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Local current density and water management in PEMFCs
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Abstract

We have used computational fluid dynamics analysis to investigate the local current density distribution at the membrane-gas diffu-
sion layer (GDL) interface at average current densities ranging from 0.1 to 2.4 A/cm2. A three-dimensional, non-isothermal model was
used with a single straight channel geometry. Both anode and cathode humidification were included in the model. In addition, phase
transportation was included in the model to predict the distributions of water vapor and liquid water and the related water management
for systems operating at different current densities. The dependency of local current density on total water and thermal management of
the fuel cell and its other related linkage with physical parameters were investigated. The simulation results showed that at low average
current density, the local current density does not vary along the width but gradually decreases along the cell length. However, the oppo-
site trend starts to emerge as the average current density is increased. The anode water activity was found to play a significant role in
determining the membrane conductivity and the local current density variation in the cell. Moreover, at high average current density,
the local current density in the downstream end of the channel is dominated by the cathode water rather than the membrane conduc-
tivity. Specifically, the cathode water accumulates in the shoulder area and congests the pores of the GDL, thereby blocking the passage
of oxygen to the reacting area. The resulting scarcity of oxygen in the shoulder area causes a dramatic reduction in the local current
density in this region. Simulations using different cathode stoichiometric rates showed that increasing the cathode stoichiometric rate
led to better oxygen transportation to the GDL at the shoulder area, and hence improved to smooth the local current density distribu-
tion. The model was validated by comparison with the polarization curve (I–V characteristics) in the literature.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Proton exchange membrane fuel cells (PEMFCs) have
been a topic of intense research interest for several decades.
During this time, researchers have developed an under-
standing of the mechanism and operational complexities
of PEMFCs. Nowadays, PEMFCs are a promising type
of fuel cell in the automobile industry with numerous
advantages, including high power density, low emission,
low temperature and low noise. In recent years, numerical
modeling and simulation techniques have been widely used
to study different aspects of PEMFCs with a view to
enhancing cell performance. Among the various factors
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that determine PEMFC performance, the management of
water, which plays a vital role in determining the mem-
brane conductivity, is the most intricate. Too much or
too little water in the cell will lead to disturb reactants sup-
ply or to increase ionic resistance, respectively, and thus
reduce the overall performance of the fuel cell. The main
method used to characterize fuel cell performance across
different average current density ranges is to examine
polarization curves; however, the local current density dis-
tribution in the fuel cell can expose the real water and ther-
mal management along with other features to enhance the
cell performance. Computational fluid dynamics tech-
niques can be used to determine the local current density
distribution and its dependence on water and thermal
management.

Water and thermal management in PEMFCs has been
studied using one- to three-dimensional mathematical
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Nomenclature

Acv specific surface area of the control volume, m�1

Areacv surface area of the control volume, m2

Cwa concentration of water vapor at the anode, mol/
m3

Cwc concentration of water vapor at the cathode,
mol/m3

DH2;l diffusion coefficient of H2 in a liquid water film,
6.3 � 10�9 m2/s

DO2;l diffusion coefficient of O2 in a liquid water film,
2.4 � 10�9 m2/s

DW diffusion coefficient of water, m2/s
F Faraday constant, 96487 C/mol
HH2;l Henry’s law constant for H2 in a liquid water

film, 8.9 � 109 Pa
HO2;l Henry’s law constant for O2 in a liquid water

film, 2.12 � 1010 Pa
h enthalpy, kJ/kg
hrxn enthalpy of water formation, kJ/Kmol
hfg enthalpy of vaporization of water, kJ/kg
I local current density, A/m2

Iavg average current density, A/m2

Io,K exchange current density for reaction K, A/m2

k thermal conductivity, W/m K
L length, m
Mm,dry equivalent weight of a dry membrane, kg/mol
Mn molecular weight of species n, kg/mol
mn mass fraction of species n

mw,l mass fraction of liquid water
massn mass of species n, kg
nd electro-osmosis drag coefficient
P sat

w;k saturation vapor pressure of water in stream k,
Pa

P pressure, Pa
Pn partial pressure of species n, Pa
R universal gas constant, 8.314 J/mol K

r condensation rate, 1/s
S source term
tf liquid water film thickness, m
tm membrane thickness, m
T temperature, K
VOC open circuit voltage, V
Vcell cell voltage, V
W width, m
Xi,k mole fraction of species i in stream k

