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bstract

Three-dimensional models of proton exchange membrane fuel cells (PEMFCs) with parallel and interdigitated flow channel designs were
eveloped including the effects of liquid water formation on the reactant gas transport. The models were used to investigate the effects of the
ow channel area ratio and the cathode flow rate on the cell performance and local transport characteristics. The results reveal that at high
perating voltages, the cell performance is independent of the flow channel designs and operating parameters, while at low operating voltages, both
ignificantly affect cell performance. For the parallel flow channel design, as the flow channel area ratio increases the cell performance improves
ecause fuel is transported into the diffusion layer and the catalyst layer mainly by diffusion. A larger flow channel area ratio increases the contact
rea between the fuel and the diffusion layer, which allows more fuel to directly diffuse into the porous layers to participate in the electrochemical
eaction which enhances the reaction rates. For the interdigitated flow channel design, the baffle forces more fuel to enter the cell and participate
n the electrochemical reaction, so the flow channel area ratio has less effect. Forced convection not only increases the fuel transport rates but

lso enhances the liquid water removal, thus interdigitated flow channel design has higher performance than the parallel flow channel design. The
ptimal performance for the interdigitated flow channel design occurs for a flow channel area ratio of 0.4. The cell performance also improves as
he cathode flow rate increases. The effects of the flow channel area ratio and the cathode flow rate on cell performance are analyzed based on the
ocal current densities, oxygen flow rates and liquid water concentrations inside the cell.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Fuel cells are electrochemical devices that can realize direct
onversion of the chemical energy in the reactants to electrical
nergy with high efficiency and high environment compatibility.

proton exchange membrane (PEM) fuel cell operates at sig-
ificantly lower temperature than other types of fuel cells, and
as received much attention in the past decade due to its many
romising applications in portable power sources, automobile
ower systems, and stationary power plants.
The cell performance of PEM fuel cells depends strongly
n the operating conditions, transport phenomena in the cells,
lectrochemical reaction kinetics, mechanical design, manufac-
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uring process, etc. A number of numerical and experimental
nvestigations have been carried out to understand the transport
henomena and the cell performance of PEM fuel cells. The
ioneering work was by Bernardi and Verbrugge [1], who devel-
ped a one-dimensional isothermal model to examine the mass
ransport in fuel cells. Springer et al. [2] proposed an isothermal,
ne-dimensional model in which the water diffusion coefficient,
lectro-osmotic drag coefficient, water sorption isotherms, and
embrane conductivities were assumed to be functions of the
embrane water content. Gurau et al. [3] developed a one-

imensional mathematical model to examine the characteristics
f the mass transport of the reactant gas in a half-cell, in which
he effects of the porosity and the tortuosity of the gas-diffusion

ayer and the catalyst layer were explored. Djilali and Lu [4]
resented a one-dimensional, non-isothermal model to exam-
ne the effects of temperature and gas pressure gradients on
uel cell performance and water management. The first quasi-
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Nomenclature

a chemical activity of water vapor
Ajref

0,a exchange current density at anode (A m−3)

Ajref
0,c exchange current density at cathode (A m−3)

Ar flow channel area ratio
b source term of variable φ

C mass fraction
CF quadratic drag factor
dporous equivalent surface diameter of porous media (m)
D mass diffusivity (m2 s−1)
Dk,eff effective mass diffusivity for the kth species

(m2 s−1)
F Faraday constant (96,487 C mol−1)
i current density (A m−2)
I average current density in the fuel cell (A m−2)
Iy local current density in the y direction (A m−2)
ja current density at anode (A m−3)
jc current density at cathode (A m−3)
kc coefficient of water vapor condensation rate (s−1)
ke coefficient of water vapor evaporation rate (s−1)
kp permeability (m2)
Lc channel width (m)
Lr rib width (m)
M molecular weight (kg mol−1)
P pressure (atm)
Psat saturated water vapor pressure (atm)
Power power (W m−2)
P′ perturbed variation of pressure in a control vol-

ume
R universal gas constant (8.314 J mol−1 K−1)
s volume ratio occupied by liquid water
S′ surface area (m2)
Sc corrected source term in the concentration equa-

tion
Sj source term in the phase potential equation
SL source term accounting for the liquid water effect
Su source term in the x momentum equation
Sv source term in the y momentum equation
Sw source term in the z momentum equation
t time (s)
T temperature (K)
u x direction velocity (m s−1)
v y direction velocity (m s−1)
V′ volume (m3)
Vcell operating voltage (V)
w z direction velocity (m s−1)
x x direction coordinate (m)
y y direction coordinate (m)
z z direction coordinates (m)
Zf species valence

Greek
αa electrical transfer coefficient in forward reaction
αc electrical transfer coefficient in backward reaction
ε porosity

εeff effective porosity
φ dependent variables
Φ phase potential function
η overpotential (V)
λ water content in membrane
ν kinematic viscosity (m2 s−1)
ρ density (kg m−3)
σm electric conductivity of membrane
τ tortuosity of the pores in the porous medium
Ξφ exchange coefficient

superscripts
ref reference value

subscripts
a anode
c cathode
channel channel
CL catalyst layer
eff effective
GDL gas-diffusion layer
H+ hydrogen ion
H2 hydrogen
H2O water
k kth species of the mixture
porous porous medium
Mem membrane
O2 oxygen
sat saturation
total total
x x direction

t
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y y direction
z z direction

wo-dimensional, along-the-channel model of a PEM fuel cell
as established by Fuller and Newman [5] with the assump-

ion of a constant diffusivity of water in the membrane to study
ater and thermal management issues. Bussel et al. [6] divided
MEA into more than 10 units in a two-dimensional dynamic
odel to study the water formation, electro-osmosis and dif-

usion in the PEM, and their effects on cell performance for
arious operating conditions. Singh et al. [7] employed a two-
imensional model to investigate the transport phenomena in a
EMFC. In their work, the attention was focused on the trans-
ort processes in the fuel cells to improve the thermal and water
anagement, and to alleviate the mass transport limitations.
i and Nguyen [8,9] developed a two-dimensional isothermal
odel for evaluating the effects of various designs and oper-

