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ABSTRACT

This paper investigates the performance of a proton
exchange membrane fuel cell (PEMFC) with a novel
wave-like gas flow channel. Numerical simulations are
performed to investigate the effect of the wave-like
channel profile on the gas flow characteristics,
temperature  distribution,  electrochemical  reaction
efficiency, and electrical performance. The simulation
results show that compared to a conventional straight gas
flow channel, the wave-like channel increases the fuel
flow velocity, enhances the transport through the porous
layer, and improves the temperature distribution. As a
result, the PEMFC has an improved fuel utilization
efficiency and superior heat transfer characteristics.
Furthermore, the results show that the wave-like gas flow
channel yields a higher PEMFC output voltage and
improves the maximum power density by approximately
32.5%.
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1. Introduction

Proton exchange membrane fuel cells (PEMFCs) are
regarded as a viable power source for a variety of
applications. The requirements for compactness, high
power density, high performance, good electrical stability,
and low cost have led to the optimization of many aspects
of a PEMFC. Several PEMFC models have been
presented in recent years. Bernardi and Verbrugge [1, 2]
and Springer [3] proposed one-dimensional models which
provide a good preliminary foundation for more advanced
PEMFC modeling. The two-dimensional models
presented by Nguyen and White [4] assumed that oxygen
transport was driven by diffusion alone and neglected the
effects of the gas diffusion layer (GDL) [5] and the gas
flow field. Hence, the practical applicability of the model
was somewhat limited. Recent years have seen a
significant increase in the power densities, reliability and

582-031

376

electrical performance of fuel cells. However, the
underlying physics of the transport mechanism in a fuel
cell, which involves coupled fluid flow, heat and mass
transfer and electrochemical reaction, remain poorly
understood. Accordingly, researchers have increasingly
adopted the use of computational fluid dynamics (CFD)
simulations to model PEMFCs in order to obtain deeper
insights into their transport mechanisms and performance
characteristics.

A variety of PEMFC gas flow channel configurations
have been proposed, including serpentine channels,
multiple parallel channels, interdigitated channels, and so
forth. The GDL forms one sidewall of the fuel channel in
a PEMFC, and hence its morphology affects the transport
of the reactant gas from the channel to the catalyst surface
and must be taken into account. Conventional PEMFCs
have straight gas flow channels. However, Kuo and Chen
[6, 7] proposed the use of gas flow channels with a novel
wave-like form to improve the PEMFC performance.
Their results showed that the unique channel design
improved the uniformity of the velocity and temperature
distributions within the channel and reduced the included
angle between the dimensionless velocity vector and the
temperature gradient thereby improving the heat transfer
characteristics of the fuel cell.

The current study presents a detailed numerical
investigation into the velocity, temperature and gas
concentration distributions within the wave-like gas flow
channel. Additionally, the study compares the electrical
performance of a PEMFC with wave-like gas flow
channels with that of a PEMFC with conventional straight
gas flow channels.

2. PEMFC model

The simulations performed in this study are based on a
steady state, single-phase, multi-species, two-dimensional
mass transfer model of a PEMFC. Figure 1 presents a 3D
solid-rendered schematic illustration of the fuel cell. As
shown, the fuel cell comprises anode and cathode flow
channels with wave-like profiles, two gas diffusion layers
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made of a porous material (carbon paper), two catalyst
layers, and a proton exchange membrane. The geometric
and physical parameters employed in the present
simulations are summarized in Table 1 [3, 8]. Note that
some minor parameters are omitted from this table, but
can be found in the literature [9, 10]. The operating
pressure and temperature are 1 atm and 323 K,
respectively. The simulations assume that the anode is
supplied with humidified hydrogen with a mass fraction
of 70/30 % H,/H,O. The cathode side is fed with saturated
air with a mass fraction of 21/79 % O,/N,. The N, gas is
considered to be inert and serves as a diluent. An
assumption is made that the hydrogen reactant gas enters
the gas flow channel normal to the channel cross-section.

