, ¢er 35.7 mol m™ [9]

interdigitated and parallel flow fields can be written as
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where u, v, and w, are the intrinsic fluid velocities in
three directions, respectively. The other terms are
defined as shown in the list of symbols. Both D, ¢
and Dy, . are modified by Bruggman correlation [13] in
order to account for the effects of porosity and
tortuosity (1) in the porous electrode, i.e.,

Do,eff = 81:Do (7)
Dw,eff = ¢&'Dy, (8)

In general, the momentum equations are valid for both
the porous gas diffusion layer and the open flow
channel. They are reduced to the extended Darcy’s law
for flow in the porous cathode with a small permeability
[3, 14], and become the Navier—Stokes equations inside
the flow channel with the porosity being unity and the
permeability being infinite.

2.2. Boundary conditions

The boundary conditions of the present computational
domain can be summarized as
(1) At the oxygen inlet (x=0, 0 H, 0<
z< Wy x=0,H <y < HO0 W for in-
terdigitated flow distributor), (x=0,0 < y < H;,
0<z<W; x=0,0<y< H, Wi+W, < z
< W;x=0,H, <y < H 0<z< Wfor paral-
lel flow distributor)

<y <
< z<

P = Pin; Co = Coiin, Cw = Cw,in (9)

(ii) At the current collector surfaces (0 < x < L,
y=0,0 <z W0 x< Ly=0,W;+W, <

z< W, 0<x< L, y=H,, Wy <z W +
Wy 0 x<L 0<y<H, z=W;; 0<x
S LO<Sy<H,z=W)
0 0 )
u=v=w O,ﬁ:ﬂ:—p: (10)
dy Oy Oy

(iii) At the symmetry planes (0 < x < L,0 < y < H,
z=0 and W)

@_@_8_“}_860_8&_@_0 (11)
0z 0z 0z 0z 0z Oz
(iv) At the module outlet

(x:Ls 0<J’<H1,
W1+W2<Z<W; X:L, HléySH,0<z

< W for interdigitated flow distributor), (x=L,
0<y<H,0<zsW; x=L 0<y<H,
Wi+W, <z< W, x=L, HH<y < H, 0 <z
< W for parallel flow distributor)

Oco  Ocy
=Pey m =—F— = 0 12
P=Pe 5o =5 (12)

(v) At the active surface for the ORR (0 < x < L,
y=H,0<:z< W)

0 Oc i
u:U:w:O,a—izo,Do,effa—;—%zo and
Jew  2(1 + 2a)i
D - _ 7 = 1
w,eff 8)’ + nF 0 ( 3)

The rate of electrochemical reaction in the catalyst layer
can be determined using the Tafel equation to describe
the relationship of the local current density and oxygen
concentration

.. Co 2F
= ig—exp( == 14
i=io < exp (RTn) (14)

Therefore, the boundary conditions for the oxygen and
water vapor concentrations at the reaction surface

become, respectively
2F
exp ﬁ” co=0

2F
exp ﬁ” co =0

In this study, the cathodic overpotential # is varied to
determine the corresponding oxygen and vapor concen-
trations. Once the oxygen concentration in the gas
diffusion layer is determined, the local current density
generated at the reaction surface is calculated using the
following equation:

Oc, [ io (15)

D —_— +
oeff 8y nFcref
Oc |:2( + 20()10 (1 )

Do e 2V
wieft Qy nFceer

0
i(x, Z) = nFDo7eff&

5 (1)

y=H

The averaged current density on the ORR surface is
then determined by

| WL
I:WXL//l(x,z)dxdz
00

(18)