ting parameters on the performance of a PEM fuel cell. Their
esults showed that humidification of the anode gas is required to
nhance the membrane conductivity and the liquid injection and

igher humidification temperatures can improve the cell perfor-
ance by introducing more water into the anode. Also, higher

athode gas pressures help replenish the water loss by electro-
smosis, thereby making the membrane more conductive and
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mproving cell performance. Hsing and Futerko [10] developed
two-dimensional model coupling the fluid flow, mass trans-

ort and electrochemistry in a PEMFC taking into account the
ariation of the diffusion coefficient of liquid water in the mem-
rane. Ge and Yi [11] developed a two-dimensional model to
nvestigate the effects of operating conditions and membrane
hickness on the water transport. Their study considered the
hange in effective porosity due to the liquid water to sim-
lify the two-phase transport model in the porous layers. Yan
t al. [12] developed a two-dimensional model to investigate
as reactant transport for various flow channel width fractions,
, and GDL porosities ε. They showed that an increase in either
or ε may lead to better cell performance, and that a rela-

ively low overpotential gives a more uniform current density
istribution across the cell width. Dutta et al. [13] used the
ommercial code FLUENT to study three-dimensional mass
ransport and fuel concentration variation and their effects on the
lectrochemical reaction in PEM fuel cells with serpentine flow
hannels. Mazumder and Cole [14,15] demonstrated the dif-
erences between two- and three-dimensional numerical results
nd employed a simplified model to discuss the effects of liquid
ater on cell performance. Um and Wang [16,17] developed a

hree-dimensional model to deal with the effects of oxygen and
apor and fuel transport on the electrochemical reaction in three-
imensional fuel cells with straight channels and interdigitated
hannels.

Water management is an important issue in fuel cells. Nguyen
nd White [18] proposed a model for the water and heat man-
gement in PEMFC systems, which includes the effect of
lectro-osmosis, water diffusion, heat transfer from the solid
hase to the gas phase, and latent heat as water evaporates and
ondenses. Voss et al. [19] developed a relatively novel water
anagement technique with anode water removal to modify the
ater concentration gradient in the proton exchange membrane

o augment the back-diffusion of water from the cathode to the
node where the water at the cathode catalyst layer diffuses
hrough the membrane and is removed via the anode reactant
as stream. Okada et al. [20,21] developed a simple model to
nvestigate water transport in the membrane with their compu-
ational results indicating that the water concentration profile
s influenced by the thickness and humidity of the membrane
nd the current density in the cell. Wood et al. [22] presented
xperimental results for the effectiveness of the direct liquid
ater injection scheme and interdigitated flow field design for

mproving PEMFC performance. They found that the interdigi-
ated flow field provides higher transport rates of reactants and
roducts to and from the inner catalyst layers. Baschuk and Li
23] presented a mathematical model with variable degrees of
ater flooding in the PEMFC with consideration of the physical

nd electrochemical processes occurring in the membrane elec-
rolyte, the cathode catalyst layer, the electrode backing layer
nd the flow channel. They found that when air was used as the
athode fuel, the flooding phenomena were similar to experi-

ental results for various operating pressures and temperatures.
hen the cell pressure is increased significantly, water flood-

ng at the electrode becomes serious and leads to a noticeable
eduction in the power output.
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m

s

Sources 172 (2007) 265–277 267

The flow channel design in bipolar plates is one of the key
actors affecting system performance in PEMFCs. Appropriate
ow channel design can enhance the reactant gas transport rate

n the flow channel and the gas-diffusion layer before it reaches
he catalyst layer for the reaction. Many studies have analyzed
he effects of the various types of flow channels, such as the ser-
entine channel, multiple channels in parallel and interdigitated
hannels, on the cell performance. Nguyen [24] first proposed
he interdigitated flow channel design to enhance liquid water
ransport out of the diffusion layer. This design converts the
ransport of reactant/product gases to/from the catalyst layers
rom diffusion to convection. Yi and Nguyen [9] analyzed the
ffects of various flow channel designs on PEM fuel cell perfor-
ance, and concluded that the interdigitated design is superior

n accelerating the chemical reaction and improving cell perfor-
ance. West and Fuller [25] studied the effects of the rib spacing

f bipolar plates and the thickness of the gas-diffusion electrode
n cell performance. They found that the two-dimensional effect
nly slightly alters the half-cell potential for a given applied cur-
ent, but significantly influences the water management. Kazim
t al. [26] constructed a two-dimensional, steady half-cell model
o investigate the superiority of the interdigitated flow field
esign over conventional designs, especially in terms of the
aximum power density. Their theoretical results showed that

he limiting current density in a fuel cell with an interdigitated
ow field is about three times the current density in a fuel cell
ith a conventional flow field. Their results also demonstrated

hat the interdigitated flow field design can double the maximum
ower density of a PEM fuel cell. Hu et al. [27,28] considered in
etail the effects of the interdigitated design on cell performance.
heir results showed that, relative to straight flow channels, the

nterdigitated design on the cathode side increases the oxygen
oncentration and reduces the liquid water content in the diffu-
ion layer, but the cell performance is worse if the cathode fuel
as is supplied without humidification. Water molecules occur
ithin the membrane due to the electro-osmotic drag caused by

he potential gradient and the back-diffusion caused by water
oncentration gradient across the cell. When these two driving
orces are equal the water in the membrane is in equilibrium. He
t al. [29] developed a two-phase model to examine water and
hermal management in PEM fuel cells with the interdigitated
ow field. They found that the interdigitated gas distributors can
educe the mass-transport overpotential and reduce flooding on
he cathode side.

