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Abstract

A two-dimensional numerical model has been established to investigate the performance of the PEM fuel cells. Parameters used in the
analysis include the porosity and thickness of the gas diffuser layer (GDL). Results show that increasing the porosity of gas diffusion layer
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auses the increasing of mass transfer of fuel and air and results in a higher reaction rate. Therefore, a better performance of the fuel cell
nd more fuel consumption rate are observed. It is also demonstrated that the performance of the fuel cell increases with a decrease in the
hickness of gas diffusion layer. The effects of liquid water condensation and flow directions of fuel and air are also considered in this analysis.
redicted results show that the performance of the PEM fuel cell without consideration of liquid water effect is always higher than that with
onsideration of liquid water effect. In addition, the performance of fuel cell with co-flow pattern of fuel and air is larger than that with counter
ow.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The proton exchange membrane fuel cell (PEMFC) is
onsidered as a most promising and environmental friendly
lternative power source for both stationary and mobile appli-
ations due to its high efficiency and low operating temper-
ture. Conventional PEMFCs operate on hydrogen as a fuel
nd oxygen or air as an oxidant to produce electricity, and
eat and water are the major by-products. The gas streams
ave to be humidified to keep the membrane water swollen
n order to obtain sufficiently high protonic conductivity. The
eactant gases in the channel transport through the gas dif-
user layer (GDL) and reach the catalyst layer to carry out
lectrochemical reaction. In past decades, substantial efforts
ave been focused on fuel cell structure design, development
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of catalyst, structure of catalyst and gas diffuser layer and the
development of membrane with high performance, thermal
and water management [1–8].

The performance of the fuel cell depends on the kinetics of
the electrochemical process and performance of the compo-
nents. Many experiments have been conducted by researchers
for varying operating parameters. However, experimental
investigations are costly. There are several models explain
the mass transfer effect for different species in the fuel cell
developed. The models can predict the cell performance pre-
cisely. Several mathematical modeling approaches have been
proposed to describe the transport phenomena within PEM-
FCs and the impact of the water condensation on the cell
performance. In recent year, two-dimensional models [9–12]
were developed in order to investigate the distribution of gas
components, water content of membrane, current density and
net water transport along the flow channel. Gurau et al. [13]
presented a comprehensive model for the entire sandwich
of a PEMFC including the gas channels and considered the
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Nomenclature

Aj0 reference exchange current density (A m−2)
a chemical activity of water vapor in cathode
CF quadratic drag factor
C concentration
D diffusivity (m2 s−1)
F Faraday constant, 96485 c mol−1

i current density (A m−2)
j current density (A m−2)
k permeability (m2)
kc condensation rate constants
ke evaporation rate constants
M molecular weight
P pressure (atm)
Pi partial pressure for i species (atm)
R universal gas constant (8.314 J mol−1 K−1)
RVS volume-to-surface ratio of the porous material
s the ratio of the volume of pore occupied by

liquid water to the volume of pore in the porous
medium

S source term in momentum equation
Sc source term of chemical reaction in the species

concentration equation
Sj source term in phase potential equation
SL source term with consideration of liquid water

in the species concentration equation
t thickness (m)
T temperature (K)
U, V velocities in the X and Y direction (m s−1)
X, Y rectangular coordinate system (m)
Z number of electrons transferred
Zf charge transfer coefficient

Greek letters
α charge transfer rate
ε porosity
Φ membrane potential
ν kinematic viscosity (m2 s−1)
σ electric conductivity (�−1 m−1)
ρ density (kg m−3)
τ tortuosity of the pore in the porous medium
η overpotential

Superscripts
ref reference value

Subscripts
a quantity in anode
c quantity in cathode
eff effective value
g of gas diffuser layer
H+ for proton
H2 for hydrogen

H2O for water
i for i species
m of membrane
O2 for oxygen
sat saturation pressure for water vapor
total for total value
x in the X direction
y in the Y direction

gas-liquid phases in separate computation domains for trans-
port in the gas distribution channels. It was assumed that
the catalyst layer is infinitesimally thin. Hsing and Futerko
[14] developed a two-dimensional model of coupled fluid
flow, mass transport and electrochemistry of a PEMFC with
taking into account the dependence of diffusion coefficient
of liquid water in membrane. However, their model does
not resolve catalyst layers and hence ignores the influence
of spatial nonuniformity of water content on catalyst layer
performance. Yi and Nguyen [15] proposed an along-the-
channel model for evaluating the effects of various design and
parameters on the performance of a PEMFC. The results show
that the humidification of the anode gas is required to enhance
the conductivity of the membrane, and the liquid injection
and higher humidification temperature can improve the cell
performance by introducing more water into the anode. It
is noted that the mass transport processes in the presence
of liquid water are not considered in these two-dimensional
models.