Greek symbols

a net water flux per proton
b permeability, m2

e porosity of the gas diffusion layer
g overpotential, V
k water content in the membrane
l dynamic viscosity, kg s/m2

qm,dry density of a dry membrane, kg/m3

q density of the mixture, kg/m3

rm membrane conductivity, S/m

Subscripts and superscripts

a anode
c cathode
cv control volume
e electrochemical reaction
glif gas liquid interface
H2 hydrogen
K anode or cathode
l liquid
O2 oxygen
sat saturated
v vapor
n dummy variable for direction x, y or z
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models and numerical simulations. However, most studies
performed to date were focused on water formation, distri-
bution and overall performance of the fuel cell with global
polarization curve. Springer et al. [1] and Bernardi and
Verbrugge [2] were the first researchers to devise a mathe-
matical model for fuel cells. Their fuel cell model was
restricted to one-dimensional and isothermal processes.
Later, Fuller and Newman [3] and Nguyen and White [4]
developed a two-dimensional model for PEMFCs that
could handle non-isothermal cases. Indeed, their findings
gave researchers a basic understanding of water and ther-
mal management in PEMFCs. In formulating their models,
however, they ignored various issues such as humidifica-
tion, condensation of water vapor, and the presence of a
gas diffusion layer. Subsequently, numerous studies were
carried out on various aspects of PEMFCs using two-
dimensional [5,6] and three-dimensional [7–11] models;
these studies yielded a more detailed understanding of
water and thermal management in PEMFCs. However,
none the model used in these studies accounted for the
impact of anode–cathode humidification on condensation
of water vapor. Shimpalee and Dutta [12] extended the
works of Dutta et al. [11] to include phase transformation.
Most of the above studies were carried out with the aim of
generating a global understanding of the polarization curve
under different boundary conditions with regard to water
management rather than the local current density distribu-
tion with its related local water and thermal management.

In recent years, a small number of research papers have
appeared concerning the local current density distribution
in PEMFCs. Dutta et al. [11] studied the local current den-
sity distribution on the membrane surface using a three-
dimensional model with water management. They found
that the local current density distribution was not uniform
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along the channel or across the width. The key point
revealed by their research was that water transportation
between the anode and cathode channels had a major effect
on the current density distribution. Specifically, water
migration from the anode to the cathode leads to a higher
current density at the reacting area than at the channel
area. However, their model was isothermal and did not
account for the phase transformation between water vapor
and liquid water. Berning et al. [13] reported that the local
current density is always higher in the channel area than in
the shoulder area. In their model, they assumed that the
activation overpotential was constant over the catalyst
interface. Later, Nguyen et al. [14] extended the computa-
tional models of Berning et al. [13] to allow variations in
the activation overpotential. Using this extended model,
they found that the current density at a local area depends
on oxygen mass transport to that area. At high average
current density, the shoulder area experiences lower current
density due to a lack of oxygen. Recently, Sivertsen and
Djilali [15] conducted computer modeling of PEMFC
including electric and ionic potential transport. They found
that the local current density profile correlates with the
activation overpotential, but not with the oxygen concen-
tration, and that the ohmic losses are larger in the areas
of the catalyst layer under the flow channels. Further, they
showed that higher electronic conductivity reduces the
ohmic losses, causing concentration losses to dominate
and the local current density to be reduced. However, the
above three studies of the local current density did not con-
sider phase transformation or the presence of liquid water.
Natarajan and Nguyen [16,17] found using two- and three-
dimensional models that the performance of the cathode is
dominated by the dynamics of liquid water, especially at
high current densities. They further reported that the local
current density at the reacting area above the shoulder is
lower than that at the reacting area above the channel,
and that the current density along the length is directly
affected by oxygen availability. However, inlet humidifica-
tion was not considered in their model. Meng and Wang
[18] also investigated the local current distribution in the
cell, using a three-dimensional isothermal model. They
observed that at low average current density, the local
current density is predominantly determined by the elec-
tronic conductivity. Oxygen concentration plays an impor-
tant role at high average current density. However, there
is no evidence made in their paper regarding oxygen con-
centration or water management for local current density
variations at high average current density. Using a two-
dimensional isothermal model, Sun et al. [19,20] deter-
mined the local current density variation along the width
for different channel-width ratios. They found that the
maximum reaction rate shifts from under the land or shoul-
der to the flow channel depending on the total overpoten-
tial. However, they ignored the water activity and did not
consider water accumulation in the membrane-gas diffu-
sion layer (GDL) and catalyst layer. It is clear from the lit-
erature that the local current density varies in the cell, and
that several factors may contribute to these variations.
However, there remains a need for a clear understanding
of water management and its effects on the local current
density distribution and also the behavior of reactants at
different average current densities.