Recently, Yan and co-workers [12,30–37] presented a series
f experimental and numerical studies analyzing the effects of
arious flow field designs on the cell performance in PEMFCs.
hey found that the flow distributor geometry significantly influ-
nces cell performance. In addition, they found that a larger
hannel width fraction gives faster dynamic response as well
s better cell performance. An appropriate bipolar plate flow
hannel design can significantly improve the thermal efficiency
nd the water management in PEMFC systems. Therefore, the

esign of optimal flow channels in the bipolar plate is one of the
ost important issues in PEMFC designs.
This survey has showed that the fuel flow channel design

ignificantly affects the PEMFC performance. The section
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eometry and fuel flow channel design influence the reactant gas
ransport, water management, and fuel utilization efficiency. If
he exhaust gas and waste water are not properly removed, the
xygen supply will be restricted, which will cause the cell to
verheat and will dry out the fuel cell system. This unfavorable
ituation will increase the inter-cell resistance and reduce sys-
em performance. An appropriate fuel flow channel design will
mprove reactant gas transport as well as water management.
hrough a number of investigations have compared PEMFC per-

ormance with the conventional parallel flow channel design and
he interdigitated flow channel design, the effects of flow channel
rea ratio (the ratio of the flow channel area to the total reaction
rea) on the cell performance have not been comprehensively
xamined. Furthermore, most previous investigations have uti-
ized simplified two-dimensional models or only considered the
ssential part of the fuel cell in the computational domain to
educe the computational time. The main objective of the present
tudy is to investigate the effects of flow channel area ratio and
athode fuel mass flow rate on the transport of the reactant gas
rom the flow channels to the gas-diffusion layer, the liquid water
istribution, the local current density, and the PEMFC perfor-
ance with the conventional parallel flow channel design and

he interdigitated flow channel design. The following parts will
e organized as follows: Section 2 presents a three-dimensional
ull-cell model including the effects of the liquid water formation
n the reactant gas transport. Section 3 presents the numerical
olution procedure, independence, and validation of the numer-
cal results. Section 4 describes the effects of the flow channel
rea ratio and cathode fuel flow rate on the cell performance
nd analyzes the local transport phenomena. Section 5 presents
onclusions.

. Analysis

A three-dimensional model of the entire fuel cell (as shown
n Fig. 1) was developed to analyze the electrochemical reac-
ions and transport phenomena of the reactants and products
n the anode catalyst layer, PEM, and cathode catalyst layer

here the reaction occurs. In the other regions such as the gas-
iffusion layer, no chemical reactions take place. Therefore, the
overning equations include mass, momentum, species and elec-
rical potential conservation equations. The model assumes that:

ig. 1. Schematic of the cross-section of the PEMFC (no scale and only two
hannels and two ribs are shown).
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he system is three-dimensional and steady; the inlet fuels are
deal gas; the system is isothermal; the flow is laminar; the fluid
s incompressible; the thermal properties are constant; and the
orous layers such as diffusion layer, catalyst layer and PEM
re isotropic. With the above assumptions, the gas transport
quations for the three-dimensional PEM fuel cell are as follows.

Continuity equation:

∂u

∂x
+ ∂v

∂y
+ ∂w

∂z
= 0 (1)

x-Momentum equation:

εeff

(
u

∂u

∂x
+ v

∂u

∂y
+ w

∂u

∂z

)

= −εeff

ρ

∂P

∂x
+ νεeff

(
∂2u

∂x2 + ∂2u

∂y2 + ∂2u

∂z2

)
+ Su (2)

y-Momentum equation:

εeff

(
u

∂v

∂x
+ v

∂v

∂y
+ w

∂v

∂z

)

= −εeff

ρ

∂P

∂y
+ νεeff

(
∂2v

∂x2 + ∂2v

∂y2 + ∂2v

∂z2

)
+ Sv (3)

z-Momentum equation:

εeff

(
u

∂w

∂x
+ v

∂w

∂y
+ w

∂w

∂z

)

= −εeff

ρ

∂P

∂z
+ νεeff

(
∂2w

∂x2 + ∂2w

∂y2 + ∂2w

∂z2

)
+ Sw (4)

In the momentum equations, Su, Sv and Sw stand for the
ource terms based on the Darcy drag forces in the x, y, and z
irections imposed by the pore walls on the fluid which usually
ause in significant pressure drops across the porous media. The
etails of Su, Sv and Sw for different layers are listed in Table 1.
n Table 1, εeff is the effective porosity of the porous material,
F is the quadratic drag factor, and Zf is the ion valence in

he PEM. In addition, Dk,eff is the effective diffusion coefficient
f the kth species, which was calculated using the Bruggeman
quation [29], and kp is the permeability of the porous materials.
he relationship between the porosity and the permeability was
escribed by the Blake–Kozeny equation [38],

p =
(

d2
porous

150

)[
ε3

(1 − ε)2

]
(5)

here dporous is the equivalent surface diameter of the porous

aterial expressed as dporous = 6V ′
porous/S′

porous

Species concentration equation:(
∂Ck ∂Ck ∂Ck

)

εeff u

∂x
+ v

∂y
+ w

∂z

= Dk,eff

(
∂2Ck

∂x2 + ∂2Ck

∂y2 + ∂2Ck

∂z2

)
+ Sc + SL (6)
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Table 1
Source terms in the governing equations

Su Sv Sw Sc

Channel 0 0 0 –

GDL − νε2
eff

kp
u − ε3

eff
CFρu√
kp

√
u2 + v2 + w2 − νε2

eff
kp

v − ε3
eff

CFρv√
kp

√
u2 + v2 + w2 − νε2

eff
kp

w − ε3
eff

CFρw√
kp

√
u2 + v2 + w2 0

Catalyst layer − νε2
eff

kp
u − ε3

eff
CFρu√
kp

√
u2 + v2 + w2 − νε2

eff
kp

v − ε3
eff

CFρv√
kp

√
u2 + v2 + w2 − νε2

eff
kp

w − ε3
eff

CFρw√
kp

√
u2 + v2 + w2 H2 : − 1

2FCtotal,a
· ja;

O2 : − 1
4FCtotal,c

· jc;