In a typical PEMFC, the gas diffuser layers (GDLs) are
required to have both reactant gases supply to the catalyst
layer and water supply and removal in either vapor or liq-
uid form. Although it is a seemingly minor component in
a fuel cell, GDL is one of the important parts of the PEM
fuel cell. Any change in the composition or the morphology
of the GDL can lead to a substantial influence on fuel cell
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erformance. Jordan et al. [16] experimentally examined the
nfluence of diffusion-layer morphology on cell performance.
hey developed a model of the hydrophobilicity and porosity
f the diffusion layer to explain the influence of the diffusion-
ayer morphology. Later, they [17] obtained results which
howed that a low-porosity acetylene black enhances water
emoval from the membrane electrode assembly (MEA), and
hus gives an improvement in gas-diffusion. Recently, Lee
t al. [18] also studied experimentally the effect of the fab-
ication method and the thickness of the GDL on the cell
erformance. However, their focus was on the fabrication
ethod, rolling, spraying and screen printing, of GDL effect-

ng on the cell performance. Gurau et al. [19] proposed a
athematical model to obtain an analytic solution of the mass

ransport of reactant gas in a half-cell, in which the effects
f the porosity and the tortuosity of the GDL and catalyst
ayer were explored due to the fact that the pores may be
artially filed with liquid water. In their findings, the cata-
yst layer resistance at low current densities is equal to half
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the value of the catalyst layer resistance corresponding to the
limiting current density. Chu et al. [20] also used a half-cell
model to investigate the effect of the change of the GDL on
the performance of a PEMFC. They found that a fuel cell
embedded with a GDL with a larger averaged porosity will
consume a greater amount of oxygen, so that a higher cur-
rent density is generated and a better fuel cell performance is
obtained. Natarajan and Nguyen [21] developed a transient,
two-dimensional mathematical model to study the effect of
thickness of GDL for the cathode of a PEMFC. However, their
model does not resolve the catalyst layer and water transport
in the membrane is not considered. They found that the per-
formance of the cathode was dominated by the dynamics of
liquid water, especially in the high current density range, and
a better performance can be observed when a thinner GDL is
utilized in the fuel cell.

In the study of the PEMFCs, the water management is
one of the most important issues. Nguyen and White [22]
proposed a model of the water and heat management of
the PEMFC systems, which includes the effect of electro-
osmosis, diffusion of water, heat transfer from solid phase
to gas phase and latent heat as water evaporation and con-
densation. They found that the ohmic loss is considerable
at high current and the voltage loss is twice amount of
that of the cathode electrode. Baschuk and Li [23] devel-
oped a mathematical model with variable degrees of water
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Fig. 1. Schematic diagram of complete PEMFC and coordinate system.

2. Analysis

The PEM fuel cell model described in this study is devel-
oped to investigate the effects of porosity and thickness of
GDL. The computational domain includes a membrane sand-
wiched between two gas diffusion electrodes, and the flow
channels of both anode and cathode. A schematic illustration
of a PEMFC in the co-flow mode and associated coordinate
system is shown in Fig. 1. U and V are the velocity compo-
nents in the X and Y directions, respectively. The PEMFC in
the counter-flow mode is also analyzed to study the perfor-
mance of a PEMFC between co-flow and counter-flow modes
for a comparison. Consequently, to simplify the problem, a
steady state, two-dimensional, multi-species and along-the-
channel model of a full-cell PEMFC is employed for the
analysis. Four species were considered: hydrogen, oxygen,
nitrogen and water vapor. Stationary conditions is assumed
in this fuel cell, also the effect of gravity is neglected. It is
assumed that the electrochemical reactions takes place only
in the catalyst layer, and the gas mixtures in the flow chan-
nels are also considered to be perfect gases. Based on the
definition of the Reynolds number and the velocity used in
this work, the flow in the fuel cell is laminar. Therefore, all
the transport equations were formulated for laminar behav-
ior. The GDL, catalyst layer and PEM are assumed to be
isotropically porous materials.

f
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ooding in the PEMFC. Physical and electrochemical pro-
esses occurring in the membrane electrolyte, the cathode
atalyst layer, the electrode backing layer and the flow chan-
el were considered. They discovered that when the air was
sed as the cathode fuel, the flooding phenomena are sim-
lar at different operating conditions of the pressure and
emperature comparing with experimental results. Wang et
l. [24] have numerically modeled the two-phase flow and
ransport in the air cathode of PEMFCs. They found that
he transport processes of liquid water and water vapor are
ffected by capillary effect and molecular diffusion, respec-
ively. A two-dimension model was developed by Ge and
i [25] to investigate the effects of operation conditions
nd membrane thickness on the water transport. In their
tudy, the liquid water effect on the effective porosity for
as transport was considered to simplify the model of the
wo-phase flows in porous layers. The results revealed that
he cell performance can be enhanced by increasing the cell
emperature.

