
MATERIALS, INTERFACES, AND ELECTROCHEMICAL PHENOMENA

Two-Phase Flow Model of the Cathode of PEM
Fuel Cells Using Interdigitated Flow Fields

Wensheng He, Jung S. Yi, and Trung Van Nguyen
Dept. of Chemical and Petroleum Engineering, University of Kansas, Lawrence, KS 66045

When interdigitated gas distributors are used in a PEM fuel cell, fluids entering the
fuel cell are forced to flow through the electrodes porous layers. This characteristic
increases transport rates of the reactants and products to and from the catalyst layers
and reduces the amount of liquid water entrapped in the porous electrodes thereby
minimizing electrode flooding. To in®estigate the effects of the gas and liquid water
hydrodynamics on the performance of an air cathode of a PEM fuel cell employing an
interdigitated gas distributor, a 2-D, two-phase, multicomponent transport model was
de®eloped. Darcy’s law was used to describe the transport of the gas phase. The trans-
port of liquid water through the porous electrode is dri®en by the shear force of gas flow
and capillary force. An equation accounting for both forces was deri®ed for the liquid
phase transport in the porous gas electrode. Higher differential pressures between inlet
and outlet channels yield higher electrode performance, because the oxygen transport
rates are higher and liquid water remo®al is more effecti®e. The electrode thickness
needs to be optimized to get optimal performance because thinner electrode may reduce
gas-flow rate and thicker electrode may increase the diffusion layer thickness. For a
fixed-size electrode, more channels and shorter shoulder widths are preferred.

Introduction
Ž .The proton-exchange-membrane PEM fuel cell system is

being seriously considered as an alternative power source for
electric vehicles by virtual of its high-energy efficiency, pollu-
tion-free characteristic, and simplicity in design and opera-
tion. However, the performance of the PEM fuel cells needs
to be further improved to increase their cost-effectiveness so
that they can compete against the traditional combustion en-
gines. Of the performance controlling components in a PEM
fuel cell, the cathode is recognized to be one of the most
influential components due to the slow kinetic rate of the
oxygen reduction reaction. The performance of the cathode
also depends highly on the oxygen transport rate that is
strongly affected by the presence of liquid water. Cathode
flooding caused by excessive liquid water in the cathode is
generally recognized as the primary reason for poor cell per-
formance.

Recently, the interdigitated flow field design was proposed
Ž .to solve the cathode-flooding problem Nguyen, 1996 . Exper-

imental results have shown that this new flow field design
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leads to a performance improvement ranging from 50% to
Ž .over 100% Wood et al., 1998 . The improvement was at-

tributed to the fact that the dead-end flow channels con-
verted the transport of the reactants and products in the
porous electrode from a diffusion mechanism to a forced
convection mechanism. More importantly, the shear force ex-
erted by the gas flow helps to remove most of the liquid wa-
ter that is entrapped in the porous electrode, thereby mini-
mizing electrode flooding.

Several modeling attempts have been made to help under-
Žstand the effects of the new flow field design Yi and Nguyen,
.1996, 1998, 1999; Yi, 1998, and Nguyen, 1999 . Yi and Nguyen

Ž .1996 presented the first model of the hydrodynamics of a
reactant gas in a porous electrode of a PEM fuel cell with the
interdigitated flow fields. This model was then extended to
multicomponent to account for the effects of inert species

Ž .such as nitrogen and water vapor Yi and Nguyen, 1999 .
ŽHowever, these previously published models including most

Žmodels of PEM fuel cells using conventional flow field Gurau
..et al., 1998 are all single-phase models. They have assumed

that water existed only in vapor form in the porous elec-
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trodes and, therefore, cannot account for the effects of active
catalyst surface coverage and pore plugging by liquid water.
Obviously, the performance predicted by these models would
deviate from the actual performance of PEM fuel cells oper-
ated at high current densities where the cell performance is
greatly affected by cathode flooding. To account for the ef-
fects of cathode flooding, a two-phase flow model is neces-

Ž . Ž . Ž .sary. Yi and Nguyen 1998 , Yi 1998 , and Nguyen 1999
included the effects of liquid water in their latter models by
including the interfacial mass transport between the two
phases by evaporation and condensation and the transport of
liquid water. These two-phase models used the mass-based
conservation equations, which are inconvenient to use espe-
cially in the interfacial mass transport equation and current
density calculations where molar concentrations are used.
Furthermore, the transport of liquid water in the porous
electrode that is induced by capillary force and gas flow-driven
shear force was treated by semi-heuristic equations.