H2O : 1
2FCtotal,c

· jc

M
νε2

eff
ε3

eff
CFρu √

2 2 2 νε2
eff

ε3
eff

CFρv √
2 + v2 2

Φ · v

νε2
eff

ε3
eff

CFρw √
2 2 2 ZF

w
S
w
v
−
p
c
B

j

j

w
α

c
t
l
p

w
t
S

σ

w
e

σ

λ

w
P
t

t
t

i

i

i

f
o
p
u
a
g
p
w
p
e
e

S

w
t
s

P

embrane −
kp

u − √
kp

u + v + w

+ kp
ν

ZfCH+F · ∇Φ · ux

−
kp

v − √
kp

u

+ kp
ν

ZfCH+F · ∇

here Ck is the concentration of the kth species and Sc and
L are the source terms for the chemical reaction and liquid
ater in the species concentration equation. Sc differs for the
arious reactant gases, e.g. Sc is −ja/2FCtotal,a for hydrogen,
jc/4FCtotal,c for oxygen, and jc/2FCtotal,c for water vapor. The

arameters ja and jc, denote the current densities on anode and
athode sides, respectively, which can be calculated using the
utler–Volmer equations [39]:

a = Ajref
0,a

(
CH2

Cref
H2

)[
e(αaF/RT )η − 1

e(αcF/RT )η

]
(7)

c = Ajref
0,c

(
CO2

Cref
O2

)[
e(αaF/RT )η − 1

e(αcF/RT )η

]
(8)

here Ajref
0 is the reference exchange current density, αa and

c the electrical charge transport rates in the anode and cathode
atalyst layers, η the overpotential, F the Faraday’s constant, R
he gas constant and T is the temperature of the fuel cell. The
ocal current density distribution was calculated from the phase
otential equation:

∂

∂x

(
σm

∂Φ

∂x

)
+ ∂

∂y

(
σm

∂Φ

∂y

)
+ ∂

∂z

(
σm

∂Φ

∂z

)
= Sj (9)

here Φ is the phase potential and σm is the membrane conduc-
ivity which can be calculated using the formulas developed by
pringer et al. [2]:

m(T ) = σref
m exp

[
1268

(
1

303
− 1

T

)]
(10)

here σref
m is the reference conductivity of the membrane

xpressed as

ref
m = 0.005139λ − 0.00326 (11)

=
{

0.043 + 17.81a − 39.85a2 + 36.0a3, 0 ≤ a ≤ 1

14 + 1.4(a − 1), 1 < a ≤ 3
(12)

here a denotes the vapor activity and λ the water content in the
EM, Sj in Eq. (9) is the electrical source term, which is zero in

he PEM without electrochemical reaction and is −ja or −jc on

v
p
t

ε

+ w

y

−
kp

w − √
kp

u + v + w

+ kp
ν

ZfCH+F · ∇Φ · wz

RT
Dk,eff,H+CH+(

∂2Φ

∂x2 + ∂2Φ

∂y2 + ∂2Φ

∂z2

)

he anode or cathode sides. The current density, i, is related to
he phase potential Φ as:

x = −σm
∂Φ

∂x
(13)

y = −σm
∂Φ

∂y
(14)

z = −σm
∂Φ

∂y
(15)

Eq. (9) can then be rewritten as

∂ix

∂x
+ ∂iy

∂y
+ ∂iz

∂z
= Sj (16)

The water management strongly affects the of PEMFC per-
ormance. In practice, the liquid water in the porous material
ccupies the pore and, thus, reduces the gas transport in the
orous layers. To simplify the complex two-phase flow, the liq-
id water is assumed to be motionless, with the water only
ffecting the effective porosity and the mass diffusivity in the
as-diffusion and catalyst layers. When the water vapor partial
ressure is greater than the water vapor saturation pressure, the
ater vapor is assumed to condense and fill the pores in the
orous media. The source term, SL, in the species concentration
quation, which is a function of the liquid water fraction, was
valuated as [14]:

L =
⎧⎨
⎩MH2Okc

εeffCH2O

ρRT
(PH2O − Psat), if PH2O > Psat

keεeffs(Psat − PH2O), if PH2O < Psat

(17)

here M is the molecular weight, kc and ke the vapor condensa-
ion and evaporation rate constants, and Psat is the water vapor
aturation pressure, which was calculated using [33–35]

sat = 10−2.1794+0.02953T−9.1837×10−5T 2+1.4454×10−7T 3
(18)

The saturation rate, s, was defined as the ratio of the pore

olume occupied by liquid water to the total pore volume in the
orous media. The effective porosity of the porous media was
hen modified to account for the liquid water:

eff = ε(1 − s) (19)
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116, 116 and 33 elements in the x, y and z directions, respec-
tively. The grid independence was examined in preliminary test
runs. Four non-uniformly distributed grid configurations were
evaluated for PEMFC with the parallel flow channel design and

Table 2
The widths of flow channel and rib for the various flow channel area ratio

Ar Lc (mm) Lr (mm)

0.3 0.575 1.464
70 X.-D. Wang et al. / Journal of P

Eqs. (1)–(4), (6) and (16) form a complete set of governing
quations in the PEMFC. The boundary conditions at the anode
ow channels and the cathode flow channels are that: the inlet
ow rates are constant, the inlet gas compositions are constant,
nd the flows are fully developed at the outlets of the anode
nd cathode flow channels. The solid walls have no slip and
ero flux boundary conditions. At the interfaces between the gas
hannels, the diffusion layers, the catalyst layers, and the PEM,
he velocities, mass fractions, momentum fluxes, and mass fluxes
re assumed equal. More details were given by Yan et al. [40].

