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Abstract

Computational fluid dynamics analysis was carried out to investigate the reactants flow behavior and water management for proton
exchange membrane fuel cell (PEMFC). A complete three-dimensional model was chosen for single straight channel geometry consid-
ering both anode and cathode humidification. Phase transformation was included in the model to predict the water vapor and liquid
water distributions and the overall performance of the cell for different current densities. The simulated results showed that for fully
humidified conditions hydrogen mole fraction increases along the anode channel with increasing current density, however, at higher cur-
rent densities it decreases monotonically. Different anode and cathode humidified conditions results showed that the cell performance
was sufficiently influenced by anode humidification. The reactants and water distribution and membrane conductivity in the cell
depended on anode humidification and the related water management. The cathode channel–GDL (Gas Diffusion Layer) interface expe-
riences higher temperature and reduces the liquid water formation at the cathode channel. Indeed, at higher current densities the water
accumulated in the shoulder area and exposed higher local current density than the channel area. Higher anode with lower cathode
humidified combination showed that the cell had best performance based on water and thermal management and caused higher velocity
in the cathode channel. The model was validated through the available literature.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Proton Exchange Membrane Fuel Cell (PEMFC) is a
strong candidate for future automobile and power genera-
tion because of its high power density, low emission and
low operating temperature. Even though PEMFC has
splendid advantages, it has some limitations especially at
low and high current densities (CDs). Usually, at low cur-
rent densities, the cell loses the voltage mainly due to the
activation losses. At high current densities, the PEMFC
loses the voltage as the reactants are depleted at the end
of channels, which is called as concentration losses.
Another kind of loss is ohmic losses – are mainly due to
the electrical resistance of PEM (Proton Exchange Mem-
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brane) and bipolar plates. On top of the above losses, water
management is the major issue of PEMFC’s overall perfor-
mance in different operating conditions. Indeed, water in
the PEMFC itself has duel nature and has both advantages
and disadvantages. PEM has higher proton conductivity at
water saturation level and however, too much water in
PEMFC causes further concentration losses. The produced
water by the chemical reaction has significant effect on fur-
ther reactant consumption and water management and the
consequence of this causes dehydration or flooding in
PEMFC. Computational fluid dynamics (CFD) technique
can be used to determine the reactants flow behavior and
water transportation for PEMFC.

More than a decade, many researches have been carried
out for the basic understanding of water and thermal man-
agement and for the improvement of overall PEMFC
performance. In recent years, numerical simulation
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Nomenclature

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

Cwa concentration of water vapor at anode, mol/m3

Cwc concentration of water vapor at cathode, mol/
m3

Dw diffusion coefficient of water, m2/s
F Faraday constant, 96,487 C/mole
hrxn enthalpy of water formation, kJ/kmol
hfg enthalpy of vaporization of water, kJ/kg
I local current density, A/m2

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

L length, m
Mm,dry equivalent weight of a dry membrane, kg/mole
Mn molecular weight of species n, kg/mole
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
tm membrane thickness, m
T temperature, K

Voc open circuit voltage, V
Vcell cell voltage, V

Greek symbols

a net water flux per proton
b permeability, m2

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
H2 hydrogen
K anode or cathode
l liquid
O2 oxygen
v vapor
sat saturated
n dummy variable for direction x, y or z