Ž .In this article, a two-phase, two-dimensional 2-D , steady-
state, isothermal model is developed to investigate the effects
of liquid water and its transport on the performance of the
cathodes of PEM fuel cells employing the interdigitated flow
fields. All equations are molar-based. A different interfacial
mass transport equation is used to account for the evapora-
tion and condensation of water vapor, and a new equation of
motion for the liquid water is derived. The physical signifi-

cance of these equations is explained in this article. The model
is then used to look at the effects of various electrode and
flow field design parameters on the performance of a cath-
ode of a PEM fuel cell using an interdigitated flow field, and
the results of these case studies are presented in the latter
parts of this article.

Model Description and Assumptions
The modeled region consists of the porous layer in contact

with an interdigitated gas distributor which has an inlet chan-
nel, a shoulder, and an outlet channel to allow gas to flow

Ž .through the electrode see Figure 1 . In a typical operation,
dry air is supplied to the inlet channel as the oxygen source.
Water is generated at the membrane and electrode interface
by the oxygen reduction reaction and net water migration
from the anode. It is assumed here that water is generated as
liquid, because typical operating temperatures of PEM fuel
cells are below 1008C. Depending on the local partial pres-
sure of water and its saturation vapor pressure at the operat-
ing temperature, liquid water can evaporate or water vapor
can condense. If the water generation rate exceeds its re-
moval rate in the form of vapor, liquid water is present in the
electrode. The presence of liquid water contributes to elec-
trode flooding by blocking active sites on the catalysts and
reducing the gas volume in the porous electrode. This leads

Figure 1. Modeled region
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to a smaller active area available for reaction and reduced
area and volume for oxygen gas transport.

In this study, the electrode layer is treated as a homoge-
neous porous medium with uniform morphological properties
such as porosity, tortuosity, and permeability. The gas and
liquid phases within the electrode exist as continuous phases,
so that Darcy’s law applies. The gas mixtures are considered
to be perfect gases. The catalyst layer is treated as an ultra-
thin layer; thus the transport of the reactants within this layer
can be neglected. Other assumptions will be discussed as the
model equations are presented.

Governing Equations
The continuity equation for the gas phase is

0s=? C g ® g q r 1Ž . Ž .w

where C g is the total molar concentration of the gas phase,
and n g is the superficial velocity of the gas phase which rep-
resents the volumetric flow rate per unit cross-sectional area
of both solid and fluid. The term r represents the interfacialw
mass-transfer rate of water by condensation or vaporization.
From ideal gas law

P
gC s 1aŽ .

RT

Ž . Ž .where P and T are the pressure atm and temperature 8C
of the gas phase, respectively.

The interfacial mass-transfer rate of water between the gas
and liquid phases r isw

e g y e srw 0 wsat satr s k y P y P qq k y P y P 1y qŽ .Ž . Ž .w c w w n w wRT Mw

2Ž .

where q is a switching function that was selected such that it
is one when the water partial pressure is greater than the
water saturation pressure and zero otherwise. In this study, a
switching function defined as following is used

sat < sat1qN y P y P r y P y PŽ . Ž .w w w w
qs 3Ž .

2

The first term in the righthand side of Eq. 2 represents the
condensation rate while the second term represents the evap-
oration rate. Equation 2 is basically assuming that the inter-
facial mass-transfer rate is proportional to the amount of the
reactant in the porous media and the driving force, the dif-
ference between water partial pressure and its saturation
pressure. In Eq. 2, k and k are the rate constants for con-c ®

Ž y1. Ž .densation s and vaporization, cmratmys respectively,
y is the mol fraction of water vapor is gas phase, P is thew
total pressure of the gas phase, P sat is the saturation pres-w
sure of water at operating temperature, R and T are gas con-

Ž .stant and operating temperature 8C , respectively, M is thew
Ž .molecular weight grmol of water, e is the dry porosity ofo

the electrode, s is the saturation level of liquid water, de-

fined as the fraction of the void volume occupied by liquid
g g Ž .phase, e is the gas porosity, defined as e se 1y s , ando

Ž 3.r is the density grcm of liquid water.w
There are three components in the gas phase, N , O , and2 2

H O. Therefore, two independent component mass balance2
equations are needed. For O .2

= C g ® g y yC gDe=y s0 4Ž .Ž .o O O

and for H O vapor2

= C g ® g y yC gDe=y q r s0 5Ž .Ž .w w w w

where De is the effective diffusivity of component i in thei
porous electrode. De is related to its binary diffusivity by thei

Ž .following equation Bear and Buchlin, 1991

1.5e gD s D e 6Ž . Ž .i i

The pressure dependence of D and the effect of dispersioni
are neglected in this model. The temperature dependence of
the binary diffusion coefficient is obtained from Bird et al.
Ž .1960

bT
D s D 6aŽ .i i , r ž /Tr

Ž . gThe gas-phase velocity cmrs n is estimated by Darcy’s law,
neglecting the effect of gravity

K 1y sŽ .ogn sy =P 7Ž .
m

where K is the gas permeability of a dry electrode, and m iso
Ž . Ž .the viscosity grcmy s of the gas mixture. The term 1y s is

added to account for the changes in the gas porosity because
Žof the presence of the liquid phase Adler, 1992; Bear and

.Buchlin, 1991 .
The mass balance for liquid water is

e sro w l0s=? n y r 8Ž .wž /Mw

where n l is the interstitial velocity of liquid water in the
porous electrode.

