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bstract

The characteristic parameters of the gas diffusion-layer (GDL) on cell performance and mass transfer of a proton exchange membrane fuel
ell have been investigated numerically. A two-dimensional, isothermal and multi-phase numerical model has been established to investigate the
nfluence of the GDL parameters on the transport phenomenon and cell performance of PEM fuel cells. The porosity and thickness of the GDL
re employed in the analysis as the parameters. In addition, the effects of liquid water and the flow direction of the fuel and air on the performance
re also considered in this paper. The results show that both the porosity and thickness of the GDL affect the fuel cell performance significantly,

specially the water mass transfer. It is shown that the cell performance with consideration of a liquid water effect is always less than that without
onsideration of the liquid water effect. In addition, the cell performance with a co-flow pattern of fuel and air is better than that with a counter
ow pattern.
2006 Elsevier B.V. All rights reserved.
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. Introduction

The proton exchange membrane fuel cell (PEMFC) is a
romising alternative power plant for transportation due high
fficiency, low emission, low noise and a low operating tem-
erature [1–4]. The gas diffusion layers (GDLs) of the fuel cell
s required to provide both reactant gases to the catalyst layer
nd removal of water in either vapor or liquid form in a typi-
al PEMFC. Although it seems to be a minor component in a
uel cell, the GDL is one of the most important parts of a PEM
uel cell. A detailed study was done by Moreira et al. [5] on the
nfluence of the hydrophobic material content in the gas diffusion
lectrode on the performance of the membrane electrode assem-
ly (MEA). Jordan et al. [6,7] experimentally examined the influ-
nce of the diffusion-layer morphology on cell performance.

hey developed a model of the hydrophobilicity and porosity of

he diffusion layer to explain the influence of the diffusion-layer
orphology and showed that a low-porosity acetylene black

∗ Corresponding author.
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nhances water removal from the MEA. Recently, the effects
f the fabrication method and the thickness of the GDL on the
ell performance were experimentally studied by Lee et al. [8].
owever, their study was focused on the fabrication method of

he GDL—rolling, spraying and screen printing, in affecting the
ell performance.

Because experimental work is costly, numerical modeling
ecomes an efficient and convenient approach to fuel cell anal-
sis. For the last decade, much effort has been involved in
he development of a numerical model with increasingly less
estrictive assumptions and more physical complexities. Several
xamples of analysis of PEM fuel cells can be found in the litera-
ure [9–12]. The first 1D model of a PEM fuel cell was developed
y Springer et al. [13]. Bernardi and Verbrugge [14] developed
1D hydraulic model and assumed that the membrane is fully

aturated with water and that most of the water is transported
hrough the electrodes in the liquid phase. The first quasi-2D,
long-the-channel model of a PEM fuel cell was established by

uller and Newmann [15] with the assumption of constant dif-
usivity of water in the membrane. Gurau et al. [16] presented
comprehensive model for the entire sandwich of a PEMFC

ncluding the gas channels and considered the gas–liquid phases

mailto:wmyan@huafan.hfu.edu.tw
dx.doi.org/10.1016/j.jpowsour.2006.03.089
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Nomenclature

a chemical activity of water vapor in cathode
Aj0 exchange current density (A m−3)
C concentration
CF quadratic drag factor
D diffusivity (m2 s−1)
F Faraday constant, 96485 c mol−1

i current density (A m−2)
j current density (A m−3)
k permeability (m2)
M molecular weight
P pressure (atm)
Pi partial pressure for i species (atm)
R universal gas constant (8.314 J mol−1 K−1)
s saturation, the ratio of the volume of pore occu-

pied by liquid water to the volume of pore in the
porous medium

S source term in momentum equation (m s−2)
Sc source term of chemical reaction in the species

concentration equation (s−1)
Sj source term in phase potential equation (A m−3)
SL source term with consideration of liquid water in

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

Superscripts and 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
ref reference value
sat saturation pressure for water vapor
x in the X-direction
y in the Y-direction
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n the separate computation domains for transport in the gas
istribution channels. Hsing and Futerko [17] developed a 2D
odel of coupled fluid flow, mass transport and electrochem-

stry of a PEMFC by taking into account the dependence of the
iffusion coefficient of liquid water in the membrane. However,
hese 2D models do not resolve the catalyst layers and hence
gnore the influence of spatial non-uniformity of water content
n the catalyst layer performance.