2.3. Numerical procedures

The governing equations are numerically solved by the
control-volume-based finite difference method [15]. The
discretization procedure ensures the conservation of
mass, momentum, and concentration over each control



volume. Three momentum equations corresponding to
three coordinates are solved, followed by a pressure
correction equation for the mass balance. Concentration
transport equations are solved after the bulk flow
calculation. Velocity control volumes are staggered with
respect to the main control volumes, and coupling of the
pressure and velocity fields is treated via the SIMPLER
pressure correction algorithm [16, 17]. The upwind
difference scheme is used to treat the diffusion and
convective terms. Because of the large variations in the
source terms, under-relaxation is necessary for the
dependent variables and the source terms to achieve
convergence. Line inversion iteration with typical under-
relaxation values of 0.1 for the velocity term and
pressure correction terms is incorporated to the facili-
tated calculation. Solutions are considered to be con-
verged at each test condition after the ratio of residual
source (including mass, momentum, and species) to the
maximum flux across a control surface becomes below
1.0 x 107°.

Computations were performed on 60 x 20 x 20 (X by
Y by Z) straight-line grids in this work. Additional runs
for the coarser meshes, 40 x 12 x 12, and the finer
meshes, 70 x 30 x 30, were used to asses the grid
independence. A comparison of the results of the two
grid sizes, 60 x 20 x 20, and 70 x 30 x 30, shows that
the maximum discrepancies in the axial velocity and
oxygen concentration profiles are 1.5 and 1.6%, respec-
tively. In addition, computation results indicate a
maximum change of 2.1% in current density distribu-
tion between the solutions of 60 x 20 x 20, and
70 x 30 x 30 grids. These changes are small and the
accuracy of the solutions on a 60 x 20 x 20 grids is
deemed satisfactory. A typical simulation requires about
500 min of central processing unit time on a Pentium 111
700 MHz PC.

3. Results and discussion
3.1. Flow structures

The transport phenomena in the flow channel, as well as
in the gas diffusion layer of a fuel cell, are important.
Figure 3 shows the development of fluid flow in an
interdigitated gas distributor, including the axial flow
velocities (u), secondary flow vectors (composed by v
and w), and static pressure distributions. The results at
three nondimensional axial stations, i.e., X =0.05, 0.5,
and 0.95, are presented under a fixed cathodic overpo-
tential of n=0.145 V. Figure 3(a) shows that the axial
velocity is higher at the central core of the flow channel
and reduces essentially to zero in the gas diffusion layer
because of significant surface drag in the porous
medium. In addition, due to the dead-end of the inlet
channel, the axial velocity gradually decreases along the
axial direction. In contrast, the axial velocity increases

0.10-

X=095

Fig. 3. Fluid flow structures in the channel and gas diffusion layer at
several axial stations of the interdigitated flow field, (a) axial velocities
(u), (b) secondary-flow vectors (composed by v and w), and (c) static
pressure distributions at n=0.145 V.

along the distance of the outlet channel because the fluid
from the inlet channel flows across the gas diffusion
layer and successively infuses into the mainstream of the
outlet channel. This phenomenon can be seen in
Figure 3(b), which shows that the secondary-flow vec-
tors in the gas diffusion layer directing the stream from
the inlet channel to the outlet channel. This forced
convection mechanism in the diffusion layer enhances
the mass transport near the reaction surface and thus
promotes the cell performance, which will be shown
later. Figure 3(c) shows the static pressure distribution
in the flow channel and gas diffusion layer. The pressure
distributions both in the inlet and the outlet channel are
relatively uniform and can be considered as constant
pressure chambers. Significant pressure gradients are
observed for flow across the diffusion layer above the
current collectors.
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3.2. Concentration distribution

Figure 4 shows the typical oxygen and water vapor
concentration distributions at several axial stations of
the interdigitated flow field. In this figure, the cathodic
overpotential is fixed at #=0.173 V and the scalar
beside the color legend represents the normalized
concentration, i.e., Co=co/Crer, and Cy, = cw/Crer. The
oxygen concentration in the flow field is closely related
to the flow evolution shown in Figure 3. The oxygen
concentration in the inlet channel decreases slightly
along the axial distance (x). A significant variation of
the oxygen concentration is found in the diffusion layer,
especially near the reaction surface (y = H). At a fixed
axial station, i.e. X=0.5, the oxygen concentration in
the diffusion layer decreases from the inlet channel,
approaches a minimum value, and increases slightly
thereafter. The lowest values of C, are in the region
where the flow turns into the outlet channel (Fig-
ure 3(b)), i.e., at about z= W, + W, near the reaction
surface. By comparison, two-dimensional simulations
[10, 11] showed that the oxygen concentration decreases
monotonically along the z direction as the flow passes
through the gas diffusion layer, and the minimum C, is
at the mid-plane of the outlet channel, i.e., z= W. This
discrepancy in oxygen concentration distribution be-
tween our three-dimensional and the previous two-