For liquid water phase, the momentum conservation also
follows Darcy’s equation, neglecting gravitational effect

K l
l ln s =p 9aŽ .lm

where K l, ml and pl are the permeability, viscosity, and pres-
sure of the liquid phase, respectively.

From the definition of capillary pressure, pc

pls P y pc 9bŽ .

where P is the pressure of gas phase, Eqs. 9a and 9b can be
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combined to yield

K l K l K l m g K 1y sŽ .ol cn s =P q =p sy =Pgl l l K 1y s mm m m Ž .o

K l dpc

q =s 9cŽ .l dsm

If we define

K l m g K l m g

f s s gl lK 1y s Km mŽ .o

as the interfacial drag coefficient and

K l dpc

D syc l dsm

as a capillary diffusion coefficient and substitute Eq. 7 into
Eq. 9c, the equation of motion for liquid water becomes

n ls fn g y D =s 10Ž .c

Note that D has the units of cm2rs, which are the same asc
those of the normal diffusivity. A similar definition of D isc

Ž .used in literature, such as Wang and Cheng 1997 . Equation
10 clearly shows that, within the porous electrode, the trans-
port of liquid water is driven by two mechanisms: capillary

Ž .force driven by saturation gradient and interfacial shear
Ž . l cforce exerted by gas flow . Practically, K and dp rds can be

some complex functions of liquid saturation. However, if the
Ž .variation of s is small about 0.1 for our base case , it is a

fairly good assumption to assume that f and D are constant.c
For simplicity, this assumption is used in this study.

Modeling two-phase flow in a porous medium is a very
challenging problem because of the extreme complexity of the
system. Very little rigorous theoretical analysis has been at-

Žtempted to account for the interfacial drag forces see Ka-
Ž ..viany 1995 , which are very important in this case. The use

of Eq. 10, which is given in terms of measurable quantities
Ž .=P and =s , gives us a clear picture of the two mechanisms
involved in liquid water transport in the porous electrode. Its
use also greatly simplifies the numerical solution procedures
of this model.

Boundary Conditions
Ž .At the inlet, ys0 and 0F x-L1 boundary 1 in Figure 1 ,

where the reactant gases are fed to the electrode, the pres-
sure is set equal to the inlet pressure, and the flux of each
gas species from the channel to the electrode is conserved

­ yie g in gP s P and y D q y n s y n 11Ž .in i i y i y­ y ys oq

Note that Neumann-type and not Dirichlet-type boundary
condition is used for the gas species, because in regions close

Ž .to the symmetry line boundary 4 convective flow is very low
Žand back diffusion becomes significant that is, y N /i ysoq

in.y . Use of Dirichlet boundary condition here led to erro-i
neous results. For the cathode side of the electrode where
either dry or partially hydrated air is used, the flux of liquid
water at this boundary is set equal to zero

e srw ln s0 12Ž .yMw

At the interface in contact with the shoulder of the gas
Ž .distributor, ys0 and L1F xF L2 boundary 2 , where all

fluxes in the y-direction are assumed to be zero, the follow-
ing equations are used

­ P ­ y ­ y ­ so w
s0, s0, s0, s0 13Ž .

­ y ­ y ­ y ­ y

Ž .At the outlet interface, ys0 and L2- xF L boundary 3 ,
the outlet pressure is specified and changes in the mass frac-
tions and saturation density of liquid water are assumed to
stop

­ y ­ y ­ so woutP s P , s0, s0, s0 14Ž .
­ y ­ y ­ y

At the boundaries where x s 0 or L and 0 - y - h
Ž .boundaries 4 or 5 , symmetry conditions are used because
xs0 and L are the center points of the flow channels

­ P ­ y ­ y ­ so w
s0, s0, s0, s0 15Ž .

­ x ­ x ­ x ­ x

ŽAt the electrodermembrane interface 0- x- L, and ys
.h, boundary 6 , the y-directional superficial gas velocity,

® g N is assumed to be zero. Therefore, the following ex-y ys h
pression for the pressure is applied at the interface

­ P
s0 16Ž .