The objective of the present study was to investigate the
local current density distribution in cells operating at differ-
ent average current densities. The investigation encom-
passed low, medium, moderately high, and high average
current densities and the related water management in
the cell. Particular emphasis was placed on the relation-
ships between local current density and water management,
reactant flow behavior in the cell, and related issues. A
three-dimensional model with a single straight channel
geometry was used for the numerical simulations. The local
flow behaviors of the reactants in the cell and their effects
on local water transportation were examined. The mem-
brane conductivity, water activity, overpotential and tem-
perature of the cell were analyzed in detail in regard to
the overall cell performance for systems with different aver-
age current densities. In addition, to analyze the details of
the local current density variation in PEMFCs, the investi-
gation was further extended to include different cathode
stoichiometric rates.

2. Numerical simulation

Schematic diagram of the computational domain and its
cross sectional view are shown in Fig. 1. The system con-
sists of two channels (for hydrogen and air) between which
the membrane electrode assembly (MEA) is sandwiched.
There are bipolar plates on both the anode and cathode
sides, which function as current collectors with high elec-
tronic conductivity. Humidified hydrogen and air are intro-
duced into the respective channels where the quantities of
the two gases are determined by the stoichiometric rate
and average current density. The flow is considered to be
laminar and steady state flow. The governing equations
for the numerical simulation are conservation of mass,
momentum transport, species transport and energy
equations.

Conservation of mass equation

r � ðq~uÞ ¼ Sma þ Smc ð1Þ

The source terms are

Sma ¼ SH2
þ Swvp þ Swlp þ Sawve at z ¼ z3; ð1:1Þ

Smc ¼ SO2
þ Swvp þ Swlp þ Scwve at z ¼ z2; ð1:2Þ

where

SH2
¼ �MH2

AcvI
2F

at z ¼ z3; and

SO2
¼ �MO2

AcvI
4F

at z ¼ z2: ð1:3Þ

The mass contributions of the water vapor at the anode
and cathode sides are
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Fig. 1. Single straight channel flow field for a PEMFC. (a) Geometry, (b) cross sectional view.
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Sawve ¼ �
MH2OAcvaI

F
at z ¼ z3; ð1:4Þ

Scwve ¼ Scwvp þ Scwvt ¼
MH2OAcvI

2F
þ aMH2OAcvI

F

¼ ð1þ 2aÞMH2OAcvI
2F

at z ¼ z2: ð1:5Þ

The change of phases between water vapor and liquid
water depends on the partial pressure, and is defined as [12]

Swlp ¼ �Swvp ¼ �
MH2O

P
n of v

massn of v

Mnof v

1� P sat
wv

P

� � P sat
wv � P wv

P

� �
� r

at z0 6 z 6 z5: ð1:6Þ

In Eqs. (1.3)–(1.5), a is the net water transfer coefficient per
proton

a ¼ nd �
FDW½Cwc � Cwa�

Itm

: ð1:7Þ

The electro-osmotic drag coefficient (nd) and water diffu-
sion coefficient (DW) can be correlated with membrane
water content (k) [1],

nd ¼ 0:0029k2 þ 0:05k� 3:4� 10�19: ð1:8Þ
Momentum transport equation

r � ðq~u~uÞ ¼ �rP þr � ðlr~uÞ þ Sp;i; ð2Þ

where Sp,i is the sink source term for porous media in the x,
y and z directions

Sp;i ¼ �
lui

bi
at z1 6 z 6 z2 and z3 6 z 6 z4: ð2:1Þ

Here, b is the permeability.
General species transport equation

r � ðqmn~uÞ ¼ r � ðJ nÞ þ Ss: ð3Þ
Here n denotes H2, O2, water vapor or liquid water. The
source terms are the same as those for the conservation
of mass equation. The transportation of the species is
solved with bulk mixture velocities and with diffusion mass
fluxes. The diffusion mass flux of each species is evaluated
with binary diffusion coefficients [21], which are reduced by
50% in the diffusion layer to account for the effect of poros-
ity and tortuosity of the pores [11]. In the present model, it
is assumed that the liquid water is in small droplet forms
and freely suspended in the gas flow. This allows us to con-
sider a two-phase flow together (homogeneous two-phase
flow) rather than the two phase flow with different veloci-
ties found in literature [22]. This assumption does not allow
us to operate the PEMFC at supersaturated conditions
with high loading liquid water for steady state operation.
The diffusion mass flux (J) of species n in direction n is