From the literatures reviews cited above, it is found that a
ull-cell mathematical model with consideration of catalyst
ayer and membrane water transport in a PEMFC has not
een well examined yet. This motivates the present study.
he objective of this work is to establish a two-dimensional,

ull-cell mathematical model with consideration of water sat-
ration to investigate the effects of both the porosity and
imension of gas diffuser layer on the performance and gas
ransport phenomena of a PEMFC. Additionally, the effects
f flow direction on the cell performance are taken into
ccount in the analysis.
In the development of this numerical model of the PEM
uel cell as well as corresponding analyses, are crucial to
ain a good understanding of the effect of GDL porosity and
hickness on the cell potential. Most of the previous studies in
his area have assumed for simplicity constant porosity of the
DL. This, however, does not reflect to the physical reality.
lthough it has been recognized that the performance of the

uel cell can be significantly influenced due to the porosity
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variation, systematical studies are still rarely reported in the
literature. In this study, porosity of GDL is chosen as 0.3,
0.4, 0.5 and 0.6. These values are chosen as closed as to
the realistic situation and to reach a quantitative influence of
GDL porosity on the cell performance.

2.1. Governing transport equations

According to the descriptions and assumption above, the
basic transport equations for the two-dimensional PEM fuel
cell are given as the following:

Continuity equation:

∂U

∂X
+ ∂V

∂Y
= 0 (1)

Momentum equation:

U
∂U

∂X
+ V

∂U

∂Y
= − 1

ρ

∂P

∂X
+ ν

(
∂2U

∂X2 + ∂2U

∂Y2

)
+ Sx (2)

U
∂V

∂X
+ V

∂V

∂Y
= − 1

ρ

∂P

∂Y
+ ν

(
∂2V

∂X2 + ∂2V

∂Y2

)
+ Sy (3)

The source terms in Eqs. (2) and (3) are different in each
computational domain due to the pressure difference when
fluids pass through porous medium. So, the Sx and Sy in the
G
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Species equation:

εeff

(
U

∂Ci

∂X
+ V

∂Ci

∂Y

)
= Di,eff

(
∂2Ci

∂X2 + ∂2Ci

∂Y2

)
+Sc + SL

(9)

where Di,eff is the effective diffusion coefficient of the i-th
composition of fuel reactant. The effective diffusion coef-
ficient is related to the diffusion coefficient in a nonporous
system Di by [27]:

Di,eff = Diε
τ
eff (10)

where τ is the tortuosity of the pore in the porous medium,
which is 1.5 for GDL and catalyst layer, and 6 for the mem-
brane. Sc is the source term of chemical reaction in the
species concentration equation, and is 0 in the gas flow chan-
nel and GDL. Furthermore, Sc is different with the reactant
gases in the catalyst layer and PEM, e.g., Sc is − ja

2FCtotal,a
for

hydrogen in catalyst layer, − jc
4FCtotal,c

for oxygen in catalyst

layer, and − jc
2FCtotal,c

for water vapor in catalyst layer, and

ZF
RT

Di,eff,H+CH+
(

∂2Φ
∂X2 + ∂2Φ

∂Y2

)
in the PEM. The parameters

ja and jc indicate the current density at the anode and cath-
ode sides, respectively, and can be described by the following
Butler–Volmer equations:

j

j

w
e
l
t

t
P
i
u
w
t
t
c
t
r

S

w
c

DL and the catalyst layer are:

x = −νεeff

k
U − ε2

effCFρU√
k

√
U2 + V 2 (4)

y = −νεeff

k
V − ε2

effCFρV√
k

√
U2 + V 2 (5)

nd the Sx and Sy in the PEM are:

x = −νεeff

k
U − ε2

effCFρU√
k

√
U2 + V 2

+ k

νεeff

ZfCH+F · ∇Φ · ∂U

∂X
(6)

y = −νεeff

k
V − ε2

effCFρV√
k

√
U2 + V 2

+ k

νεeff

ZfCH+F · ∇Φ · ∂V

∂Y
(7)

here εeff is the effective porosity, CF the quadratic drag fac-
or and k is the permeability, Zf the charge transfer coefficient,