(a) Oxygen concentration distribution

X=0.95
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Fig. 4. (a) Oxygen concentration and (b) water vapor concentration
distributions in the channel flow and gas diffusion layer at several axial
stations of the interdigitated flow field for =0.173 V.

dimensional simulation may be explained as follows. In
the 3-D simulation, the core of outlet channel has a
higher oxygen concentration than the corresponding
diffusion layer. This is due to the oxygen accumulation
from the outlet channel upstream where the oxygen
passing through the diffusion layer is not consumed
completely by the cathode reaction. Thus, oxygen
diffuses into the gas diffusion layer from the outlet
channel. The compromise of the forward forced con-
vection (Figure 3(b)) and the backward diffusion, de-
scribed above, results in a local minimum C, at about
z=W; + W,. This diffusion mechanism cannot be
predicted in the two-dimensional simulation. In the
two-dimensional model, the oxygen flux at the interface
of the gas diffusion layer and outlet channel is set to be
zero as a boundary condition of the module, and there is
no oxygen diffusion from the outlet channel into the gas
diffusion layer.

As for C,, distribution, it increases along the flow
direction due to the convective accumulation down-
stream of the vapor generated on the ORR surfaces.
Note that the water vapor concentration in the inlet
channel is not zero, but is relatively small for these
conditions. This is an important result — a high
concentration of water in the inlet channel can lead to
condensation. Given that the inlet channel is dead-
ended, condensation in the inlet channel could lead to
irreversible build-up of liquid water and eventual cell
failure.

Figure 5 shows the effect of cathodic overpotential on
the oxygen concentration in the interdigitated flow field.
The cathodic overpotential is varied from #=0.162—
0.234 V. The oxygen concentration changes slightly
between the entrance and the exit of the module at the
smallest 1. However, the oxygen consumption is signi-
ficant for high values of # due to the increased rate of
reaction. Note that at =0.234 V, the oxygen near the
catalyst layer surface is nearly depleted, meaning that
the reaction has approached a limiting current density.

3.3. Gas distributor geometry effect

Figure 6 compares the oxygen concentration distribu-
tion at the mid-plane of the channel (X=0.5) between
the interdigitated and parallel gas distributors. In this
figure, the two gas distributors have the same mass flux,
m =0.078 kg m™>s™', and the cathodic overpotential,
n=0.198 V. As shown in Figure 6(b), the parallel flow
field has a symmetric oxygen concentration profile,
while the oxygen concentration in the inlet channel is
higher than that in the outlet channel for the interdigi-
tated flow field. In general, for the parallel flow field,
oxygen in the channel flow transfers the oxygen laterally
into the backing layer via diffusion. The oxygen con-
centration in the diffusion layer above the current
collector is small, indicating that the catalysts are not
used effectively. In contrast, the oxygen concentration
near the reaction surface is relatively uniform for the
interdigitated flow field (Figure 6(a)) because the forced
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Fig. 5. Effect of cathodic overpotential on the oxygen concentration distribution at several axial stations of the channel. (a) #=0.162 V,

(b) n=0.187 V, (¢c) =0.198 V, and (d) y=0.234 V.

convection in the diffusion layer (Figure 3(b)) permits
more oxygen to diffuse, enhancing the chemical reaction
on the catalyst layer surface.