J n;n ¼ �qDn;n
omK;n

on
; ð3:1Þ

where n is a dummy variable for direction x, y or z.
Energy equation

rðq~uhÞ ¼ r � ðkrT Þ þ Sh: ð4Þ

The source term Sh will have contributions from energy
losses and heat associated with phase transformations.
The heat source from the electrochemical reaction is given
by the difference of the total energy released by the electro-
chemical reaction at the cathode membrane surface and the
electrical energy extracted out of the fuel cell [23]

She ¼ hrxn

IAcv

2F

� �
z¼z2

� ðIV cellAcvÞz¼z2
at z ¼ z6; ð4:1Þ

The heat source due to a phase change

Shp ¼ Swlp � hfg at z0 6 z 6 z5; ð4:2Þ

where hfg is the enthalpy of formation of water. The local
current density of the cell is calculated from the open
circuit voltage (VOC) and the losses

I ¼ rm

tm

fV OC � V cell � gg; ð5Þ



Table 1
Geometrical parameters

Parameter Value (mm)

Channel length 34.7
Channel width 1
Channel height 1
Membrane length 31.7
Membrane thickness 0.05
Anode gas diffusion layer 0.25
Cathode gas diffusion layer 0.25

Table 2
Physical and electrochemical parameters

Parameter Value Value [11]

Anode pressure 1 atm 1 atm
Cathode pressure 1 atm 1 atm
Stoichiometric rate at anode 1.2 2.0
Stoichiometric rate at cathode 2.0 2.0
Cell temperature 70 �C 70 �C
Anode inlet temperature 80 �C 80 �C
Cathode inlet temperature 70 �C 80 �C
Open circuit voltage 0.96 V 1.1 V
Relative humidity at anode 100% 100%
Relative humidity at cathode 100% 0%
Oxygen inlet mole fraction 0.143 1.0
Oxygen exchange current density 200 A/m2 100 A/m2

Hydrogen exchange current density 2000 A/m2 1000 A/m2

Anode transfer coefficient 1.2 1.0
Cathode transfer coefficient 0.6 0.5
Porosity 0.7 0.7
Permeability 1 � 10�12 m2 2 � 10�10 m2

Thermal conductivity of bipolar
plate [24]

5.7 W/m K 5.7 W/m K

Thermal conductivity of GDL [24] 0.213 W/m K 0.213 W/m K
Thermal conductivity of MEA [24] 0.147 W/m K 0.147 W/m K
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where tm is the membrane thickness and rm is the mem-
brane conductivity, both of which are calculated as func-
tions of the water content on the membrane surface at
the anode interface. The membrane conductivity can be de-
fined as [4,7,11]

rm ¼ 0:514
Mm;dry

qm;dry

Cwa � 0:326

 !
exp 1268

1

T 0

� 1

T

� �� �
;

ð6Þ

where T0 = 303 K. The water vapor concentration is de-
fined as

Cwa ¼
qm;dry

Mm;dry

k; ð7Þ

where qm,dry and Mm,dry are the material density and the
equivalent weight of a dry membrane, respectively. The
water content in the membrane (k) is defined as

k ¼ ð0:043þ 17:8aK � 39:8a2
K þ 36:0a3

KÞ; if aK 6 1

k ¼ ð14þ 1:4ðaK � 1ÞÞ; if aK > 1:
ð8Þ

The subscript K stands for anode or cathode. aa is the
water activity and defined as

aa ¼
X w;aP
P sat

w;a

; ð9Þ

where P is the cell pressure and Xw,a is the mole fraction of
water on anode side.