­ y

However, at this interface, oxygen reacts with protons and
electrons to form water

1
q y2 H q O q2 e ™ H O 17Ž .2 2 Ž l .2

Also, water is transported from anode side of the membrane
to the cathode by electroosmosis. By these two mechanisms,
water is introduced into the electrode from this interface as
liquid water. Therefore, the mass fluxes of oxygen and liquid
water can be defined as a function of the local current den-

Ž 2.sity I, Arcm as follows

­ y Iog eyC D s 18Ž .o ­ y 4Fys h

e sr 1 Iw ln sy q a 19Ž .ž /M 2 Fw ys h
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As given in Eq. 19, the liquid water flux at the
electrodermembrane interface arises from two sources, the
oxygen reduction reaction and electro-osmosis. The parame-
ter a represents the net water transport coefficient in the
membrane and is assumed to be constant. Next, the mass flux
of water vapor at the reaction surface is zero

­ ywg eyC D s0 20Ž .w ­ y ys h

The Tafel equation is used to describe the local current
density along the catalyst layer as a function of the oxygen
concentration at the electrodermembrane interface and the
electrode overpotential h which is a set parameter in the
model

e g C g y kFo
Is I exp h 21Ž .o ž /e C RTo o , ref

Ž 2.where I is the exchange current density Arcm , C iso o, ref
Ž 3.the oxygen reference concentration molrcm such as 1 atm,

258C and k is the transfer coefficient for the oxygen reaction.
When liquid water is present at the reaction interface, it cov-
ers the available reaction sites and hinders the oxygen trans-
port to the reaction site. The effect of liquid water on the
surface availability of the reaction site is accounted for in
Tafel equation by the term e gre .o

The governing equations along with boundary conditions
are fully discretized using the finite difference method, yield-
ing a system of algebraic equations. The primary indepen-
dent variables are the total pressure of gas, oxygen mol frac-
tion, water vapor mol fraction, and liquid saturation. This al-
gebraic system of equations is solved using a banded solver

Ž .given by Nguyen and White 1987 . Once the partial pres-
sures of oxygen along the reaction interface are known, the
local current densities along the interface are calculated from
Eq. 21, and the average current density is estimated by inte-
grating the current densities generated along the x-direction
suing Simpson’s method.

Results and Discussion
When an interdigitated gas distributor is used with an air

cathode, oxygen and water are transported to and from the
inner layer of the electrode by both diffusion and convection
that is induced by the pressure drop created between the
noninterconnected inlet and outlet channels of the interdigi-
tated gas distributor. This through-the-electrode convective
flow reduces the gas diffusion distance to and from the cata-
lyst layer, and by having gas flown over the shoulders of the
gas distributor, the electrode active area over the shoulder is

Ž .better utilized Yi and Nguyen, 1995; West and Fuller, 1996 .
Also, the shear force of the gas stream helps remove the liq-
uid water that is entrapped in the electrode layer thereby
reducing the electrode flooding problems. These benefits help
extend the cell operable regime to higher current densities
and consequently higher power densities. Previous results
from a gas-phase multicomponent model of the interdigitated
gas distributor have shown that the stagnant layer was signifi-
cantly reduced when the gas was forced to flow through the

Ž .diffusion layer Yi and Nguyen, 1995, 1996 . However, to obey
Ž .the assumption of single-phase vapor water, the previous

study investigated only low current density performance
where the water vapor pressure stays below the saturated va-
por pressure of water. By extending this model to a two-phase
system, the cathode performance at high current densities,
where liquid water is more likely to be present, can now be
investigated. Note that when the liquid saturation s, goes to

Ž .zero that is, at low current densities this model becomes a
single-phase model. The two-phase transport model can be
used to study the effects of gas and liquid flow characteristics
and various operating and design parameters, such as the
pressure drop across the channels, electrode thickness, and
shoulder width, on the performance of a cathode in contact
with an interdigitated flow field.

The remaining sections of this article discuss some results
of this study. For comparison purpose, a base case consisting
of an air electrode with a porosity of 0.3 and a height of 0.025
cm in contact with a gas distributor, which has 0.1 cm inlet
and outlet channel width and 0.1 cm shoulder width, is cho-
sen. These values represent actual dimensions used in our
fuel cells with size ranging from 4 cm2 to 120 cm2 and power
from 4 W to 120 W. A pressure drop of 0.007 atm is applied
between the inlet and outlet channels. This pressure drop
value was measured experimentally for an air stoichiometric
flow rate of 1.3. For the cathode overpotential 0.50 V is used.
Other conditions and parameters used in the study are shown
in Table 1 along with the references for various parameters
used in the model.