Gurau et al. [18] proposed a 1D mathematical model to obtain
n analytic solution of the mass transport of reactant gas in a half-
ell, in which the effects of the porosity and the tortuosity of the
DL and the catalyst layer were explored due to the fact that the
ores may be partially filled with liquid water. Chu et al. [19] also
sed a half-cell model to investigate the effects of non-uniform
orosity on fuel cell performance in terms of physical parameters
uch as oxygen consumption, current density and power density,
tc. Later, Yan et al. [20] conducted a numerical study with 2D
alf-cell mass transport model to study the effects of fuel channel
idth and GDL porosity on the cross-cell transport of reactant
as and the performance of a PEM fuel cell. Recently, Weber
nd Newman [21] reviewed on the modeling transport in PEM
uel cells to discuss the different fuel-cell models with various
ypes of transport in fuel cells focusing on the transport of the
arious species within the fuel cell. In this paper, they had made
n overview for the numerical modeling work.

To consider the water management of the fuel cell, many
f the studies investigated the water transport of the two-phase
ow system in which relevant heat transfer problems were also

aken into account. Some studies considered the physical domain
ncluding the gas diffusion layer, the catalyst layer and the mem-
rane [22–28], while some focused on the membrane [29,30]. A
ommon conclusion from these studies was that the operational
urrent density, the humidification parameter and the membrane
hickness had a significant influence on the water transportation
n the fuel cell. From the literature review above, it is found
hat a full-cell mathematical model with consideration of the
atalyst layer and membrane water transport in a PEMFC has
ot been well examined yet. This motivates the present study.
he objective of this work is to establish a 2D, full-cell math-
matical model with consideration of water saturation, in order
o investigate the effects of both the porosity and size scale of
as diffuser-layer on the cell performance of PEMFCs. Addi-
ionally, the effect of flow directions of fuel and air on the cell
erformance is also taken into account in the analysis.

. Analysis

The PEM fuel cell model described in this study is developed
o analyze the characteristics of the GDL. The computational
omain is the full cell, which includes a membrane sandwiched
etween two gas diffusion electrodes, and the flow channels of
oth the anode and cathode. Fig. 1 shows a schematic illustration
f a PEMFC in the co-flow mode with the coordinate system. The

and V are the velocity components in the X- and Y-directions,

espectively. The PEMFC in the counter-flow mode is also exam-
ned to study the performance of a PEMFC between the co-flow
nd the counter-flow modes for comparison. Consequently, to
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Fig. 1. Schematic diagram of a complete PEMFC and coordinate system.

implify the problem, a steady state, 2D, multi-species, and
long-the-channel model of a full-cell PEMFC is employed for
he study. There are four species: hydrogen, oxygen, nitrogen,
nd water vapor considered in this analysis. Stationary condi-
ions are assumed in this fuel cell, also the effect of gravity is
eglected. It is assumed that the electrochemical reactions takes
lace only in the catalyst layer, and the gas mixtures in the flow
hannels are also considered to be perfect gases. Based on the
efinition of the Reynolds number and the velocity used in this
ork, the flow in the fuel cell is laminar. Therefore, all the trans-
ort equations were formulated for laminar behavior. The GDL,
atalyst layer and PEM are assumed to be isotropically porous
aterials.
According to the descriptions and assumption above, the

asic transport equations for the 2D PEM fuel cell are given
s the following:

Continuity equation:
∂U

∂X
+ ∂V

∂Y
= 0 (1)

c
o
f

able 1
etailed expressions of the source terms in the governing equations

Sx Sy

as diffuser layer − νεg,eff
k

U − ε2
g,eff

CFρU
√

k

√
U2 + V 2 − νεg,eff

k
V − ε2

g,eff
CFρV

√
k

atalyst layer − νεc,eff
k

U − ε2
c,eff

CFρU
√

k

√
U2 + V 2 − νεc,eff

k
V − ε2

c,eff
CFρV

√
k

EM − νε2
m,eff
k

U − ε3
m,eff

CFρU
√

k

√
U2 + V 2 +

k
ν
ZfCH+F · ∇Φ · ∂U

∂X

− νε2
m,eff
k

V − ε3
m,eff

CFρ
√

k
k
ν
ZfCH+F · ∇Φ · ∂V

∂Y
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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)