The local overpotential for a PEMFC can be written as
[12]

g ¼ RT
acF

ln
IP

I0O2
P 0O2

" #
þ RT

aaF
ln

IP
I0H2

P 0H2

" #
; ð10Þ

where P is the pressure and P0 is the partial pressure of the
reactants, aa and ac are the transfer coefficients for anode
and cathode respectively, and I0 is the exchange current
density. The partial pressure is calculated as P O2

¼ X O2
P ,

and P H2
¼ X H2

P .
In the present model, the source terms of different con-

servation equations correspond to the control volume, not
to the boundary conditions of anode or cathode interface.
To determine the concentration and the activities at the
membrane-GDL interface correctly, the mole fraction of
each species is extrapolated to the membrane surface.
The exception is made when the liquid water film is gener-
ated on the membrane surface. If the liquid water is present
at MEA, the model accounts for the mass transfer resis-
tance of the gas diffusing through the film. In such case,
Henry’s Law is used to calculate the solubility of reactants
in the liquid water film [23]. The diffusion length of this sol-
uble gas is determined by the thickness of the film of water
on MEA corrected for the porosity of the GDL. Moreover,
it accounts for the average pore flooding by considering an
average film thickness.
� I
4F

MO2
¼ qO2

DO2;l

X O2;glif P glifH�1
O2;l
� X O2

tf ;c

" #
at z ¼ z2;

� I
2F

MH2
¼ qH2

DH2;l

X H2;glif P glif H�1
H2;l
� X H2

tf;a

" #
at z ¼ z3;

ð11Þ
where Pglif is the pressure at the gas–liquid water interface,
H is the Henry constant of the reactants in the liquid water
film, and tf,K is the liquid water film thickness for the anode
and cathode, which is defined as

tf;K ¼
mw;l

P
massnð Þ

eqwlAreacv

: ð12Þ

Here, e is the porosity of the gas diffusion layer, mw,l is
the liquid water mass fraction at membrane-GDL interface
and massn is the mass of species n. The geometrical and
physical parameters are listed in Tables 1 and 2, respec-
tively. The above all governing equations and appropriate
boundary conditions are solved by using the user coding
capabilities of STAR-CD that employ a finite volume
method.
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3. Results and discussion

Before proceeding further, it is important to first establish
the reliability of our simulation results. To achieve this, we
ran our model using the physical parameters listed in Table
2, and compared the resulting polarization curve with that
obtained by Dutta et al. [11] using similar physical parame-
ters (see Table 2). As shown in Fig. 2, the two polarization
curves exhibit similar trends, but are displaced with respect
to each other by an almost constant voltage difference. This
constant displacement can be attributed to differences in the
physical parameters used, specifically the open circuit volt-
age, exchange current density, transfer coefficient, perme-
ability, reactant inlet boundary conditions, and so on. In
general, the reactants flow rate depends on average current
density of the cell and their transportations are greatly
affected by the produced water, in such consequence, the
local current density distribution may vary through out
the cell. In this study, five average current densities, ranging
from low to very high (0.1, 0.6, 1.0, 1.6 and 2.4 A/cm2), were
chosen and the local current density distribution at the
membrane-GDL interface was examined for each of these
average current densities. Related issues, including water
management, thermal management, and other fluid
dynamic and electrochemical aspects are also considered.

The present simulation results show that, at low average
current density (Iavg = 0.1 A/cm2), the local current density
(I) varies along the channel length but is almost uniform
along the width (see Fig. 3a). On increasing the average
current density (Iavg), however, the reverse trend (i.e., var-
iation along the width and uniform along the channel)
starts to emerge. At high average current density (Iavg =
1.6 A/cm2), the local current density is slightly decreased
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Fig. 5 shows a comparison of the anode and cathode
overpotentials for an average current density of 1.6 A/
cm2. The anode overpotential at the membrane-GDL inter-
face (Fig. 5a) shows a trend similar to that observed in the
local current density (Fig. 3b). By contrast, the cathode
overpotential increases along both the length and width.
Consistent with previous findings, the anode overpotential
is much less than the cathode overpotential, and should
have little effect on the local current density. The local
overpotential (Eq. (7)) is calculated from the Butler–Vol-
mer equation including reactant partial pressures for con-
centration losses and activation losses. However, the local
overpotential is inter-related with local current density,
reactants partial pressure and total pressure of the cell
(Eqs. (5) and (7)). Fig. 6 shows the reactant mole fraction
distributions along the width and at different channel
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lengths for an average current density of 1.6 A/cm2. The
hydrogen mole fraction (Fig. 6a) is slightly higher in the
shoulder area than in the channel area, whereas the oxygen
mole fraction (Fig. 6b) is much lower in the shoulder area
than in the channel area. The reactants distributions show
their greatest influence on overpotential in the cell espe-
cially on the cathode side as the major losses occur at the
cathode side [25]. Sivertsen and Djilali [15] reported that
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the current density distribution depends on the activation
overpotential distribution in the cell, as they found that
the ohmic losses in the GDL influence the catalyst activity
rather than the concentration losses. As a result, they men-
tioned that the current density profile in the cell resembled
the cathode activation overpotential distribution. How-
ever, they did not consider the phase transformation
between water vapor and liquid water. In fact, a higher
overpotential leads to a lower overall current density in
the cell. In PEMFC, the small magnitude of the anode
overpotential compared to the cathode overpotential, we
believe that the anode overpotential is not a significant
determinant of the local current density distribution in
the reacting area. By contrast, the cathode overpotential
likely has a large effect on the local current density distribu-
tion in the cell due to reactant concentration losses and
activation losses. Moreover, water management also regu-
lates the mass transportation of the reactants to the react-
ing area, especially at high Iavg.