D.H. Ahmed et al. / International Journal of Heat and Mass Transfer 51 (2008) 2006–2019 2007
techniques have been used for different aspects of PEMFC
for the single channel and also for the different serpentine
flow fields [1–15] to improve the cell performance. It is
believed that the reactants distribution is one of the prime
factors to enhance the cell performance. Different geometri-
cal modifications have been also investigated in recent years
in this aspect to achieve effective reactants distribution to the
reacting area such as varying flow field (e.g., using serpen-
tine, integrated flow field) [14,16], different channel–shoul-
der width combination [17,18], introducing baffles in the
channel area [19], using converging channel cross-section
[20], and deflected membrane [21]. However, it is important
to know how the reactants’ distributions in the fuel cell vary
and depend on water management, current density and also
with external humidification conditions. The reactants
(hydrogen and oxygen) consumption in PEMFC depends
on the current densities, the formation and transportation
of water in the cell. Each H2 ion (H+) carries higher number
of water molecules from anode to cathode by electro-osmo-
sis drag and it causes the anode dehydration. However, at
the cathode, H2 ion reacts with O2 through various reaction
steps (like: adsorption step, rate-determining step and rapid
step) and produces water, which causes the flooding prob-
lem in the cathode channel. Details of reaction pathway of
oxygen reduction reaction (ORR) at cathode catalyst layer
can be found elsewhere [22,23].
Usually, large amount of water transports at the begin-
ning of the channel where electro-osmosis dominates over
back diffusion [1]. As a result, anode becomes dried out
and the proton conductivity decreases. In that circum-
stance, the external humidification of the anode and cath-
ode channels enhances the performance of the fuel cell
[1–3]. It is also emphasized that higher humidification tem-
perature increases the cell performance and keeps the mem-
brane well hydrated [2,3]. During the fuel cell operation,
the H+ ions move from anode to cathode and pull one to
five water molecules, which are ‘dragged’ for each proton
[24,25]. At high current density operation, the anode side
can become dried out even though the cathode side is well
hydrated [26]. Setting higher anode inlet temperature (with
humidified conditions) ensures that membrane will not dry
out (at least). Nguyen and White [2] reported that the tem-
perature difference should be 10–15 �C between humidifica-
tion temperature and the cell temperature. Recently, Lee
et al. [27] and Shimpalee et al. [28] reported from their
experimental investigations that the optimum cell perfor-
mance could be achieved for higher anode humidification
inlet temperature. A three-dimensional model was devel-
oped by Dutta et al. [4,5] with humidification conditions,
and net water transport across the MEA (membrane elec-
trode assembly) was investigated. The water vapor in the
cell also converts into liquid water depending on saturation
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pressure. Condensation of humidified anode and cathode
streams are also major issue to keep the MEA well
hydrated. Shimpalee and Dutta [6] extended the works of
Dutta et al. [4] including phase transformation and energy
equation. Indeed, the liquid water in the cell congests the
pores of membrane and GDL (Gas Diffusion Layer), and
lessens the consumption of reactants. In fact, humidified
reactants for both anode and cathode cause some extra
cost, weight and complexity of the system [26]. Reactants
flow behavior and water management for different current
densities along with thermal management for different
anode and cathode humidified conditions need to be inves-
tigated in detail in a complete three-dimensional model.

There are very few researches focused on reactants flow
distribution along and across the channels and the cell per-
formance. At the entrance of the cell membrane conductiv-
ity is higher and it causes higher rate of consumption of the
reactants. With the increase of current densities the reac-
tants are depleted at the downstream of the channels,
which causes the concentration losses [7,8]. Depending on
current densities the cell temperature varies. Depending
on the cell temperature water vapor and liquid water form
in the cell, which creates the problems with flooding or con-
centration losses. Reactants flow and temperature distribu-
tions in the cell were reported by Nguyen et al. [9], Um
et al. [10,11] and Lum and McGuirk [12] for specific cur-
rent density, different dilution and humidification condi-
tions. These models were extended to three-dimensional
and for different flow field patterns. However, their model
was for isothermal cases and did not consider the phase
transformation between water vapor and liquid water.

Recently, Hwang et al. [13], Weng et al. [14] and Su et al.
[15] have conducted researches on water transportation
and concentration distribution for different parallel and
integrated flow fields. These recent results showed that
there are non-uniform distributions of H2 and O2 at their
respective channels for high current densities, which
reduces the overall performance of the cell. Water vapor
and liquid water in both channels directly control the reac-
tants consumption and their flow distributions. The total
process is significantly dominated by current densities
and the cell temperature. It is also reported by Weng
et al. [14] that without humidification of hydrogen and oxy-
gen causes lower membrane conductivity and current den-
sity and the cell performance could be unstable for low
humidity and high operating current density conditions.
It is important to know the details of reactants and water
distribution in the cell for different operating conditions
in the cell with proper water and thermal management with
a complete three-dimensional, non-isothermal and phase
transformation between water vapor and liquid. In this
paper, we intend to compute a three-dimensional single
straight channel model for fully humidified conditions to
investigate the reactants, water vapor and liquid water flow
behavior, temperature distribution and water transporta-
tion for PEMFC for different current densities and also
for different anode and cathode humidified conditions.
The objective of the present study is to investigate the
local flow behaviors of the reactants along channels and
across the cell and their effects on the total water manage-
ment process in PEMFC. The investigation has been
extended for low, medium and moderate high and high cur-
rent densities. A three-dimensional model has been chosen
with a single straight channel geometry for the numerical
simulations. Local flow behaviors of the reactants along
the channel and across the cell and their effects on local
water transportation across the membrane have been dis-
cussed for different current densities. Moreover, the water
vapor and liquid water formation and mole fraction along
the channels for both anode and cathode have been
explained. The temperature, local current density with ther-
mal management, net water transportation and velocity
distributions in the cell have been analyzed in detail for
the overall performance of the cell. We also intend to inves-
tigate detail water and thermal management and reactants
and velocity distributions for different anode and cathode
humidified conditions. The simulation results have been
validated against the available literature results.
2. Numerical simulation