H+ the concentration of proton, F the Faraday constant and
is the membrane potential. In the analysis, Blake–Kozeny

quation [26] is used to model k as below:

=
(

D2
IP

150

)[
ε3

eff

(1 − εeff)2

]
(8)

nd DIP = 6RVS, and RVS is the volume-to-surface ratio of the
orous material.
a = Ajref
0

(
CH2

Cref
H2

)[
e(αaF/RT )η − 1

e(αcF/RT )η

]
(11)

c = Ajref
0

(
CO2

Cref
O2

)[
e(αaF/RT )η − 1

e(αcF/RT )η

]
(12)

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

lectric charge transport rates in anode and cathode catalyst
ayers, η the overpotential, R the gas constant and T is the
emperature of the fuel cell.

To consider liquid water effect in this work, a simplified
wo-phase model is used to describe the water transport in the
EM fuel cell. In this work, the liquid water effect is taken

nto account by modifying the mass diffusivity due to the liq-
id water filling the pores in the porous media and the liquid
ater generation in the species concentration equation. When

he partial pressure of water vapor is greater than the satura-
ion pressure of water vapor, the water vapor is assumed to
ondense and fill the pore in the porous media. The source
erm, SL in the species concentration equation, Eq. (9), rep-
esenting the quality of liquid water can be evaluated [28]:

L =
⎧⎨
⎩MH2Okc

εeffCH2O

ρRT
(PH2O − Psat), if PH2O > Psat

keεeffs(Psat − PH2O), if PH2O < Psat

(13)

here the M is the molecular weight and the kc and ke are the
ondensation and evaporation rate constants. The saturation
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pressure of water can be expressed as:

Psat = 10−2.1794+0.02953T−9.1837×10−5T 2+1.4454×10−7T 3

(14)

It should be noted that the assumption of isothermal condi-
tion is utilized in this analysis to simplify the model. However,
the saturation of water is greatly affected by the temperature
in the fuel cell, such as the saturation pressure in Eq. (14).
Nevertheless, when a single cell is tested, the cell temperature
is usually controlled using heating rods and thermocouples.
As a result, the operation temperature of a single fuel cell
can be kept almost constant in all the regions of the working
fuel cell. The temperature difference is small enough during
cell operation that the assumption of isothermal condition is
appropriate for the analysis.

In addition, the saturation, s, is defined as the ratio of the
volume of pore occupied by liquid water to the volume of
pore in the porous medium, then the effective porosity of
porous media is modified to account the liquid water effect:

εeff = ε(1 − s) (15)

In order to evaluate the distributions of the local current den-
sity, the phase potential equation should be solved:

∂
(

∂Φ
)

∂
(

∂Φ
)

w
t
b
S

σ

a

σ

λ

I
o
p

i

i

E

∂ix

∂X
+ ∂iy

∂Y
= jc, at cathode (23)

2.2. Boundary conditions

Boundary conditions for the dependent variables of the
transport equations at the interfaces between different layers
of the same domain are not required. At the gas channel outlet,
the fully developed flow conditions are assumed:

U = ∂V

∂Y
= ∂Ci

∂Y
= 0 (24)

The boundary conditions at the gas flow channel walls are:

U = V = ∂Ci

∂X
= 0 (25)

In practical situation, the physical properties and their gradi-
ents are continuous on the interface. So the natural boundary
conditions on the interface are the same velocity, same con-
centration and the same gradients. At the interfaces between
the gas diffusers and the gas channels, the following boundary
conditions are used:

εeff,X+
∂V

∂X

∣∣∣∣
X=X+

= ∂V

∂X

∣∣∣∣
X=X−

, VX=X+ = VX=X− (26)

∣∣ ∣∣

T
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ε

C

T
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3

a
a
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o
T

∂X
σm

∂X
+

∂Y
σm

∂Y
= Sj (16)

here Sj = −ja in the anode, −jc in the cathode and 0 in
he membrane; σm is the electric conductivity of the mem-
rane which can be calculated by the equation developed by
pringer et al. [29]:

m(T ) = σref
m exp

[
1268

(
1

303
− 1

T

)]
(17)

nd the reference electric conductivity is:

ref
m = 0.005139λ − 0.00326 (18)

=
{

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

14 + 1.4(a − 1), 1 < a ≤ 3

(19)

n Eq. (19), the a is the ability of water vapor at the cath-
de side. Using the following relations between the phase
otential Φ and current density I:

x = −σm
∂Φ

∂x
(20)

y = −σm
∂Φ

∂y
(21)

q. (16) can then be reduced to be:

∂ix

∂X
+ ∂iy

∂Y
= ja, at anode (22)
εeff,X+
∂Ci

∂X
∣∣
X=X+

1

= ∂Ci

∂X
∣∣
X=X−

1

, Ci,X=X+ = Ci,X=X−

(27)

he similar conditions are employed for the interfaces
etween the gas diffusers and the catalyst layers and the
nterfaces between the catalyst layers and membrane can be
xpressed as follows:

eff,X+
∂V

∂X

∣∣∣∣
X=X+

= εeff,X−
∂V

∂X

∣∣∣∣
X=X−

, VX=X+ = VX=X−

(28)

εeff,X+
∂Ci

∂X

∣∣∣∣
X=X+

= εeff,X−
∂Ci

∂X

∣∣∣∣
X=X−

,

i,X=X+ = Ci,X=X− (29)

he boundary conditions for the phase potential at the inter-
ace between the catalyst layer and the membrane are Φ = 0 at
he anode side, and ∂Φ

∂X
= 0 at the cathode side. Because the

hase potential is a linear distribution in the membrane, the
hase potential boundary condition can be written as ∂Φ

∂Y
= 0.

. Numerical method

The solution to the governing equations is performed using
finite volume scheme by dividing the model domain into
number of cells as control volumes. In the finite volume
ethod, the governing equations are numerically integrated

ver each of these computational cells or control volumes.
he finite volume method exploits a collocated cell-centered
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Fig. 2. Comparison of predictions for various grid systems.

variable arrangement, that implies all the dependent variables
and material properties are stored at the cell center. The aver-
age value of any quantity within a control volume is given by
its value at the cell center.

The governing equations can be expressed in the form of
a generalized transport equation:

∇ · (ρ�uφ − Γφ∇φ) = Sφ (30)

where φ denotes the general dependent variable, Γ φ the
exchange coefficient, Sφ the source term, �u the velocity vector
and ρ is the density. With the discritization of the govern-
ing equations, the coupled finite-difference equations can be
expressed in the form of:

apφp = aEφE + aWφW + aNφN + aSφS + Sφ (31)

where φp is the value of φ at the current point P, φE. . .φS
stand for the values of the grid points adjacent to the point P
and ap. . .as are known as the link coefficients.

In this work, the non-uniform grid system of 85 × 70 is
employed for the analysis. In order to examine the grid inde-
pendence of the predictions, coarse and fine grid systems are
considered in the preliminary tests. Effects of the grid num-
ber on the predictions of local current density are shown in
Fig. 2. The maximum deviations among the computations on
the grids of 50 × 35, 85 × 70 and 130 × 140 are less than 3%.
T
fi
i

4

t
t
c
1

Table 1
Values of the major parameters

tg (m) εg tm (m) Flow direction

1 0.0004 0.3 0.00175 Co-flow and counter-flow
2 0.0004 0.4 0.00175 Co-flow and counter-flow
3 0.0004 0.5 0.00175 Co-flow and counter-flow
4 0.0004 0.6 0.00175 Co-flow and counter-flow
5 0.0002 0.4 0.00175 Co-flow
6 0.0006 0.4 0.00175 Co-flow

be 0.0000287 m. Results are obtained for cases presented in
Table 1, where case 2 is the typical case for comparison.

4.1. Effect of GDL porosity

In order to study the effect of gas diffuser layer (GDL)
porosity on the cell performance, Fig. 3 shows the polariza-
tion (I–V) curves with various GDL porosity of a fuel cell.
For comparison, the results without liquid water effects in
the model are also presented. An overall inspection on Fig. 3
discloses that the effect of the GDL porosity on the cell perfor-
mance is negligibly small at the condition of high operating
voltages. However, under low operating voltage conditions,
the GDL porosity shows a significant influence on the I–V
curves. In addition, the cell performance is increased with an
increase in the GDL porosity with/without consideration of
liquid water effect. This is because more reactant gases trans-
fer into the catalyst layer with a higher GDL porosity, which
in turns, more chemical reaction occurs and more reactant
gases consume, which results in a better cell performance. It
is also observed that the cell performance is over-predicted
when the liquid water effect is not taken into account in the
modeling. This maybe due to the fact that the void in GDL is
filled with the liquid water, which in turn causes the reduction
of mass transfer. It is also noted in Fig. 3 that the deviations
i
c

F
w

herefore, the grid system of 85 × 70 points seems to be suf-
cient to resolve the behaviors of the reactant gas transport

n the present PEMFC model.