Table 1. Values for Parameters Used in the Base Case
UŽ .Inlet channel width Half 0.05 cm

UShoulder width 0.10 cm
UŽ .Outlet channel width Half 0.05 cm

UElectrode height 0.025 cm
UU y8 2Ž .Gas permeability of the electrode k 1.2=10 cm

Ž .Dry porosity of the electrode e 0.30
Inlet mol fraction of oxygen 0.21
Inlet mol fraction of water 0.00
Inlet mol fraction of nitrogen 0.79
Inlet channel pressure 1.007 atm
Outlet channel pressure 1.0 atm
Temperature 608C

† y4Ž .Gas viscosity m at 608C 2.03=10 grcmys
†† 2Ž . Ž .D at T 0.1775 cm rs 08Co r
†† 2Ž . Ž .D at T 0.256 cm rs at 348Cw r

Capillary diffusion coefficient of liquid
y4 2Ž .water D 1.0=10 cm rsc

Ž .Interfacial drag coefficient f ;m k rm k 0.005g l l g
‡Ž .Condensation rate constant k 100rsc

‡Ž .Vaporization rate constant k 100ratm ? s®
‡‡ y2 2Ž .Exchange current density at 608C I 1=10 Arcm0

Transfer coefficient of oxygen reduction
‡‡Ž .reaction k 0.5
Ž .Overpotential h 0.50 V

Net water transport coefficient of the
§Ž .membrane a 0.5

UActual size.
UUEstimated from experiments when dry porosity is 0.3.

† Ž .Bird et al. 1960 .
†† Ž .Cussler 1984 .

‡Chosen such that both rates are fast enough.
‡‡ Ž .Paik et al. 1989 , with I adjusted for temperature and active surfaceo

area.
§ Ž .Yi, 1998 .
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Figure 2. Pressure distribution in the electrode for the
base case.

Base Case
The results for the base case are given in Figures 2 to 7.

Figure 2 shows the pressure distribution within the electrode.
Pressure drops along the electrode height are small except
near the inletrshoulder and outletrshoulder corners where

Ž .both the x-direction and y-direction velocities see Figure 3
are highest. Most of the pressure drops are located in the
x-direction between the inlet and outlet channels.

The y-direction velocity is smaller in the region near the
reaction interface than the x-direction velocity because the
mass flux in the y-direction created by the electrode reaction
is much smaller. The velocities profiles observed in the porous
layer can be explained as follows. At the inlet, the y-direction
velocity is high, and since only a small amount of gas goes
into the electrodermembrane interface to support the reac-
tion, it quickly decreases and transfers its momentum to the
x-direction velocity. The same thing occurs at the outlet with

Figure 3. Vector plot of the gas velocity in the electrode
for the base case.

Figure 4. Distribution of oxygen in the electrode for the
base case.

x-direction velocity decreasing and transferring the momen-
tum to y-direction velocity, which now goes in the opposite
direction. These velocities peak near the inletrshoulder and
outletrshoulder corners because they constitute the shortest
distance between the channels.

The mole fraction profiles of oxygen, water vapor and satu-
ration density of liquid water are given in Figures 4, 5 and 6.

Ž .Above the inlet 0- x-0.05 , with more oxygen flowing into
the electrode near the inletrshoulder corner, as shown in
Figure 3, the oxygen fraction is highest at this corner. From
there, the oxygen concentration decreases as oxygen moves
from the inlet toward the electrodermembrane interface,
where it is consumed as shown in Figure 4. The oxygen frac-
tion within the electrode layer continues to decrease along
the x-direction as oxygen is continuously consumed along the
membranerelectrode interface. Water is generated as a liq-
uid at the electrodermembrane interface and dispersed by
capillary diffusion and convection by the shear force of gas
flow, as shown in Figure 6. The generated liquid water is

Figure 5. Distribution of water vapor in the electrode of
the base case.
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Figure 6. Distribution of liquid water in the electrode for
the base case.

carried along the electrode and toward the outlet by the x-di-
rection velocity and then out of the electrode by both the
y-direction velocity and capillary diffusion. The local liquid
water maximum observed at the corner of the electrode atop
the outlet is attributed to the fact that there is little x-direc-
tion and y-direction convective flow at this corner. At this
location, capillary diffusion is the only mechanism for liquid
water removal.