Species equation:

εk,eff

(
U

∂Ci

∂X
+ V

∂Ci

∂Y

)
= Di,eff

(
∂2Ci

∂X2 + ∂2Ci

∂Y2

)
+Sc + SL (4)

In the momentum equations, Sx and Sy stand for the source
erms based on the Darcy’s drag forces in the X and Y directions
mposed by the pore walls on the fluid, and usually cause in a
ignificant pressure drop across the porous media. The details
f Sx and Sy for different layers are listed in Table 1. In Table 1,
he εk,eff is the effective porosity, τ the tortuosity of the pores
n porous medium, CF represents the quadratic drag factor, k
he permeability for the porous medium, Zf the charge transfer
oefficient, CH+ is the concentration of proton, F is the Faraday
onstant and Φ represents the membrane potential. In the anal-
sis, Blake–Kozeny equation [31] is used to model k as below:

=
(

D2
IP

150

)[
ε3
k,eff

(1 − εk,eff)2

]
(5)

here DIP = 6RVS, and RVS is the volume-to-surface ratio of the
orous material. The parameters ja and jc in Table 1 indicate the
urrent density at the anode and cathode sides, respectively, and
an be described by the following Butler–Volmer equations:

a = Ajref
0

(
CH2

Cref
H2

)1/2 [
e(αaF/RT )η − 1

e(αcF/RT )η

]
(6)

c = Ajref
0

(
CO2

Cref
O2

)[
e(αaF/RT )η − 1

e(αcF/RT )η

]
(7)
harge transport rates in anode and cathode catalyst layers, η the
ver-potential, R the gas constant and T is the temperature of the
uel cell.

Sc Di,eff τ

√
U2 + V 2 0 Di · ετ

g,eff 1.5

√
U2 + V 2 H2: −(1/2FCa)ja; O2: −(1/4FCc)jc;

H2O: (1/2FCc)jc

Di · ετ
c,eff 1.5

V √
U2 + V 2 + ZF

RT
Di,eff,H+CH+

(
∂2Φ

∂X2 + ∂2Φ

∂Y2

)
Di · ετ

m,eff 6
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In Eq. (4), Sc is the production rates of i-th species in gas
hase, and Di,eff is the effective mass diffusivity, and SL repre-
ents the quality of liquid water in order to investigate the liquid
ater effect in this work. The model modifies the mass diffusiv-

ty due to the liquid water filling the pores in the porous media
nd the liquid generation in the species equation. When the par-
ial pressure of water vapor is greater than the saturation pressure
f water vapor, the water vapor is assumed to condense and fill
he pore in the porous media. Therefore, SL can be evaluated by
he following [6]:

L=
{

MH2Okc(εeffCH2O/ρRT )(PH2O − Psat), if PH2O > Psat

keεeffs(Psat − PH2O), if PH2O < Psat
(8)

here the M is the molecular weight and kc and ke are the
ondensation and evaporation rate constants, respectively. The
aturation pressure of water can be expressed as [13]

sat = 10−2.1794+0.02953T−9.1837×10−5T 2+1.4454×10−7T 3
(9)

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

eff = ε(1 − s) (10)

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

∂

∂X

(
σm

∂Φ

∂X

)
+ ∂

∂Y

(
σm

∂Φ

∂Y

)
= Sj (11)

here Sj is −ja in the anode, −jc in the cathode and 0 in the mem-
rane; σm is the electric conductivity of the membrane which
an be calculated by the equation developed by Springer et al.
13]:

m(T ) = σref
m exp

[
1268

(
1

303
− 1

T

)]
(12)

nd the reference electric conductivity is

ref
m = 0.005139λ − 0.00326 (13)

=
{

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

14 + 1.4(a − 1) 1 < a ≤ 3
(14)

here a is the activity of water vapor at the cathode side. Using
he following relations between the phase potentialΦ and current
ensity i:

x = −σm
∂Φ

∂X
(15)

y = −σm
∂Φ

∂Y
(16)
Therefore, Eq. (11) can then be reduced to be

∂ix

∂X
+ ∂iy

∂Y
= ja at anode (17)

m
t
a
w
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∂ix

∂X
+ ∂iy

∂Y
= jc at cathode (18)