. Numerical method

Since these equations for this complex convection–diffusion
roblem cannot be solved analytically, it was solved using the
nite-volume method on a collocated cell-centered grid. The
eneral convection–diffusion equation can be expressed in con-
ervative form as:

∂

∂t
(ρφ) + ∇ · (ρ�uφ − Ξφ∇φ) = Sφ (20)

here t is the time, φ the general dependent variable, Ξφ the
xchange coefficient, Sφ the source term, �u the velocity vector,
nd ρ is the density. When Eq. (20) is integrated over a control
olume, the resulting finite-volume equation is:

PφP = aEφE + aWφW + aNφN + aSφS + aHφH + aLφL + b

(21)

here φP is the value of variable φ at node P of the control
olume, φE, . . ., φL are the values of the variable at nodes
n neighboring control volumes, aP, . . ., aL the coefficients in
he discretized equations and b is the source terms for the dis-
retized equation for φ. The SIMPLE (Semi Implicit Method for
ressure-Linked Equation) algorithm, developed by Patankar
41], was employed to solve the governing equations.

The cell performance was simulated for a small
× Y × Z = 23 mm × 23 mm × 2.845 mm cell. The cell

as 12 channels (6 inlet flow channels and 6 outlet flow
hannels for the interdigitated flow channel design) and 11 ribs,
ll 1 mm thick. The diffusion layer is 0.4 mm thick, the catalyst
ayer is 0.005 mm thick, and the PEM is 0.035 mm thick as
hown in Fig. 2. The flow channel and rib widths are defined as
c and Lr. The anode flow channels are assumed to be in parallel
ith Lc = Lr = 1 mm since the anode flow channel have little

ffect on cell performance, while the cathode flow channels
ere elected parallel or interdigitated flow channels. The effect
f the cathode flow channel area ratio on cell performance is
nalyzed for five different ratios of the flow channel width to
he rib width. The flow channel area ratio, Ar, is defined as the
atio of the cathode flow channel area to the total reaction area
n a cell, 12Lc/(12Lc + 11Lr). In this work, Ar is taken as 0.3,
.4, 0.522, 0.6 and 0.7, where Ar = 0.522 denotes that the widths

f the flow channels and the ribs are equal (1 mm). The widths
f the flow channel and rib for the various flow channel area
atios are listed in Table 2. The base operating conditions for
he fuel cell was assumed to be a fuel cell temperature of 323 K,

0
0
0
0

ig. 2. Schematic diagrams of the PEMFC (a) with the parallel flow channel
esign and (b) with the interdigitated flow channel design.

he reactant gases on the anode side include hydrogen and water
apor with a relative humidity of 100%, the reactant gases on
he cathode side contain oxygen, nitrogen, and water vapor
ith a relative humidity of 100%, the inlet flow rate on the

node side is 260 cm3 min−1, the inlet flow rate on the cathode
ide is 700 cm3 min−1, and the inlet pressures on the anode and
athode sides are both 1 atm. All of the fixed parameters used
n the model are listed in Table 3. The effects of the cathode
ow rate on the cell performance were studied for three other
athode flow rates of 350, 1050 and 1400 cm3 min−1 with the
ther conditions as same as the base case operating conditions.

The model used non-uniformly distributed elements with
.4 0.767 1.255

.522 1.000 1.000

.6 1.150 0.836

.7 1.342 0.627
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Table 3
Fuel cell parameters

Parameter Value

Ajref
0,a 9 × 108 A m−3

Ajref
0,c 1.5 × 102 A m−3

αa 0.5
αc 1.5
εchannel 1
τchannel 1
kchannel ∞ m2

εGDL 0.5
τGDL 1.5
kGDL 1.76 × 10−10 m2

εCL 0.4
τCL 1.5
kCL 1.76 × 10−11 m2

εMem 0.28
τ
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Mem 1.8 × 10−18 m2

r = 0.522. The numbers of elements in the x, y and z directions
ere: (I) 70 × 70 × 25, (II) 93 × 93 × 33, (III) 116 × 116 × 33,

nd (IV) 116 × 116 × 41. The influence of number of elements
n the polarization curves (I–V curves) for the fuel cell is shown
n Fig. 3. The polarization curve for grid (I) differs from those
or grids (II–IV). At an operating voltage of 0.3 V, the deviation
s about 3.9%. However, the calculated polarization curves for
rids (II–IV) do not show any notable differences. At an operat-
ng voltage of 0.3 V, the difference between the current densities
or (II) and (III) is about 0.32% and the difference for (III) and
IV) is about 0.25%. Grid (III) was chosen for the simulations as
tradeoff between accuracy and execution time. The coupled set
f equations was solved iteratively, with the solution considered
o be converged when the relative error in each field between
wo consecutive iterations was less than 10−6. In this work, the
PU time (Intel Core 2 Duo E6300) for each case was about
0 h.

The numerical results were validated by comparing the

resent predictions with previous experimental results. Fig. 4
ompares the calculated polarization curve with experimental
ata [42] for a fuel cell with the parallel flow channel design
nd an area of 140 mm × 140 mm. There is only a small differ-

Fig. 3. Influence of the number of elements on the polarization curves.
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ig. 4. Comparison of predicted and measured polarization curves for a fuel cell
ith the parallel flow channel design.

nce between the numerical results and the experimental data.
ence, the three-dimensional numerical model can be used to

ccurately analyze the effects of the flow channel area ratio and
athode fuel flow rate on the cell performance.

. Results and discussion

.1. Effect of flow channel area ratio

The effects of Ar on the I–Vcell and I–Power curves are pre-
ented in Fig. 5. Compared with the parallel flow channel design,
he interdigitated flow channel design increases the limiting cur-
ent density and considerably improves the cell performance.
he fuel transport is mainly by diffusion in the parallel flow
hannel design, while it is primarily by forced convection in
he interdigitated flow channel design. The forced convection
reatly increases the oxygen transport rate and ensures that even
t low operating voltages enough oxygen is still provided for the
atalyst layer to maintain the electrochemical reaction. Forced
onvection also generates large shear stresses, which efficiently
emove the excessive liquid water produced by the electrochem-
cal reaction, which reduces water flooding at the cathode and
ncreases the mass transport in the fuel cell. At operating volt-
ges greater than 0.7 V, the flow channel type and flow channel
rea ratio have little effect on the cell performance because the
lectrochemical reaction rate is low and only a limited amount
f oxygen is consumed with only a small amount of liquid water
roduced. Therefore, the oxygen transport rates for both flow
hannel types and all flow channel area ratios are sufficient to
aintain the reaction rates. On the contrary, for low operating

oltages, the flow channel design significantly affects the cell
erformance. For the parallel flow channel design, since the fuel
ransport into the porous layers is mainly by diffusion, the large
ow channel area ratio, which represents a large contact area
etween the fuel and the diffusion layer, allows more fuel to

irectly diffuse into the catalyst layer and participate in the elec-
rochemical reaction, resulting in improved cell performance.
owever, for the interdigitated flow channel design, because the

orced convection produced by the baffles efficiently increases
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ig. 5. Effects of the flow channel area ratio on the cell performance. (a) I–V
urves; (b) I–Power curves.