. Results and discussions

In this work, the inlet conditions for anode and cathode are
hat the velocity is 1 m s−1, the temperature is 333.15 K, and
he relative humidity is 100%. The total length of the flow
hannel is 14 cm, and the cross-section of the flow channel is
mm × 1 mm. The thickness of the catalyst layer is taken to
n the cell performance between the results with and without
onsideration of liquid water effects are small at high operat-

ig. 3. Effects of GDL porosity on the polarization curves of the PEMFC
ith/without liquid water effects.
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Fig. 4. Effects of GDL porosity on the local current density.

ing voltage conditions. This indicates that the fuel transport
in the PEMFC can be treated as gas phase at high voltage con-
ditions. However, at low voltage conditions, the liquid water
effects on the cell performance are remarkable and cannot
be neglected in the modeling. This confirms the fact that the
mass transports at lower operating conditions are significant
and, in turn, more water is generated in the catalyst layer of
the cathode side. Therefore, two-phase flow effects should be
considered under low operating voltage conditions.

It is shown from above that the GDL porosity has a
remarkable impact on the cell performance. It is necessary
to investigate the GDL porosity effect on the local transport
characteristics of the PEMFCs. The GDL porosity effects on
the local current density distributions at V = 0.7 and 0.2 V are
presented in Fig. 4. To investigate the liquid water effects, the
results with and without considerations of liquid water in the
modeling are both presented in Fig. 4. The local current den-
sity decreases with the axial direction and is kept at almost
the same low value under a higher operating voltage. It is
expected that for the lower operating voltage, the electro-
chemical reaction is stronger in the catalyst layer. Therefore,
the fuel is consumed in a higher rate when the fuel flows
along the main flow direction, which in turn, causes the
substantial variations in the local current density. A higher
local current density is noted for the PEM fuel cell with a
higher GDL porosity near the entrance. This indicates that
a
o
i
s
p
i
c
B
l
c
e

Fig. 5. Effects of GDL thickness on the polarization curves of the PEMFC
with/without liquid water effects.

4.2. Effect of GDL thickness

The effect of the gas diffuser layer (GDL) thickness on
the polarization curves of a PEM fuel cell is shown in Fig. 5.
It is obvious that the cell performance with/without liquid
water effect increases as the GDL thickness decreases, espe-
cially at lower operating voltage conditions. This is due to
the increase of concentration gradient with a thinner GDL,
which in turn, results in a higher mass transfer to the cat-
alyst layer. Therefore, a larger current density takes place.
However, it does not show the same trend at higher operating
conditions (V > 0.6 V). Since the effects of the GDL thickness
show a significant impact on the cell performance, the effect
of GDL thickness on the local transport characteristic is also
studied. Fig. 6 depicts the effect of the GDL thickness on
the local current density along the axial direction at V = 0.7
and 0.2 V. It is clearly seen that the local current density
for V = 0.2 V increases as the GDL thickness decreases, and
n increase in GDL porosity enhances the diffusion transport
f the reactant gas through the porous layers and, in turn,
ncreases the local current density. However, at the down-
tream region, the current density decreases as the GDL
orosity increases. The degradation in local current density
n the downstream region is a reflection of the more effi-
ient fuel transport and the chemical reaction in the upstream.
esides, the predictions reveal that the consideration of the

iquid water in the simulation leads to the relatively lower
urrent density than those in the cases without liquid water
ffect.
 Fig. 6. Effects of GDL thickness on the local current density.
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decreases along the axial direction. Nevertheless, the local
current density for V = 0.7 V remains as a constant and do not
show the same trend as that for V = 0.2 V as mentioned previ-
ously. It should be noted that the model used in this analysis
is isothermal and single phase condition, the temperature gra-
dient effect of the GDL and two-phase condition on the GDL
shall be discussed in the future work. Since some have shown
a thinner GDL is more easily flooded due to lower storage of
liquid, thus performance under 2-phase conditions is better
for a thicker GDL. Also, temperature gradient effects of the
GDL are very important as well as electron transport.