Liquid water is also removed from the electrode by an-
other mechanism. It can vaporize and be transported out in
the form of water vapor by diffusion and as part of the con-
vective gas flow. Figure 5 shows the water vapor profile in
the electrode from the inlet to the outlet. In the region above
the inlet channel, the concentration of water vapor in the gas

Ž .phase increases as the center of the inlet x s0 is ap-
proached. This is attributed to the higher back diffusion rate
of water vapor and capillary transport rate of liquid water
from the reaction interface relative to the opposing gas in-
coming flow rate, which is smallest near the center of the
inlet. Characteristics of this region approach that of a con-
ventional gas distributor design, where gas and liquid are
transported to and from the reaction interface solely by diffu-
sion and capillary transport. After the inletrshoulder corner,
the water vapor fraction increases continuously along he
shoulder region to the outlet as water is generated along the
reaction interface. Note that the gas phase is essentially satu-
rated with water vapor by the time it reaches the outlet. A
significant amount of liquid water generated at the reaction
interface is removed from the electrode in the form of
water-vapor-saturated gas stream when air is used. The re-
maining amount of liquid water is carried out by he combina-
tion of capillary force and shear force of gas flow.

The additional amount of water vapor in the gas phase ex-
plains the higher magnitudes of the velocities for both direc-

Ž .tions at the outlet than those at the inlet see Figure 3 and
the rapid decrease in oxygen concentration toward the outlet
Ž .see Figure 4 . The shape of the mol fraction profile of oxy-
gen along the reaction interface explains the current density
profile along this interface and the peak current density above
the inletrshoulder corner, as shown in Figure 7. The air cath-
ode average current density for the base case is calculated to
be 0.91 Arcm2.

Figure 7. Current density profile along the electrode
width for the base case.

Validation of the Model with Experimental Data
To validate this two-phase model, the model results are

compared to a set of experimental data collected on a 9-cm2

cell at the same conditions as the base case except that the
air-flow rate was at 2.0 Arcm2-equivalent O . The physical2
parameters of the gas-flow fields are exactly as those shown

Ž .in the base case. Nafion 115 thickness ( 125 mm was used
as the membrane. The catalyst layers are about 60]70 mm
each. To simulate the actual air-flow rate, an inlet pressure
of 1.0133 atm is used. The open circuit potential of the cell is
1.0V. The other parameters are the same as the base case.

To account for the ohmic loss of the cathode catalyst layer,
Ža conductivity of 0.53 Srcm is used Bernardi and Verbrugge,

.1992 . The reported ionic conductivity of a well-hydrated
Nafion membrane at about 608C ranges from 0.07 to 0.144

Ž .Srcm Sone et al., 1996; Nouel and Fedkiw, 1998 . The con-
ductivity of Nafion used in this study is 0.11Srcm, which is
the average of the two reported values. There is another
source of cell voltage loss in PEM fuel cell operation}the
anode overpotential, which is usually ignored by most of the
previous PEM fuel cell models. It is true that the cell perfor-
mance is not likely to be limited by the H oxidation kinetics,2
because it is very fast compared to that of oxygen reduction
at the cathode. However, this does not necessarily mean that
there is no overpotential loss in the anode. The reported an-
ode overpotential for PEM fuel cells range from 40 to 80 mV
at the current density of a Arcm2, depending on the configu-

Žration of the anode Watanabe et al., 1998; Wang and
.Savinell, 1992 . To account for anode overpotential loss in

this study, an anode overpotential of 52 mV at current den-
sity of 1 Arcm2 is used, and a linear relationship between
anode overpotential and current density is assumed. The
model results and the experimental data are presented in
Figure 8.

It is clearly shown in Figure 8 that, after the correction for
ohmic loss of the membrane and catalyst layers and anode
overpotential loss, the model results agree very well with the
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Figure 8. Comparison of experimental data with model
results.

experimental data. One might note that there is no data in
the current density range from 0 to about 0.35 Arcm2. This is
because the minimum current that can be controlled by the
electronic load used in our fuel cell test station is about 3 A,
or 0.33 Arcm2 for a 9-cm2 cell. Figure 8 also clearly breaks
down the sources for the cell voltage losses. In the whole
operating range, losses due to cathode overpotential and
O rH O transport resistance at high current densities are2 2

Figure 9. Effect of differential pressure on the perfor-
mance of the cathode.

the dominant sources. The ohmic loss by the membrane is
the second largest contributor to the cell voltage loss. These
observations are consistent with those reported by Bernardi

Ž .and Verbrugge 1992 . Finally, these results tell us that, to
improve the PEM fuel cell performance, the efficiency of
cathode catalyst, the transport of oxygen and water, and the
ionic conductivity of the membrane need to be optimized.