Figure 7 shows the current density distribution on the
ORR surface for various cathodic overpotentials and
gas distributors. At a fixed value of 5, the region
adjacent to the entrance of the gas distributor shows a
large local current density because of the incoming fresh
oxygen reacted on the catalyst surface. In addition, the
current density on the ORR surface above the inlet
channel is higher than that above the outlet channel.
Figure 7(b) and (¢) compare the current density distri-
bution on the catalyst layer surface between the inter-
digitated and parallel flow fields at a fixed cathodic
overpotential of #=0.198 V. The local current densities
on the catalyst layer surface of the interdigitated flow
field are higher than those of the parallel flow field. The

(a) Interdigitated Flow Field, n = 0.198V
———

(b) Parallel Flow Field, n = 0.198V

Fig. 6. Effect of the gas-distributor geometry on the oxygen concen-
tration distribution at the mid-plane (X'=0.5) of the flow channel.

interdigitated flow field result shows that the local
minima of the current-density distribution is at about
z=W; + W,, consistent with the location of lowest
oxygen concentration shown in Figure 4. This charac-
teristic of the current-density distribution was not
predicted in the two-dimensional model. For the parallel
flow field shown in Figure 7(c), there is almost no
current density generated from the catalyst layer surface
above the center of the current collector, except in the
entrance region. The parallel flow field cannot provide a
high oxygen transfer rate to this region because of the
diffusion limitations, whereas an interdigitated flow field
can supply oxygen at a much higher rate by forced
convection.

(a) Interdigitated Flow Field, 7=0.173 V, /= 1451 mA cm™

| —

1 (mAdcef)
(b) Interdigitated Flow Field, 7= 0.198 V, =2695 mA cm® 0

(c) Parallel Flow Field, 7=0.198 V, /= 1965 mA cm™

Fig. 7. Current density distributions on the ORR surface for different
overpotentials and gas distributors.
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Fig. 8. Comparison of polarization curve between the interdigitated
flow field and parallel flow field.

3.4. Polarization curve

The polarization characteristics of a fuel cell are a
convenient means to evaluate the performance of a fuel
cell with various flow field plates. Figure 8 shows a
typical set of polarization curves, where the abscissa is
the average current density generated from the reaction
surface and the ordinate is the open circuit potential
(Voc) minus the cathodic overpotential. At low current
density, the oxygen diffuses into the parallel gas diffu-
sion layer and provides sufficient oxygen for the reaction
on the ORR surface. Thus, the performance of the fuel
cells with either the parallel or the interdigitated gas
distributors are relatively similar. Nevertheless, the
parallel gas distributor performs slightly better than
the interdigitated gas distributor for I < 300 mA cm™>.
However, at high current densities, say / > 1000 mA
cm ™2, the interdigitated flow field obviously performs
better than the parallel one. In addition, the limiting
current density for the interdigitated flow field is about
40% higher than that for the parallel flow field. This
shows again that the interdigitated gas distributors
converting the transport of the reactant gas to the
catalyst-layer surface from a diffusion mechanism to a
forced convection mechanism has significantly improved
the performance of the PEMFC.

4. Conclusions

A three-dimensional computational model has been
developed to study the transport phenomena in a
PEMFC cathode attached to two types of gas distribu-
tors; interdigitated and parallel. Darcy’s law together
with effective diffusivities modified by the Bruggman
equation are employed to describe the gas transport in
the porous electrode, and the Tafel equation is used to
relate the oxygen concentration and the current density

to the overpotential on the reaction surface. The effects
of gas-distributor geometry and cathodic overpotential
on the oxygen transport are illustrated by the flow
structure, oxygen concentration and current density
distributions. The distribution of local current density
on the catalyst-layer surface has been predicted with the
present three-dimensional model, with noticeable differ-
ences to previous two-dimensional predictions. It is
shown that the interdigitated gas distributor converts the
transport of oxygen to the catalyst layer surface from a
diffusion mechanism to a forced convection mechanism.
This improves the cell performance and also enhances
the limiting current density.
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