4.3. Effect of flow direction

In this study, the effects of flow direction of reactant
fuels in both the anode and cathode sides on the cell per-
formance are also investigated. Fig. 7 represents the effects
of the GDL porosity on the cell performance with the reac-
tant fuels flowing in anode and cathode sides being co-flow
and counter-flow conditions. It is obvious from Fig. 7 that
the cell performance increases as the GDL porosity increases
for the counter-flow condition. It is also noted that the cell
performance with counter-flow condition is better at higher
operating voltage conditions, while the cell performance with
co-flow condition is better at lower operating voltage con-
d
u
c
p
t
p
t
p
i
d
c

F
c

Fig. 8. Effects of GDL porosity on the local current density with counter-
flow condition of reactant fuels in both the anode and cathode sides.

sity with counter-flow condition at V = 0.2 V is higher near
the entrance. However, the local current density with co-
flow condition becomes higher than that with counter-flow
condition at the downstream (Y > 0.03 m). Because the elec-
trochemical reaction rate is high under lower operating volt-
age conditions, the fuel consumption rate increases near the
entrance with counter-flow condition, which in turn, causes
the increase in local current density and less fuel along the
axial direction.

5. Conclusion

A steady, a two-dimensional, isothermal, multi-species,
full-cell numerical model to analyze the performance of
PEMFCs has been established. Liquid water effects were con-
sidered in this work. The effects of GDL porosity, membrane
thickness, GDL thickness and flow direction of reactant fuels
on the reactant gas transport and the cell performance are
examined in detail. Brief summaries of the major results are
listed in the following:

1. The cell performance is enhanced as the GDL poros-
ity increases with/without consideration of liquid water
effect. This is because more reactant gases transfer into
the catalyst layer with higher GDL porosities, which in

2

3

itions. This is due to the remaining fuel reacts with air
nder higher operating voltage conditions with counter-flow
ondition, which results in a better cell performance. This
henomenon can be confirmed by the effects of flow direc-
ion of the reactant fuels on the local current density. Fig. 8
resents the distributions of the local current density along
he axial direction with counter-flow condition for four GDL
orosities at V = 0.7 and 0.2 V. Comparison of the correspond-
ng results in Fig. 4 and Fig. 8 indicates that the local current
ensity with counter-flow condition is higher than that with
o-flow condition at V = 0.7 V. Besides, the local current den-

ig. 7. Effects of flow direction of reactant fuels in both the anode and
athode sides on the polarization curves of the PEMFC.
turns, more chemical reaction occurs and more reactant
gases consume, and a better performance for the fuel cell
is obtained.

. The cell performance increases with a decrease in GDL
thickness at lower operating voltage conditions. This
is due to the fact that higher concentration gradients
are resulted from the decrease in the GDL thickness,
which in turns, results in a higher mass transfer to the
catalyst layer and then more electrochemical reaction
occurs.

. The cell performance with counter-flow condition is
higher at a higher operating voltage condition, while the
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cell performance with co-flow condition is higher at a
lower operating voltage condition.

Acknowledgements

The authors would like to acknowledge the financial sup-
port of this work by the National Science Council, ROC
through the Contract NSC92-2212-E-211-001. The financial
support from Northern Taiwan Institute of Science and Tech-
nology is also acknowledged.

References

[1] P. Costamagna, S. Srinivasan, Quantum jumps in the PEMFC science
and technology from the 1960s to the year 2000. Part I. Fundamental
scientific aspects, J. Power Sources 102 (2001) 242–252.

[2] P. Costamagna, S. Srinivasan, Quantum jumps in the PEMFC science
and technology from the 1960s to the year 2000. Part II. Engineering,
technology development and application aspects, J. Power Sources
102 (2001) 253–269.

[3] D.M. Bernardi, M.W. Verbrugge, Mathematical model of a gas diffu-
sion electrode bonded to a polymer electrolyte, AIChE J. 37 (1991)
1151–1163.

[4] T.F. Fuller, J. Newman, Water and thermal management in solid-
polymer-electrolyte fuel cells, J. Electrochem. Soc. 140 (1993)
1218–1225.

[

[

[12] A.C. West, Influence of rib spacing in proton-exchange mem-
brane electrode assemblies, J Appl. Electrochem. 26 (1996) 557–
565.

[13] V. Gurau, H. Liu, S. Kakac, Two-dimensional model for proton
exchange membrane fuel cells, AIChE J. 44 (1998) 2410–2422.

[14] I.M. Hsing, P. Futerko, Two-dimensional simulation of water trans-
port in polymer electrolyte fuel cells, Chem. Eng. Sci. 55 (2000)
4209–4218.

[15] J.S. Yi, T.V. Nguyen, An along-the-channel model for proton
exchange membrane fuel cells, J. Electrochem. Soc. 145 (1998)
1149–1159.

[16] L.R. Jordan, A.K. Shukla, T. Behrsing, N.R. Avery, B.C. Muddle,
M. Forsyth, Diffusion layer parameters influencing optimal fuel cell
performance, J. Power Sources 86 (2000) 250–254.