The following additional assumptions are also made:

1. The gas mixture is an incompressible, ideal fluid.

2. The Reynolds number of the fluid is less than 200
and the flow is laminar.

3. The gas diffusion layer, the catalyst layer and the
membrane are all isotropic and homogeneous, and are
characterized by high permeability and a uniform
porosity.

4. The electrochemical reaction is governed by Butler-
Volmer kinetics.

5. The water byproduct of the electrochemical reaction

at the cathode side is in a vapor state.

The membrane is impervious to the reactant gases.

7. The fuel cell geometry is periodic in the x-axis
direction.

The governing equations are identical for both the
wave-like channel and the conventional straight channel.
In developing the model of the wave-like channel, it is
assumed that the fuel cell geometry is periodic in the x-
direction. Figure 2 shows the computational model
constructed for the wave-like channel. For computational
efficiency, the computational domain is divided into
seven separate layers, namely the upper wave-like
channel, the anode GDL, the anode catalyst layer (CL),
the membrane, the cathode CL, the cathode GDL and the
lower wave-like channel.

PEMFCs with various gas flow channel
configurations have been presented in the literature. In
general, the aim of all of these different pathways is to
maximize the area of the reaction surface exposed to the
oxygen and hydrogen gas streams and to provide a route
for the liquid water produced during the catalytic reaction
to exit the fuel cell. The wave-like gas flow channel
considered in this study has the additional function of
enhancing the gas velocity in the vertical direction in
order to improve the efficiency of the catalytic process.

The heat and mass transfer in both a wave-like gas
flow channel and a conventional straight gas flow channel
can be modeled using conventional mass conservation,
Navier-Stokes, and energy and species conservation
equations [11].

The basic gas transport equations for a general 2D
PEMEFC are as follows:
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Table 2 presents the analytical formulae for the source
terms S, ,S,,S,,S, and S in Egs. (2) ~ (6). In these

formulae, the parameters & , Cp, k , and VA ; denote

the effective porosity, the quadratic drag factor, the
permeability and the valence of the species, respectively.

Furthermore, D, = D, &" represents the effective

diffusion coefficient of the kth component of the reactant
fuel [12].

In the PEMFC, the generation/consumption of the
chemical species and the charge transfer are restricted to
the catalyst layer. Therefore, the source terms in Egs. (5)
and (6) can be implemented based on electrochemical
kinetics, i.€.

jarwde
S, =—=omede (7
i 2F
jcathode
S, = —Lcatode )
o 4F
jcat hode
T ©)

where j denotes the transfer current density and is derived
from the following Butler-Volmer kinetics expressions:
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Nact = Pae =P —Voc (12)
in which @, . and @, denote the potentials of the carbon
phase and the membrane phase, respectively, in the
catalyst layer, and V. is the reference open-circuit

potential of the electrode.
The phase potential equation for the potential and
current profile is given by:
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where @ is the phase potential function and o, is the
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membrane conductivity, which has the form [3]:

o, (T)=0l exp{1268[1 _ lﬂ

303 T

where o, . is the reference conductivity of the
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membrane and is given by:

¥ =0.0051394 —0.00326 (15)
/1:{0.043+17.81-a—39.85-a2+36.0~a3 for 0<a£1}
14+1.4-(a-1) for 1<a<3
(16)
in which a is the water activity and is defined as:
_FmoP (17)
P

sat
In Eq. (17), the saturation pressure varies with the
temperature and can be determined directly from
thermodynamic tables or from the following empirical
expression:
1 —2.1794+0.02953T-9.1837x10™ T2 +1.4454x107" T3
P, =10 (18)

3. Boundary conditions

The governing equations for the current PEMFC model
are elliptic, partial differential equations, and hence
boundary conditions are required for all of the boundaries
in the computational domain. Due to the conjugated
nature of the current problem, the gas flow channel
surfaces are included within the solution domain and are
treated as a particular type of fluid.
The boundary conditions are as follows:
1. Gas flow channel:
Anode inlet:

u= uin 4 T = 7:'n
V= 07 CHZ = Clg‘llz,in’ CHzo = CZZOJ”’ (19)
Cathode inlet:
u= uin 4 T = T;'n
V= 0, C02 = Céz,m B C1N2 = Clc\fz,in ’ (20)