he fuel transport into the porous layers, the flow channel area
atio is not important and has relatively little effect on cell perfor-
ance. Fig. 4 shows that the effect of the flow channel area ratio

radually increases for the interdigitated flow channel design as
he operating voltage is reduced. For example, at an operating
oltage of 0.4 V, the current densities for the five area ratios dif-
er by 560 A m−2, while at 0.3 V, the difference is 1100 A m−2.
or the interdigitated flow channel design, the cell with Ar = 0.7
as the worst performance while the cell with Ar = 0.4 has the
est performance.

Fig. 6 shows the current density distribution at y = 11.5 mm
n the middle cross-section of the PEM at operating voltages 0.3
nd 0.7 V for the parallel and interdigitated flow channel designs.
t the high operating voltage of 0.7 V, the flow channel type and

he flow channel area ratio have almost no impact on the local
urrent densities. The local current densities are all 5000 A m−2

nder the flow channels and under the ribs for both the parallel
ow channel design and the interdigitated flow channel design,
ar less than at the lower operating voltage. Hence the cell per-
ormance is not dependent on the flow channel design at higher
perating voltages. At low operating voltages, the flow channel
esign significantly affects the cell performance. At 0.3 V, the

ocal current densities for the two types of flow channel designs
re quite different, while they are quite similar for the various
ow channel area ratios for the same flow channel type. The

ocal current densities for the interdigitated flow channel design

u
m
c
f

ig. 6. Effects of the flow channel area ratio on the local current density dis-
ribution (y = 11.5 mm). (a) Parallel flow channel design; (b) interdigitated flow
hannel design.

re much higher than for the parallel flow channel design, indi-
ating that the interdigitated flow channel design significantly
mproves the cell performance. For the parallel flow channel
esign, the current densities under the flow channels are larger
han under the ribs since the diffusion path for oxygen arriving
n the catalyst layer under the ribs is longer than for under the
ow channels and the stronger shear stress under the flow chan-
els enhances the liquid water removal. With increasing flow
hannel area ratio, the local current densities under both the
ow channels and the ribs increase for the parallel flow channel
esign. Therefore, the overall cell performance improves as the
ow channel area ratio increases. With the baffles at the ends of

he flow channels, the flow channels in the interdigitated flow
hannel design are divided into inlet flow channels and outlet
ow channels, and their local current density distributions differ
rom those in the parallel flow channel design. The local current
ensity distribution along the x direction shows: the maximum
ccurs in the inlet flow channel (peaks in Fig. 6b), then decrease
nder the rib on the right side of the inlet flow channel, which
urther decrease under the outlet flow channel to the minimum
valleys in Fig. 6b). The current densities then increases again

nder the rib on the right side of the outlet flow channel to the
aximum under the next inlet flow channel. Although the flow

hannel area ratio has relatively little effect on cell performance
or the interdigitated flow channel design, Fig. 6b shows that
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Fig. 7. Effects of the flow channel area ratio on the local oxygen mass flow rate
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Fig. 8. Effects of the flow channel area ratio on the local liquid water distribution
along the interface between the cathode diffusion layer and the catalyst layer
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long the interface between the cathode diffusion layer and the catalyst layer
y = 11.5 mm). (a) Parallel flow channel design; (b) interdigitated flow channel
esign.

he local current densities under the outlet flow channels for
he cell with Ar = 0.4 are higher than for the cell with Ar = 0.3
nd are almost equal to the other three flow channel area ratios,
nd that the local current densities under the inlet flow channels
pproach the cell with Ar = 0.3 and are larger than the other three
ow channel area ratios, so Ar = 0.4 gives the best performance.

The local oxygen concentrations and liquid water distribu-
ions inside the fuel cell directly affect the local current density
istribution and the cell performance. Figs. 7 and 8 show the
ffects of the flow channel area ratio on the local oxygen
ass flow rates and liquid water distributions along the inter-

ace between the cathode diffusion layer and catalyst layer (at
= 11.5 mm) at operating voltages of 0.3 and 0.7 V for the
arallel and interdigitated flow channel designs. At the higher
perating voltage of 0.7 V, for both the parallel and interdigitated
ow channel designs, the local oxygen mass flow rates and liquid
ater concentrations for the various flow channel area ratios are

ll less than at the lower operating voltage of 0.3 V, indicating
hat the oxygen consumption and the liquid water production
ate are both less due to the slower chemical reaction rate at

he higher operating voltage. At the lower operating voltage of
.3 V, both the flow channel type and the flow channel area ratio
ignificantly affect the local oxygen mass flow rates and liq-
id water distributions along the interface between the cathode

l
n
c
fl

y = 11.5 mm). (a) Parallel flow channel design; (b) interdigitated flow channel
esign.