Boundary conditions for the dependent variables of the trans-
ort equations at the interfaces between different layers of the
ame domain are not required. A fully developed flow condition
s assumed at the channel outlet, therefore,

= ∂V

∂Y
= ∂Ci

∂Y
= 0 (19)

The boundary conditions at the gas flow channel walls are

= V = ∂Ci

∂X
= 0 (20)

In practical situations, the physical properties, such as veloc-
ty and concentration, and their gradients are continuous on the
nterface. So the natural boundary conditions on the interface are
he same velocity, same concentration and the same gradients of
oth velocity and concentration. At the interfaces between the
as diffusers and the gas channels, the following boundary con-
itions are used,

eff,X+
∂V

∂X

∣∣∣∣
X=X+

= ∂V

∂X

∣∣∣∣
X=X−

, VX=X+ = VX=X− (21)

εeff,X+
∂Ci

∂X

∣∣∣∣
X=X+

1

= ∂Ci

∂X

∣∣∣∣
X=X−

1

, Ci,X=X+ = Ci,X=X− (22)

Similar conditions are employed for the interfaces between
he gas diffuser layer and the catalyst layers and the interfaces
etween the catalyst layers and membrane can be expressed as
ollows:

eff,X+
∂V

∂X

∣∣∣∣
X=X+

= εeff,X−
∂V

∂X

∣∣∣∣
X=X−

, VX=X+ = VX=X−

(23)

εeff,X+
∂Ci

∂X

∣∣∣∣
X=X+

= εeff,X−
∂Ci

∂X

∣∣∣∣
X=X−

, Ci,X=X+ = Ci,X=X−

(24)

The 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 phase
otential 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 a

umber of cells as control volumes. In the finite volume method,
he governing equations are numerically integrated over each of
hese computational cells or control volumes. The finite volume
ethod exploits a collocated cell-centered variable arrangement,
hat implies all the dependent variables and material properties
re stored at the cell center. The average value of any quantity
ithin a control volume is given by its value at the cell center.
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Fig. 2. Comparison of predictions for various grid systems.

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

· (ρ�uφ − Γφ∇φ) = Sφ (25)

here φ denotes the general dependent variable, Γ φ the
xchange coefficient, Sφ the source term, �u represents the veloc-
ty vector, and ρ is the density. With the discretization of the
overning equations, the coupled finite-difference equations can
e expressed in the form of

pφp = aEφE + aWφW + aNφN + aSφS + Sφ (26)

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

In this work, the non-uniform grid system of 85 × 70 is
mployed for the analysis. In order to examine the grid inde-
endence of the predictions, coarse and fine grid systems are
onsidered in the preliminary tests. Effects of the grid number
n the predictions of local current density are shown in Fig. 2.
he maximum deviations among the computations on the grids
f 50 × 35, 85 × 70 and 130 × 140 are less than 3%. Therefore,
he grid system of 85 × 70 points seems to be sufficient to resolve
he behaviors of the reactant gas transport in the present PEMFC

odel.

. Results and discussions

The inlet conditions for the PEM fuel cell are the inlet pres-
ure with 101.3 kPa, inlet temperature with 333.15 K, relative
umidity with 100% and inlet velocity with 1 m s−1 for both
node and cathode. The total length of the flow channel is 14 cm,
nd the cross-section of the flow channel is 1 mm × 1 mm. The
hicknesses of the catalyst layer and the membrane are fixed
nd taken to be 0.0000287 and 0.00175 m, respectively. In this

tudy, the effects of the GDL porosity ranging from 0.3 to 0.6
nd thickness ranging from 0.0002 to 0.0006 m are examined.
esults without liquid water are also investigated as well as the
ow direction effect.

c
f
t
t

ig. 3. Effects of the GDL porosity on the polarization curves of the PEMFC
ith/without liquid water effects.