Effect of Differential Pressure
Figure 9 shows the effects of pressure drop between the

inlet and outlet channels of an interdigitated gas distributor
on the performance of the cathode. In this study, outlet pres-
sure is maintained at 1 abs atm and the inlet pressure is var-
ied to create the differential pressures. As the differential
pressure increases, the air-flow rate through the electrode in-

Ž .creases resulting in a thinner diffusion stagnant layer for
faster transport of oxygen to the reaction sites, higher oxygen
concentrations throughout the electrode, and, consequently,
higher current densities at a fixed overpotential. Note that at
low current densities where the performance is kinetically
controlled, the improvements in the performance caused by
higher differential pressure and gas-flow rates are small as
expected. Larger pressure drop extends the mass-transport-
limiting region to higher current densities because of the en-
hanced oxygen transport and a higher removal rate of liquid
water from the electrode. Note that the pressure drop re-
quired to generate high gas-flow rate is very small due to the
high permeability of the electrode and short width of the
shoulder.

Figure 10 shows the current density distribution along the
electrode at three different differential pressures. One can
see that higher differential pressures result in higher current
densities at every point along the electrodermembrane reac-
tion interface from the inlet to the outlet. Note that the in-

Figure 10. Effect of differential pressure on the local
current density profiles along the electrode

( )width at an overpotential of 0.5 V .
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Figure 11. Effect of electrode thickness on the perfor-
mance of the cathode.

crease in the current density is greater along the section near
the inlet of electrode. This is to be expected because of higher
oxygen concentration in this region. From the results shown
in Figure 10, one would expect the current density profile to
become flatter and the average current density to be higher
with higher air-flow rate. However, we will show later that
high gas-flow rate alone is not the key to improving the per-
formance of an air cathode with an interdigitated gas distrib-
utor. Electrode design parameters play a significant role as
well.

Effect of Electrode Thickness
All the following simulations are performed at a fixed dif-

Ž .ferential pressure of 0.007 atm 700 Pa . The effects of the
electrode thickness on the current density are investigated,
and the results are presented in Figures 11 and 12. Other
conditions are the same as the base case. Figure 11 shows
that when the electrode thickness is between 0.02 cm and
0.06 cm, the average current density increases as the elec-
trode thickness increases. However, as the electrode thick-
ness increases beyond 0.06 cm, the performance decreases.
Increasing the electrode thickness is equivalent to increasing
the diameter of a pipe in a fluid flow system, thereby de-
creasing flow resistance, which translates to higher gas-flow
rate for the same differential pressure. As a result of en-
hanced oxygen transport and liquid water removal rate, the
average current density increases as the electrode thickness
increases from 0.02 to 0.06 cm. However, beyond 0.06 cm,
higher gas-flow rate does not result in a thinner diffusion layer
because most of the gas now takes the shortest route through

Žthe electrode between the inletrshoulder and out-
.letrshoulder corners resulting in a thicker diffusion layer and,

consequently, a lower average current density. Therefore, for
an electrode thickness greater than 0.06 cm, the average cur-

Figure 12. Effect of electrode thickness on the current
(density profiles along the electrode width at

)an overpotential of 0.5 V .

rent density decreases, as shown in the Figure 11. Figure 12
shows the local current density distribution along the elec-
trode interface for the six electrode thickness cases. Note that
the gas bypassing effect becomes more severe as the elec-
trode thickness increases further. From these results, it is
clear that there is an optimum electrode thickness, and its
value depends on the electrode morphology and the gas dis-
tributor design parameters.

It is important to point out that the effect of ohmic voltage
loss due to the electronic conductivity of the electrode is not
considered here. Even though it is not expected to be signifi-
cant within the range of electrode thickness considered, the
effect of ohmic voltage loss should not be ignored in the opti-
mization of the cell performance.

Effect of Number of Channels
For a fixed-size electrode, the number of channels is an

important design factor of the gas distributor. In this section,
the effect of the shoulder width, which corresponds to the
number of channels in the gas distributor when the ratio be-
tween channel and shoulder width is fixed at 1:1, is studied.

Ž .For a fixed length of the modeling region 0.4 cm , three dif-
Ž .ferent designs are evaluated see Figures 13 and 14 . Based

on the symmetry nature of the shoulder and channel widths,
a repeating unit consisting of a half width of inlet channel, a
full width of shoulder, and a half width of outlet channel is
used to simulate each design. The same differential pressure
as in the base case is applied to all three cases. As shown in
Figure 13, the performance of the cathode improves as the
number of channel increases. Decreasing shoulder width, that
is, increasing the number of channels, is equivalent to de-
creasing the length of a pipe in a fluid flow system which
results in a higher pressure drop per unit length and a higher
gas-flow rate. For the case in which the electrode thickness is
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Figure 13. Effect of the number of channels on the per-
formance of the cathode.

kept the same and is within the optimal region, a higher gas-
flow rate leads to both a thinner stagnant layer and higher
reactant concentrations along the reaction interface and,
consequently, higher current densities.