[17] L.R. Jordan, A.K. Shukla, T. Behrsing, N.R. Avery, B.C. Muddle, M.
Forsyth, Effect of diffusion-layer morphology on the performance of
polymer electrolyte fuel cells operating at atmospheric pressure, J.
Appl. Electrochem. 30 (2000) 641–646.

[18] H.K. Lee, J.H. Park, D.Y. Kim, T.H. Lee, A study on the character-
istics of the diffusion layer thickness and porosity of the PEMFC,
J. Power Sources 131 (2004) 200–206.

[19] V. Gurau, F. Barbir, H. Liu, An analytical solution of a half-
cell model for PEM fuel cells, J. Electrochem. Soc. 147 (2000)
2468–2477.

[20] H.S. Chu, C. Yeh, F. Chen, Effects of porosity change of gas diffuser
on performance of proton exchange membrane fuel cell, J. Power
Sources 123 (2003) 1–9.

[21] D. Natarajan, T.V. Nguyen, A two-dimensional, two-phase, multi-
component, transient model for the cathode of a proton exchange
membrane fuel cell using conventional gas distributors, J. Elec-
trochem. Soc. 148 (2001) 1324–1335.

[

[

[

[

[
[

[

[

[5] W.M. Yan, C.Y. Soong, F. Chen, H.S. Chu, Effects of flow distrib-
utor geometry and diffusion layer porosity on reactant gas transport
and performance of porton exchange membrane fuel cell, J. Power
Sources 125 (2004) 27–39.

[6] F. Chen, Y.Z. Wen, H.S. Chu, W.M. Yan, C.Y. Soong, Conve-
nient two-dimensional model for design of fuel channels for proton
exchange membrane fuel cell, J. Power Sources 128 (2004) 125–134.

[7] T.V. Nguyen, A gas distributor design for proton-exchange-member
fuel cells, J. Electrochem. Soc. 143 (1996) L103–L105.

[8] A.S. Arico, P. Creti, V. Baglio, E. Modica, V. Antonucci, Influence
of flow field design on performance of a direct methanol fuel cell,
J. Power Sources 91 (2000) 202–209.

[9] D. Singh, D.M. Lu, N. Djilali, A two-dimensional analysis of mass
transport in proton exchange membrane fuel cells, Int. J. Eng. Sci.
37 (1999) 431–452.

10] S. Um, C.Y. Wang, K.S. Chen, Computational fluid dynamics mod-
eling of proton exchange membrane fuel cells, J. Electrochem. Soc.
147 (2000) 4485–4493.

11] W. He, J.S. Yi, T.V. Nhuyen, Two-phase flow model of the cathode of
PEM fuel cells using interdigitated flow fields, AIChE J. 46 (2000)
2053–2064.
22] T.V. Nguyen, R.E. White, A water and heat management model
for proton-exchange-membrane fuel cells, J. Electrochem. Soc. 140
(1993) 2178–2186.

23] J.J. Baschuk, X. Li, Modeling of polymer electrolyte membrane fuel
cells with variable degrees of water flooding, J. Power Sources 86
(2000) 181–196.

24] Z.H. Wang, C.Y. Wang, K.S. Chen, Two-phase flow and transport in
the air cathode of proton exchange membrane fuel cells, J. Power
Sources 94 (2001) 40–50.

25] S.H. Ge, B.L. Yi, A mathematical model for PEMFC in different
flow modes, J. Power Sources 124 (2003) 1–11.

26] F.A.L. Dullien, Porous Media, Academic Press, New York, 1991.
27] D.M. Bernardi, M.W. Verbrugge, Mathematical model of a gas diffu-

sion electrode bonded to a polymer electrolyte, AIChE J. 37 (1991)
1151–1163.

28] S. Mazumder, J.V. Cole, Rigorous 3-D mathematical modeling of
PEM fuel cells II. Model predictions with liquid water transport, J.
Electrochem. Soc. 150 (2003) A1510–A1517.

29] T.E. Springer, T.A. Zawodizinski, S. Gottesfeld, Polymer electrolyte
fuel cell model, J. Electrochem. Soc. 138 (1991) 2334–2342.


	Numerical study of reactant gas transport phenomena and cell performance of proton exchange membrane fuel cells
	Introduction
	Analysis
	Governing transport equations
	Boundary conditions

	Numerical method
	Results and discussions
	Effect of GDL porosity
	Effect of GDL thickness
	Effect of flow direction

	Conclusion
	Acknowledgements
	References