Fig. 3 shows the polarization (I–V) curves with various GDL
orosity of a fuel cell to investigate the influence of GDL poros-
ty on the cell performance. The results without liquid water
ffects are also presented for comparison. It shows in Fig. 3 that
he effect of the GDL porosity on the cell performance is sig-
ificant at low operating conditions. However, at high operating
onditions, the influence of GDL porosity on the I–V curve is
egligibly small. It is also observed that the cell performance is
ncreased as the GDL porosity increases with/without consid-
ration of liquid water effect. For a GDL with higher porosity
ontains much void, which allows more gas reactant transfer
nto catalyst layer, in turns, more chemical reaction occurs and
esulted in a better cell performance. In addition, it is noticed
hat the I–V curve is over-predicted when the liquid water effect
s not taken into account in the modeling. This can be explained
y the fact that the void in the GDL is filled with the liquid water,
hich in turn, causes the reduction of mass transfer. It is also

ound in Fig. 3 that the cell performance differences between the
esults with and without consideration of liquid water effects are
mall at high operating voltage conditions. It means that the fuel
ransport in the PEMFC can be treated as single gas phase at
igh voltage conditions. However, the liquid water effects on
he cell performance are remarkable and cannot be neglected
n the modeling at low voltage conditions. This confirms the
act that the mass transports are significant at lower voltage
perating conditions and, in turn, more water is generated in
he catalyst layer of the cathode side. Therefore, two-phase
ow effects should be considered under low operating voltage
onditions.

It is important in the design of a PEM fuel cell to realize the
istribution of the fuel gases in the catalyst layer. The hydro-
en mass flux distributions in the catalyst layer at the operating
oltage of 0.2 V with liquid water effect are shown in Fig. 4
or the GDL porosity is 0.3, 0.4, 0.5 and 0.6. The interface of

atalyst layer and membrane is on the right side, while the inter-
ace of the GDL and the catalyst layer is on the left. It is seen
hat the mass flux of hydrogen decreases along the axial direc-
ion due to the reaction of the hydrogen. Besides, the hydrogen
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Fig. 4. Effects of the GDL porosity on the fuel mass flux in the anode catalyst layer: (a) εg = 0.3; (b) εg = 0.4; (c) εg = 0.5; (d) εg = 0.6.

Fig. 5. Effect of the GDL porosity on the liquid water distribution for a full-cell PEMFC: (a) εg = 0.3; (b) εg = 0.4; (c) εg = 0.5; (d) εg = 0.6.
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Fig. 6. Effects of the GDL thickness on the polarization curves of the PEMFC
J.-H. Jang et al. / Journal of P

ass flux decreases along the X-direction. Results show that the
ass flux of the hydrogen decreases as the porosity increases.
his means that the consumption of the fuel gases increases
s the GDL porosity increases. This again confirms the result
entioned above. The liquid water saturation distribution at the

perating voltage of 0.2 V for the whole fuel cell is shown in
ig. 5 with different GDL porosities. As saturation equals to
indicates that there is no liquid water produced, while sat-

ration equals to 1 indicates that the porous material is filled
ully with liquid water. An overall inspection on Fig. 5 indicates
hat the GDL porosity affects on the liquid water production
ramatically. This may be explained by the fact that the electro-
hemical reaction rate is high at lower operating voltages and
ore mass transfer for higher GDL porosity, which can thus

enerate more liquid water. It is also seen that the liquid water
ncreases along the axial location and the peak value of liquid
ater locates at the cathode catalyst layer. This is due to the liq-

id water generation occurring at the catalyst layer of the cathode
ide.

The effect of the GDL thickness on the I–V curve of a PEM
uel cell is shown in Fig. 6. It is obvious that the cell performance

with/without liquid water effects.

Fig. 7. Effects of the GDL thickness on the fuel mass flux in the anode catalyst layer: (a) tg = 0.0002 m; (b) tg = 0.0004 m; (c) tg = 0.0006 m.
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ith or without liquid water effect increases as the GDL thick-
ess decreases, especially at lower operating voltage conditions.
or a thinner GDL, the concentration gradient becomes larger
ausing a higher mass transfer into the catalyst layer. Therefore, a
arger current density takes place at a lower operating condition.
owever, it does not indicate the same trend at higher operat-

ng conditions for V > 0.6 V. Fig. 7 presents the hydrogen mass

ux distribution in the catalyst layer with various GDL thick-
esses at the operating voltage of 0.2 V. It is observed that the
ydrogen mass flux increases as the GDL thickness increases.

ig. 8. Effect of the GDL thickness on the liquid water distribution for a full-cell
EMFC: (a) tg = 0.0002 m; (b) tg = 0.0004 m; (c) tg = 0.0006 m.
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ig. 9. Effects of the flow direction of the reactant gases on the polarization
urves of the PEMFC.

his is due to the fact that the concentration gradient is smaller
ith a thicker GDL, which results in a smaller mass transfer of

uel gases. The liquid water saturation distributions with various
DL thicknesses for the whole cell at the operating voltage of
.2 V are presented in Fig. 8. The saturation increases with a
ecrease in the GDL thickness. This is because more fuel gas
ransfer into the catalyst layer, which results in more liquid water
eneration.