A schematic diagram of the computational domain and
its cross-sectional view is shown in Fig. 1. The simple
geometry consists of two channels (for hydrogen and air)
and the channels sandwich the MEA. There are bipolar
plates on both anode and cathode sides where the plates
work as a current collector. Humidified hydrogen and air
are introduced in the respective channel depending on the
stoichiometric rate. The flow is considered as laminar and
steady state flow. The governing equations for numerical
simulation are: conservation of mass, momentum trans-
port, species transport and energy equations.

Conservation of mass equation

r � ðq~uÞ ¼ Sm: ð1Þ

The source terms are

Sm ¼ SH2
þ Swvp þ Swlp þ Sawve ; ð1:1Þ

Sm ¼ SO2
þ Swvp þ Swlp þ Scwve ; ð1:2Þ

where SH2
¼ �MH2

AcvI
2F

; and SO2
¼ �MO2

AcvI
4F

:

ð1:3Þ

The water vapor at anode and cathode sides is

Sawve ¼ �
MH2OAcvaI

F
; ð1:4Þ

Scwve ¼ Scwvt þ Scwvp ¼
MH2OAcvI

2F
þ aMH2OAcvI

F

¼ 1þ 2að ÞMH2OAcvI
2F

: ð1:5Þ

The change of phases between water vapor and liquid
water depends on partial pressure and is defined as



L0

W0

H0

Shoulder or
Bipolar Plate 

Anode Gas
Channel 

MEA 

Gas Diffusion
Layer (GDL) 

Cathode Gas 
Channel 

Fig. 1. Single straight channel flow field for PEMFC: (a) geometry, (b) cross-sectional view.
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Swlp ¼ �Swvp

¼ �
MH2O

P
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massn of v
Mn of v

1� P sat
wv

P

� � P sat
wv � P wv

P

� �
� r: ð1:6Þ

a in Eqs. (1.3)–(1.5) 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) [29]

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 x-, y-
and z-directions

Sp;i ¼ �
X3

j¼1

1

bj
luj

 !
: ð2:1Þ

Here b is the permeability.
General species transport equation

r � ðqmn~uÞ ¼ r � ðJ nÞ þ Ss: ð3Þ

Here ‘n’ denotes for H2, O2, water vapor and liquid water.
The source terms are the same as those of the conservation
of mass equation. The diffusion mass flux (J) of species n in
n-direction is

J n;n ¼ �qDn;n
omK;n

on
; ð3:1Þ

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

rðq~uhÞ ¼ r � ðkrT Þ þ Sh: ð4Þ
The source term Sh can be obtained by energy losses and
heat source by phase change. The heat source from the
electrochemical reaction

She ¼ hrxn

IAcv

2F

� �
� IV cellAcv: ð4:1Þ

This electrochemical heat source is given by the difference
of the total energy released by the electrochemical reaction
at the cathode membrane surface and the electrical energy
extracted out of the fuel cell [30]. The heat source by phase
change

Shp ¼ Swlp � hfg; ð4:2Þ

where hfg is the enthalpy of formation of water. The local
current density of the cell is calculated from the open cir-
cuit voltage (Voc) and the losses

I ¼ rm

tm

fV oc � V cell � gg; ð5Þ

where tm is the membrane thickness and rm is the mem-
brane conductivity and defined as

rm ¼ 0:514
Mm;dry

qm;dry

Cwa � 0:326

 !
� exp 1268

1

T 0

� 1

T

� �� �
;

ð6Þ

where T0 = 303 K. The local overpotential for the PEMFC
can be written as

g ¼ RT
acF

ln
IP

I0O2
P 0O2

" #
þ RT

aaF
ln

IP
I0H2

P 0H2

" #
; ð7Þ

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. The above all governing equa-
tions and appropriate boundary conditions were solved
by using the user coding capabilities of STAR-CD that em-
ploy a finite volume method. The geometrical and physical
parameters for these studies are shown in Tables 1 and 2,
respectively.