iffusion layer and the catalyst layer. The oxygen mass flow
ates are lower and the liquid water concentrations are higher
or the parallel flow channel design than for the interdigitated
ow channel design, so the parallel channel cell performance

s worse. For the parallel flow channel design, the oxygen mass
ow rates are larger under the flow channels but rapidly decrease
nder the ribs, while the liquid water concentration displays the
pposite trend. As the flow channel area ratio increases, the oxy-
en mass flow rates increase under both the flow channels and
he ribs, while the liquid water concentrations decrease. For the
nterdigitated flow channel design, the oxygen mass flow rates
nd liquid water distributions are quite different from the parallel
ow channel design, while they are quite similar for the vari-
us flow channel area ratios. The oxygen mass flow rate reaches
maximum under the inlet flow channel; gradually decreases

nder the rib on the right side of the inlet flow channel, and then
urther decreases to a minimum under the outlet flow channel.
he oxygen flow rate then gradually increases again under the
ext rib to a maximum under the next inlet flow channel. The
iquid water distributions are lowest under the inlet flow chan-

el, increase under the rib on the right side of the inlet flow
hannel, and continue to increase under the neighboring outlet
ow channel to a maximum. The liquid water distributions then
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the cathode flow rate and flow channel area ratio on the average
current densities of cells with parallel and interdigitated flow
channel designs at operating voltages of 0.3 and 0.7 V. At the
higher operating voltage, the average current densities for the
74 X.-D. Wang et al. / Journal of P

ecrease under the neighboring rib to a minimum under the next
nlet flow channel.

Comparison of Figs. 6–8 indicates that the local current den-
ity distributions are dependent on the local oxygen mass flow
ates and liquid water distributions. The high oxygen mass flow
ates along the interface between the cathode diffusion layer and
he catalyst layer means that more oxygen diffuses into the cata-
yst layer to participate in the electrochemical reaction and more
iquid water is generated, resulting in a higher local current den-
ity. For the parallel flow channel design, since the fuel enters the
orous layers mainly by diffusion, as the flow channel area ratio
ncreases, the contact area between the oxygen and the diffusion
ayer increases so more oxygen directly diffuse into the porous
ayers and participates in the electrochemical reaction, so the
ell performance is improved. For the interdigitated flow chan-
el design, the fuel is forced to enter the diffusion layer at the
nd of the inlet flow channel due to the baffles, thus the fuel uti-
ization efficiency is increased. Meanwhile, the higher stresses
roduced by the forced convention help remove the liquid water.
herefore, the cell performance of the interdigitated flow chan-
el design is higher than that of the parallel flow channel design.
lthough more liquid water is produced by the electrochemi-

al reaction in the diffusion and catalyst layers under the flow
hannels, high shear forces carry the liquid water to under the
djacent ribs and the outlet flow channels, thus providing higher
xygen mass flow rates in the diffusion and catalyst layers under
he flow channels. Under the ribs and the outlet flow channels,
he oxygen mass flow rates are lower and the electrochemical
eaction is weaker with less liquid water production. However,
he liquid water from under the inlet flow channels is carried
here, so a large amount of liquid water accumulates under out-
et flow channels. Excessive liquid water in the porous layers
locks the porous media pores and reduces the oxygen transport
nd the electrochemical reaction rates. Therefore, at lower oper-
ting voltages, the liquid water distribution strongly affects the
xygen transport rates and the local current density distributions,
hich ultimately affect cell performance.

Fig. 9 shows the effect of the flow channel area ratio on the

athode pressure drop in the cells with the parallel and inter-
igitated flow channel designs. Fig. 8 indicates that the cell

ig. 9. Effects of the flow channel area ratio on the pressure losses at the cathode.
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ressure losses are almost independent of the operating voltages,
ut depend strongly on the flow channel area ratio. As the flow
hannel area ratio increases, the cell pressure losses decrease.
ince the cathode oxygen flow rates are the same in the present
imulations, the larger flow channel area ratios result in lower
uel inlet velocities and fuel flow resistance. The pressure losses
n the interdigitated flow channel design are two to three times
he losses in the parallel flow channel design.

.2. Effects of cathode fuel flow rate

The anode reactant gas into the fuel cell is assumed to be
umidified hydrogen, while the cathode reactant gas is humidi-
ed air; thus, the most economic means is to change the cathode
ir flow rates for improving cell performance. The effect of the
athode flow rate on cell performance was also investigated for
he parallel and interdigitated flow channel designs with vari-
us flow channel area ratios. Besides the base case flow rate of
00 cm3 min−1, the cathode flow rates also were taken as 350,
050, and 1400 cm3 min−1 with the other operating conditions
he same as for base case flow rate. Fig. 10 shows the effects of
ig. 10. Effects of the flow channel area ratio and cathode flow rates on the
verage current densities. (a) Parallel flow channel design; (b) interdigitated
ow channel design.
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Table 4
The average current densities for the various flow channel area ratios at the
operating voltage of 0.3 V

Q (cm3 min−1) I (A m−2)

Ar = 0.3 Ar = 0.4 Ar = 0.522 Ar = 0.6 Ar = 0.7

350 18,441 18,469 18,241 17,987 17,711
700 27,124 27,407 27,132 26,747 26,296
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050 30,093 30,461 30,317 29,996 29,589
400 31,246 31,636 31,606 31,399 31,080

arious cathode flow rates, various flow channel types and var-
ous flow channel area ratios are almost the same, indicating
hat the flow channel design and operating conditions do not
ffect the cell performance. At the lower operating voltage of
.3 V, the cathode flow rates significant impact the cell perfor-
ance. With increasing cathode flow rates, the average current

ensities increase and the cell performance improves, but the
ate of increase gradually weakens, because increasing cathode
ow rates means increasing oxygen inlet velocities, thus more
xygen is provided to the catalyst layer for the electrochemical
eaction and higher oxygen velocities also help remove liquid
ater. For the parallel flow channel design, the cell performance

mproves with increasing flow channel area ratios for all cathode
ow rates, while for the interdigitated flow channel design, the
ell performance first increases then decreases with increasing
ow channel area ratios for all cathode flow rates, indicating that

here is an optimal flow channel area ratio. The average current
ensities at the operating voltage of 0.3 V for the interdigitated
ow channel design are listed in Table 4. Apparently, for the
iven operating conditions, the best cell performance occurs for
flow channel area ratio of Ar = 0.4 and the worst occurs for the
ow channel area ratio of Ar = 0.7 for all cathode flow rates.