Interface between gas flow channel walls and catalyst
layer.

oC
u=v=—=x=0
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2. Gas flow channel outlet:

6u_8v_6T:O

M_v_9 (22)
Ox Ox Ox
3. Upper surface:
Anode gas channel:
u=v=_0 (23)
Tvurface = 298K (24)
4. Lower surface:
Cathode gas channel:
u=v=_0 (25)
Tvurface = 298K (26)
1, >T, (27)

4. Results and discussion

4.1 Velocity field

The transport phenomena in the gas flow channel and
GDL of a PEMFC have a fundamental effect on the fuel
cell performance The fluid flow in the wave-like gas flow
channel has an axial flow velocity (u) and a flow vector in
the y-direction (v). Figure 3(a) shows the vertical (i.e. y-
direction) velocity profile in a conventional straight gas
flow channel for laminar flow with a PEMFC operating
potential of 0.6V, a cathode gas flow inlet velocity of 0.4

m/s and an anode gas flow inlet velocity of 0.2m/s .
Meanwhile, Figure 3(b) illustrates the vertical velocity
profile in the wave-like flow channel under the same
conditions. It is apparent that the periodic wave-like
structure of the proposed gas flow channel increases the
velocity of the flow in the vertical direction. Hence, the
catalytic reaction in the catalyst layer is enhanced, and the
performance of the PEMFC is correspondingly improved.
Figure 4 shows the distributions of the axial flow velocity
in the wave-like gas flow channel and the straight gas
flow channel, respectively. The local maximum velocities
are indicated in both cases. In general, it is seen that the
fuel side (anode) has a lower velocity than the air side
(cathode) since the fuel has a smaller stoichiometric
coefficient. Furthermore, it is apparent that the velocity is
higher in the wave-like channel than in the straight
channel. The maximum velocity occurs in the region
immediately above the crests of the profiled surface. The
velocity in the wave-like channel is higher than that in the
straight channel because the constricted channel area
above each crest introduces a nozzle-type effect which
accelerates the flow. In general, the pressure drop
characteristics are unaffected by the flow direction.
Figures 3 and 4 show that for a cathode gas flow inlet
velocity of 0.4m /s and an anode gas flow inlet velocity
of 0.2m/s , the maximum y-direction velocity in the
wave-like channel is 0.289 m/s and the maximum x-

direction velocity is 1.0756 m/s . Furthermore, the
figures show that the wave-like form of the gas channel
causes the axial velocity to reduce in the valley regions of
the channel. Hence, the provision of fuel to the reaction



layer is increased. Figures 3 and 4 also show that the
wave-like form flow channel induces a strong convection
force along the reaction surface. This further increases the
supply of the reactant gases to the catalyst layers and also
improves the removal of the reaction byproducts from the
PEMFC. Thus, the performance of the fuel cell is
significantly improved, particularly at higher current
densities.

4.2 Concentration distribution

Figures 5 and 6 show the oxygen and hydrogen
concentrations in the wave-like and straight gas flow
channels. Note that in both figures, the cathode over
potential is 0.6 V and the color-coded scale indicates the
normalized concentration of the two gases. Figure 6
shows that the oxygen concentration in the wave-like
channel reduces slightly along the axial direction.
Furthermore, it is observed that the oxygen concentration
varies significantly in the GDL region, particularly near
the reaction surface. By contrast, in the straight gas flow
channel, the oxygen concentration near the reaction
surface is relatively uniform. The greater variation in the
oxygen concentration in the wave-like gas channel is the
result of the forced convection effect in the diffusion
layer, which permits more oxygen to diffuse through the
layer, thereby enhancing the chemical reaction. By
contrast, the straight gas flow channel achieves only a
limited oxygen and hydrogen transfer rate in the reaction
surface region since transport is achieved by diffusion
only.

Figure 7 shows the oxygen concentration
distributions in the wave-like and straight form gas flow
channels, respectively, for a cell voltage of 0.6 V. It is
seen that the oxygen mole fraction decreases along the
flow direction as a result of absorption in the catalyst
layer. Furthermore, it is apparent that the oxygen
consumption is higher in the wave-like channel than in the
straight channel.