The variation in the oxygen mole fraction along the
width is much more pronounced than that of the hydrogen
mole fraction. Water formation at the cathode and water
transportation from anode to cathode by electro-osmosis
create conditions that act to lower the oxygen mole fraction
in the shoulder area. In these systems, the transportation of
water between anode and cathode along the channel and
the phase transformation from water vapor to liquid water
vary depending on the operating current density range and
are also important determinants of the reactant flow distri-
bution in the cell [26]. In the present study, we have exam-
ined whether local current density variations in PEMFCs
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can be explained through analysis of the total water man-
agement as a function of the average current density.

The local current density depends on the local mem-
brane conductivity (Eq. (5)), which in turn is strongly influ-
enced by the anode water concentration and the cell
temperature (Eq. (6)). The anode water concentration
depends on the anode water activity. Increasing the anode
water activity or the cell temperature increases the local
membrane conductivity. However, increasing the tempera-
ture also causes a rapid increase in the water saturation
pressure, which leads to a decrease in the water activity.
In addition to these effects, the presence of water at the
anode (fully humidified hydrogen) channel serves to
increase the anode water activity. As a result, the total
water and thermal management in the fuel cell regulates
the local membrane conductivity.

Figs. 7 and 8 show the anode water activity and temper-
ature distribution at the membrane-anode GDL interface
for two average current densities, Iavg = 0.1 and 1.6 A/
cm2. At low average current density (Iavg = 0.1 A/cm2),
the anode water activity (Fig. 7a) is almost uniform along
the width. However, the water activity decreases in the
downstream region and then remains constant until the
exit. Compared to the behavior at low current density, at
high current density (Iavg = 1.6 A/cm2) the anode water
activity varies much more strongly along both the channel
length and width (Fig. 7b), with the activity being higher at
the reacting area over the shoulder than in the channel cen-
ter. The corresponding temperature distributions, shown in
Fig. 8, show quite different trends. At both low and high
current density, the temperature is higher at the reacting
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area over the channel (or channel area) and lower at the
shoulder area, although the difference in temperature
between the channel and shoulder areas is much greater at
high current density. It is noteworthy that the temperature
variation along the length and width at low current density
(Iavg = 0.1 A/cm2) is significantly lower than that observed
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the width at low average current density (Fig. 8a) means
that the water activity remains approximately constant
(Fig. 7a). At high average current density, by contrast, the
higher temperature variation along the width (6–7 K)
causes the water activity to be higher at the shoulder area
than in the channel area (see Fig. 7b).

As discussed above, the conductivity of the membrane is
directly related to the anode water activity. Consistent with
this, the variations in membrane conductivity along the
channel and width (Fig. 10) resemble those observed for
the anode water activity. Specifically, at low average cur-
rent density the membrane conductivity is higher at the
inlet region and decreases in the downstream region; and
at high average current density, the membrane conductivity
is higher in the shoulder area and lower in the channel area.
Indeed, the overall membrane conductivity decreases on
going from low to high average current density (compare
Fig. 10a and b). This trend in the membrane conductivity
comes from the combined effects of the variations in the
anode water activity and temperature along the width
[27]. Comparing Figs. 3 and 10, we see that the local
current density follows the trend of the local membrane
conductivity. Note that the local current density at the
shoulder area near the exit does not follow the same trend.
Especially at high average current density, the local current
density decreases along the channel at the shoulder area.
As a result, the maximum local current density is shifted
towards the shoulder–channel interface. This prompted
us to further investigate the relation between the local cur-
rent density and reactant distributions in the PEMFC.