The local current density, oxygen concentration and liquid
ater distributions inside the cell are analyzed for Ar = 0.4 and
.7 to further understand the effects of the cathode flow rate and
he flow channel area ratio on cell performance. At higher oper-
ting voltages, the flow channel design and operating conditions
ave little effect on the cell performance; therefore, the follow-
ng analysis will focus on the lower voltage of 0.3 V. Fig. 11
hows the current density distribution at y = 11.5 mm in the mid-
le cross-section of the PEM for the parallel and interdigitated
ow channel designs at various cathode flow rates. The local
urrent density distributions at the various cathode flow rates
re similar to those at 700 cm3 min−1, but with the peaks and
alleys of the local current densities all increasing with increas-
ng cathode flow rates. Therefore, the average current densities
ncrease and overall cell performance improves. For the inter-
igitated flow channel design, the local current density valleys
or Ar = 0.7 are slightly higher than for Ar = 0.4, while the local
urrent densities under the flow channels (whose peaks should
ccur) have a local valley as seen in Fig. 11, so that current den-
ity peaks for Ar = 0.7 are much lower than for Ar = 0.4. Because

he current densities at the peaks of about 30,000 A m−2 make
larger contribution to the average current density, the average

urrent density for Ar = 0.7 is lower than for Ar = 0.4 and its cell
erformance is worse.

w
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ig. 11. Effects of the flow channel area ratio and cathode flow rate on the local
urrent density distribution (y = 11.5 mm). (a) Parallel flow channel design; (b)
nterdigitated flow channel design.

Figs. 12 and 13 show the local oxygen flow rates and the liq-
id water concentrations at y = 11.5 mm along interface between
he cathode diffusion layer and the catalyst layer for the par-
llel and interdigitated flow channel designs. Comparison of
igs. 12 and 13 show that the local current density distributions
re very consistent with the local oxygen flow rates and they all
ncrease with increasing cathode flow rates. The larger oxygen
ow rates along the interface between the diffusion layer and the
atalyst layer mean that more oxygen enters the catalyst layer to
articipate in electrochemical reaction; thus, the reaction rates
re higher and the current densities are larger. The local liquid
ater concentrations are just the opposite. As the cathode flow

ates increase, the liquid water concentration decreases; thus,
he ratio of the pore volume occupied by liquid water to the
otal pore volume in the porous layers decreases and oxygen
ransport rate increases, so more oxygen is transported into the
atalyst layer and the current densities rise. The high electro-
hemical reaction rates produce more liquid water, but because
he high cathode flow rates more efficiently remove the liquid
ater, the liquid water concentrations are lower. For the parallel
ow channel design, at the same cathode flow rate, the liquid

ater concentrations along the interface between the diffusion

ayer and the catalyst layer decrease with increasing flow chan-
el area ratio, while for the interdigitated flow channel design, at
he same cathode flow rate, the liquid concentrations for Ar = 0.7
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Fig. 12. Effects of the flow channel area ratio and cathode flow rate on the
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Fig. 13. Effects of the flow channel area ratio and cathode flow rate on the
local liquid water distribution along the interface between the cathode diffusion
layer and the catalyst layer (y = 11.5 mm). (a) Parallel flow channel design; (b)
interdigitated flow channel design.
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ocal oxygen mass flow rate along the interface between the cathode diffusion
ayer and the catalyst layer (y = 11.5 mm). (a) Parallel flow channel design; (b)
nterdigitated flow channel design.

re larger than for Ar = 0.4. Especially under inlet the flow chan-
els, the liquid water concentrations for Ar = 0.7 exhibit local
eaks within the valleys, which increases the oxygen transport
esistance and reduces the local current densities. As a result,
ecreases occur in the current densities at their peaks in Fig. 11
or Ar = 0.7. Thus, the overall cell performance for Ar = 0.7 is
orse than for Ar = 0.4. This analysis further indicates that an

ppropriate flow channel design is an efficient means to improve
ell performance, by not only enhancing the liquid water removal
ut also increasing the oxygen transport rates. Other operat-
ng parameters, such as increasing the cathode flow rate, also
mprove the cell performance.

Fig. 14 shows the cell pressure losses for the parallel and
nterdigitated flow channel designs with Ar = 0.4 and 0.7 for var-
ous cathode flow rates. The pressure losses for the interdigitated
ow channel design are higher than for the parallel flow channel
esign due to the baffles. Fig. 14 shows that for the same flow
hannel area ratio of Ar = 0.4, the pressure losses in the inter-
igitated flow channel design are about 50% higher than in the
arallel flow channel design. For Ar = 0.7, the pressure losses in

he interdigitated flow channel design are about twice the losses
n the parallel flow channel design. The cell pressure losses also
ncrease as the cathode flow rate increases or the flow channel
rea ratio decreases.

i
t
m

ig. 14. Effects of the flow channel area ratio and cathode flow rate on the
ressure losses at the fuel cell cathode.

. Conclusions

Appropriate flow channel design is an effective means for

mproving cell performance. The present paper presented a
hree-dimensional transport model based on the finite-volume

ethod to analyze the effects of the flow channel area ratio
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ort characteristics of PEMFC with parallel or interdigitated
ow channel designs. At higher operating voltages, the cell per-
ormance is independent of the flow channel design and the
perating parameters, while at lower operating voltages, both
ignificantly affect cell performance. For the parallel flow chan-
el design, the fuel is transported into the diffusion layer and
atalyst layer mainly by diffusion; thus, as the flow channel area
atio increases the cell performance improves, because the larger
ow channel area ratio increases the contact area between the
uel and the diffusion layer, which allows more fuel to directly
iffuse into the porous layers to participate in the electrochemi-
al reaction and enhance the reaction rates. For the interdigitated
ow channel design, the baffles force the fuel into the porous

ayers to increase participation in the electrochemical reaction;
hus, the flow channel area ratio has little effect on cell per-
ormance. The forced convection not only increases the fuel
ransport rates but also enhances the liquid water removal, both
f which increase cell performance compared with the parallel
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