4.3 Polarization curve

The polarization characteristics of a PEMFC provide a
convenient means of evaluating the performance of fuel
cells with different gas flow channel configurations.
Figure 8 shows the polarization and power density curves
of PEMFCs with wave-like and straight gas flow
channels, respectively. It is seen that for an oxygen inlet
velocity of 0.4 m/s and a hydrogen inlet velocity of

02 m/s , the PEMFC with a wave-like gas channel
yields a higher cell voltage and power density. For an
oxygen inlet velocity of 0.1 m/s and a hydrogen inlet

velocity of 0.05m /s , both PEMFCs have a relatively
poorer performance. However, the electrical performance
of the PEMFC with the wave-like gas flow channel is still
better than that of the PEMFC with the conventional
straight channel since the wave-like surface increases the
supply of oxygen to the reaction layer. Figure 8 also
shows that the power density of the PEMFC with the
wave-like gas flow channel is approximately 32.5%
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higher than that of the PEMFC with the straight channel.
This result demonstrates that the wave-like surface of the
flow channel changes the transport of the reactant gas to
the catalyst layer surface from a diffusion mechanism to a
convection mechanism resulting in a significantly
improved electrical performance.

5. Conclusion

This study has developed a two-dimensional
computational model to study the transport phenomena in
PEMFCs with wave-like gas flow channels and
conventional straight gas flow channels, respectively. The
heat transfer performance and gas flow velocity
characteristics of the two channel geometries have been
examined. The results have shown that compared to the
conventional gas flow channel, the wave-like channel
provides a significantly improved convective heat transfer
performance and a higher gas flow velocity, which in turn
improves the efficiency of the catalytic reaction.
Furthermore, compared with a PEMFC with conventional
straight gas flow channels, the PEMFC with wave-like
gas flow channels has improved current density and
polarization characteristics.
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Table 1

Table 2 Analytical formulae for source terms in governing

Geometric and physical parameters in PEMFC model equations
Quantity Value s = T = o = = =
Gas channel depth 0.5 mm ﬂ: N: =
Gas channel width 0.5 mm + + T | &
Gas channel length 100 mm 3 & i s
" : z &la slel . | =%
Gas dlffu51'on layer thickness 0.3 mm i %; @ Ny %; R RS % 3
Catalyst thickness 0.05 mm 5|5 no | S % S o &
Membrane thickness 0.125 mm =l ! + | + &
Porosity of gas diffusion layer 0.4 3 ) - 9 q§
Porosity of catalyst layer 0.28 b ‘.5;“ NS ‘*3 N 3 =
Permeability of gas diffusion layer 1.76x10" m’ e A B e ]
Permeability of catalyst layer 1.76 x10™" m* o
Permeability of membrane layer 1.18x10" m’ . . SO “ &
Tortuosity of gas diffusion layer 1.5 e o ool Q,
Tortuosity of catalyst layer 1.5 N N; N; +% bf
Electronic conductivity of gas diffusion 53 S/m g :-f_% Iy
layer =5 %i: . &l . = |
Electronic conductivity of catalyst layer 53 S/m Z o, % o % —— | =
Inlet temperature 323K = w ) E g ok
Operation pressure 1 atm = 3 - i =
Anode fuel H,,H,0 o |ar | P e
Cathode fuel 0,,N, ' l = a
Relative humidity of the anode 100 % o
Buoyancy (gravity) 981 m/s - o
1N [
E\ = =
= 5
g ? 5 3 N
?5 " o =N
A | |
z 3 »
S ule | e
| |
=
g & £ 3
= =
]
ks T + + ki
: Vave-like form channe & v = = e o
Figure 1. Schematic representation of PEMFC.
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Vo (a) Wave-like geometry.
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Figure 3. Velocity field in y-direction of gas flow
channels.

(b) Straight geometry.
Figure 5. Oxygen concentration distribution in gas flow
channels at cell voltage of 0.6 V.
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Figure 4. Velocity field in x-direction of gas flow (b) Straight geometry.
channels. Figure 6. Hydrogen concentration distribution in gas flow

channels at cell voltage of 0.6 V.
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