The effect of the flow direction of reactant fuels in both anode
nd cathode on the cell performance is also studied in this work.
ig. 9 presents the effects of the GDL porosity on the cell per-
ormance with the reactant fuels in anode and cathode being
o-flow and counter-flow conditions. It is found that the cell
erformance increases as the GDL porosity increases for both
o-flow and counter-flow conditions. It is also discovered that
he cell performance with counter-flow condition is better at
igher operating voltage conditions, while the cell performance
ith co-flow condition is better at lower operating voltage con-
itions. Fig. 10 depicts the distributions of hydrogen mass flux
n the catalyst layer with counter-flow at the operating voltage
f 0.2 V. It is observed that the hydrogen mass flux decreases
s the GDL porosity increases with counter-flow condition. The
eason is the same as that with co-flow condition. Comparison
f the corresponding results in Figs. 4 and 10 discloses that the
ydrogen mass flux in counter-flow condition is lower than that
n co-flow condition for various GDL porosities. This indicates
hat the hydrogen consumption is smaller with counter-flow con-
ition. This is consistent to the result that the cell performance
f co-flow condition is better than that of counter-flow condition
t lower operating voltages. The liquid water saturation dis-
ributions at the operating voltage of 0.2 V with counter-flow
ondition in a full cell for various GDL porosities are shown in
ig. 11. It is found that the cathode GDL and catalyst layer are
lso filled with liquid water. Comparison of the corresponding

urves in Figs. 5 and 11 indicates that the more liquid water
s generated at the end of the cell with counter-flow condition,
specially with εg = 0.6.
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Fig. 10. Effects of the GDL porosity on the fuel mass flux in the anode catalyst layer with counterflow: (a) εg = 0.3; (b) εg = 0.4; (c) εg = 0.5; (d) εg = 0.6.

Fig. 11. Effect of the GDL porosity on the liquid water distribution for a full-cell PEMFC with counterflow: (a) εg = 0.3; (b) εg = 0.4; (c) εg = 0.5; (d) εg = 0.6.
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. Conclusion

A full-cell numerical model with steady, 2D, isothermal,
ulti-species has been developed to investigate the influence

f the gas diffusion-layer parameters on the PEMFC. The liq-
id water effect is also considered in this study. The effects of
he GDL porosity, the GDL thickness and the flow direction
f the reactant gas on the mass transport and cell performance
re examined in detail. A summary of the major results are as
ollows:

. It is found that the mass transport for both the fuel and air
increases as the porosity of the GDL ranging from 0.3 to 0.6
increases. Therefore, more reactant gases transfer into the
catalyst layer, which in turn, leads to more chemical reaction
and more reactant gases consumed. This results in a better
performance for the fuel cell with a higher GDL porosity
within the range of 0.3–0.6.

. The thickness of the GDL affects the cell significantly,
especially at lower operating voltages, the cell performance
increases as the GDL thickness ranging from 0.0002 to
0.0006 m decreases. This is due to the fact that higher con-
centration gradients result from the decrease in the GDL
thickness, which in turn, results in a higher mass transfer
to the catalyst layer and more electrochemical reaction.

. Liquid water effects on the cell performance are remarkable
and cannot be neglected at lower operating conditions. There-
fore, two-phase flow effects should be considered at low
operating conditions. However, the cell performance differ-
ences between the results with and without consideration of
the liquid water effects are small at higher operating voltage
conditions.

. The cell performance with the counter-flow condition is
larger at the higher operating voltage conditions, while the
cell performance with a co-flow condition is larger at a lower
operating voltage conditions. This is due to the fact that more
liquid water is generated under the counter-flow condition at
lower operating voltages, and the voids in the GDL are filled
with liquid water, which in turn, causes a reduction of mass
transfer and a lower cell performance.
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