Both Figures 13 and 14 show that the number of channels
has a very strong effect on the performance of the cathode
operated under a fixed differential pressure. More channels
are obviously preferred. However, the number of channels

Figure 14. Effect of the number of channels on the cur-
rent density profile along the electrode width
( )at an overpotential of 0.5 V .

Figure 15. Effect of channel/////shoulder ratio on the per-
formance of the cathode.

can be limited by the effect of gas bypassing as explained in
the previous section and by the manufacturability and cost.

Effect of the Ratio between the Channel and
Shoulder Widths

In previous sections, the effects of the number of channels
were investigated with the channel to shoulder width ratio
held fixed at one. In this section, for a fixed width of elec-
trode, the effects of the ratio between the channel and shoul-

Ž .der widths CrS ratio are investigated. The total width of
the channels plus a shoulder and the electrode thickness are
kept constant, and the ratio between the channel and shoul-
der widths is varied within one repeating unit, consisting of a
half of the inlet channel, a shoulder, and a half of the outlet
channel. Therefore, when the channel to shoulder ratio in-
creases, the channel width increases and the shoulder width
decreases. The results are presented in Figures 15 and 16,
and can be explained as follows. As the channel width in-
creases, the region of low y-direction velocity increases be-
cause most of the gas flows through the region close to the
inletrshoulder corner. This results in less oxygen flow to the
region near the center of the inlet channel and higher back
diffusion of water vapor toward the inlet with the net result
being low oxygen concentration at the electrode reaction in-
terface above most of the inlet region and low current densi-
ties. However, the gain in current density by higher gas-flow
rate as the result of having a shorter shoulder width is more
than the loss in current density in the region above the inlet
by having larger inlet width. This is clearly illustrated by the
local current profiles of the CrSs1r1 and CrSs1.4r0.6
given in Figure 16. On the other hand, when the channel
width is reduced to make room for a larger shoulder width,
the performance decreases. This decrease in performance is
attributed to a lower gas-flow rate as the pressure gradient
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Figure 16. Effect of channel/////shoulder ratio on the cur-
rent density profile along the electrode width
( )at an overpotential of 0.5 V .

Ž .pressure drop per unit length is reduced when the channel
width gets wider. Consequently, it is clearly shown here that
to get higher performance, shorter shoulder width is pre-
ferred.

Now keep in mind that, the shoulders, which are the only
parts in contact with the electrode, are needed for current
collection. Lower contact area by having higher CrS ratio
might result in higher cell ohmic resistance. Therefore, its
dimension and the dimensions of the inlet and outlet chan-
nels must be considered together in the optimization of the
PEM fuel cell performance.

Conclusions
A 2-D, two-phase, multicomponent transport model was

developed to investigate the effects of the gas and liquid wa-
ter hydrodynamics on the performance of an air cathode of a
PEM fuel cell in contact with an interdigitated gas distribu-
tor. Darcy’s law was used to describe the transport of the gas
phase. The transport of liquid water through the porous elec-
trode is driven by the shear force of gas flow and capillary
force. A momentum equation that accounts for these driving
forces was derived to describe the transport of the liquid
phase in the porous electrode.

From the model results, the following conclusions are
reached:
Ž .1 Liquid water transport and evaporation are two main

water removal mechanisms in a cathode in contact with an
interdigitated flow field.
Ž .2 A higher differential pressure between inlet and outlet

Žchannels will improve the electrode performance that is, av-
.erage current density because of better oxygen transport and

liquid water removal.
Ž .3 The electrode thickness needs to be optimized to get

optimal performance because a thinner electrode may reduce

gas-flow rate and a thicker electrode may increase the diffu-
sion layer thickness.
Ž .4 For a fixed-size electrode, more channels and shorter

shoulder widths are preferred.
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Notation
bs coefficient in Eq. 6a
Csmol concentration of gas, molrcm3

D scapillary diffusion coefficient of water, cm2rsc
D sdiffusion coefficient of species i, cm2rsi
De seffective diffusion coefficient of oxygen in the electrode,o

cm2rs
De seffective diffusion coefficient of water in the electrode, cm2rsw

F sFaraday constant, 96487 Crequivalent
hselectrode thickness, cm

I saverage current density, Arcm2
avg
Lselectrode width, cm

L1shalf of inlet channel width, cm
L2shalf of outlet channel width, cm

Rsgas constant, 82.06 cm3?atmrmol ?K or 8.314 Jrmol ?K
©ssuperficial velocity vector, cmrs
ysmass fraction

a snet water transfer coefficient per proton
hsoverpotential for the oxygen reaction, V

Subscripts and superscripts
avgsaverage

cscathode
g sgas
isspecies
lsliquid

Nsnitrogen
Osoxygen
r sreference state
xsdirection across the channel and shoulder, cm
ysdirection through the electrode, cm
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