As shown in Fig. 6, oxygen is depleted both with moving
downstream along the channel and with moving out along
the width from the channel center. The important issue is
that the scarcity of oxygen at shoulder area is not compen-
sated by the higher membrane conductivity in this area.
Several factors could explain the scarcity of oxygen in the
shoulder region. Usually, greater amounts of water are
produced at the cathode side through electrochemical reac-
tions. This (liquid) water congests the pores of the GDL,
blocking the passage of oxygen to the reacting area.
Another factor that could potentially lead to a scarcity of
oxygen is the oxygen (air) flow rate, which may be lower
for these particular reactions in the downstream end of
the cathode channel. The mole fractions of water vapor
and liquid water at the cathode side at high average current
density (1.6 A/cm2) are shown in Fig. 11. The data show an
accumulation of both liquid and vapor water in the shoul-
der area, which will block the passage of oxygen to the
reacting area above the shoulder. Natarajan and Nguyen
[17] showed that liquid water over the channel area is rap-
idly removed from that region than the shoulder area
because of the shorter diffusion distance along the diffusion
layer thickness. Moreover, water is generated at the shoul-
der area and accumulates over this area. As a result, the
shoulder area is always saturated with water despite the
lower rate of water generation in that region.

Lower current density at the shoulder area and the
related oxygen scarcity on that region insists us to carry
further simulations with different cathode stoichiometric
rates for different average current densities. Fig. 12 shows
the local current density distribution along the width at
L/L0 = 0.957 for average current densities of Iavg = 1.6
and 2.4 A/cm2. As the cathode stoichiometric rate
increases, the local current density at the shoulder area
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increases. Further evidence of improved local current den-
sity at the shoulder area is found by examining the corre-
sponding distributions of the oxygen mole fraction
(Fig. 13), which show that the oxygen mole fraction at
the shoulder area increases with increasing cathode stoichi-
ometric rate.

Besides with the reactants distribution, water distribu-
tion on both anode and cathode side plays major role on
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cell performance especially at high current density opera-
tion. Cathode side water creates obstacle for proper oxygen
distribution and in anode side, the anode water activity and
temperature play very important roles in PEMFCs, espe-
cially for local current density distribution. The importance
of these variables in anode side arises because they both
strongly influence the final membrane conductivity in the
cell. We found that the membrane conductivity is higher
in the shoulder area and lower in the channel area, which
leads to a similar trend in the local current density. Our
simulation results also showed that the profile of the anode
overpotential along the width is also similar to that of the
local current density; however, the magnitude of the anode
overpotential is much lower than that of the cathode over-
potential, and hence has much less effect on the local cur-
rent density distribution. Our data additionally indicated
that water activity plays a main role in determining the
local current distribution. Moreover, we found that water
at the cathode side plays an additional vital role in the
downstream region of the channel: it tends to accumulate
in the shoulder area and congests the pores of the GDL,
thereby blocking the passage of oxygen to the reacting
area. However, the local current density distribution in
the shoulder area could be improved by increasing the
cathode stoichiometric rate.

4. Summary and conclusions

In the present study, we have carried out simulations of
a PMEFC using a single straight channel geometry and
including both anode and cathode humidification. The
main aim of this work was to examine the local current
density behavior in the cell and its dependence on water
and thermal management. First, we calculated the local
current density profile along both the channel length and
width for a range of average current densities. The simula-
tion results showed that at low average current densities,
the local current density varied along the length of the
channel but was much more uniform along its width. As
the average current density was increased, however, the
profile started to change to the opposite shape, such that
at high average current density, the local current density
gradually decreased along the channel and showed sub-
stantial variation along its width. We found that the profile
of the anode overpotential along the width resembled the
local current density profile. However, the magnitude of
the anode overpotential was much less than that of the
cathode overpotential. Water activity and local tempera-
ture played major roles in determining the membrane con-
ductivity, and moreover, directly affected the local current
density distribution. In addition, the simulation data indi-
cated that water in the cathode side of the cell played a vital
role in determining the local current density distribution in
the downstream region of the channel. Specifically, on the
cathode side water accumulated in the shoulder area, where
it congested the pores of the GDL. As a result, there was a
lack of oxygen in the GDL, leading to concentration losses
and an increased cathode overpotential. Investigations
using different cathode stoichiometric rates showed that
increasing the cathode stoichiometric rate can improve
the local current density distribution, especially at high
average current densities.
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