Table 1
Geometrical parameters

Parameters 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

Parameters Value Value
(Dutta et al. [4])

Anode pressure (atm) 1 1
Cathode pressure (atm) 1 1
Stoichiometric rate at anode 1.2 2.0
Stoichiometric rate at cathode 2.0 2.0
Cell temperature (�C) 70 70
Anode inlet temperature (�C) 80 80
Cathode inlet temperature (�C) 70 80
Open circuit voltage (V) 0.96 1.1
Relative humidity at anode (%) 100 100
Relative humidity at cathode (%) 100 0
Oxygen inlet mole fraction 0.143 1.0
Oxygen exchange current density (A/m2) 200 100
Hydrogen exchange current density (A/m2) 2000 1000
Anode transfer coefficient 1.2 1.0
Cathode transfer coefficient 0.6 0.5
Porosity 0.7 0.7
Permeability (m2) 1 � 10�12 2 � 10�10
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3. Results and discussion

Before proceeding further, it is important to establish
the reliability of our simulation results. To achieve this,
we chose the physical parameters (Table 2) used by Dutta
et al. [4] and obtained the polarization curve for our single
straight channel geometry and compared with our present
results. The comparison of these two polarization curves is
shown in Fig. 2. The trend of these two polarization curves
is similar, however, there is almost a constant voltage dif-
ference between these two curves due to the some differ-
ences in physical parameters, i.e., open circuit voltage,
exchange current density, transfer coefficient, permeability,
reactants inlet boundary conditions, and so forth (Table 2).
In general, as it is expected, the cell voltage drops sharply
at low current density due to the activation losses. At the
middle range of the current densities, the cell voltage drops
due to the ohmic losses. For high current densities, the
voltage plummets again because of the concentration
losses. In the first part of this present study, four different
average current densities 0.1 (low), 0.6 (medium), 1.0 (mod-

erate high) and 2.4 (high) A/cm2 for fully humidified (both
anode and cathode) conditions have been chosen and dis-
cussed on different fluid dynamic aspects and electrochem-
ical issues in the following sections.
Hydrogen and oxygen consumptions in PEMFC depend
on the current density, membrane conductivity and also on
the total water management. The reactants mole fractions
along the channel length at the channel–GDL interface
are shown in Fig. 3. For low to moderate high current den-
sities (Iavg = 0.1–1.0 A/cm2), hydrogen mole fraction
increases in the anode channel to a certain length with
increasing current density and then decreases to the exit
of the channel (Fig. 3a). However, for higher current den-
sity (Iavg = 2.4 A/cm2), hydrogen mole fraction does not
show the same trend. In fact, hydrogen mole fraction
decreases monotonically along the channel to the exit. On
the contrary, for all current densities, oxygen mole fraction
decreases all the way of the channel length to the exit
(Fig. 3b). There are some inconsistency at the inlet and out-
let region, this is because the GDL and membrane length is
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W0 = 0.5: (a) water vapor; (b) liquid water.
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shorter at both inlet and outlet by 1.49 mm (the membrane
length is L/L0 = 0.043 to L/L0 = 0.957). Similar trend of
oxygen profile along the length was found by Garau
et al. [7], Um et al. [10,11], Lum and McGuirk [12] and Pas-
aogullari and Wang [31]. This significant behavior of
hydrogen mole fraction (Fig. 3a) for different current den-
sities is attributed to many aspects especially on water man-
agement process in PEMFC.

In this present study, fully humidified (100%) hydrogen
and air are introduced in the anode and cathode channels
respectively (see Table 2). Usually, each H+ ion drags more
than one water molecule from anode to cathode due to the
electro-osmosis. The consequence of this shows that water
vapor mole fraction (H2Ov,a) decreases in the anode chan-
nel (Fig. 4a). Condensation is another reason of decreasing
water vapor mole fraction faster at the initial zone. As the
anode inlet temperature is set 80 �C, which is 10 �C higher
than the cell temperature, this enforces the water vapor to
condense to liquid water. This is evident that the liquid
water mole fraction (H2Ol,a) increases faster for low cur-
rent densities especially at 0.1 A/cm2 (Fig. 4b). Near the
inlet region of the cell, the membrane is well hydrated
which leads to have higher conductivity and higher elec-
tro-osmotic drag coefficient [1,2]. At the downstream of
the channels, the water content at the cathode channel
dominates over electro-osmosis and also reduces the net
water flux.

At the cathode channel, both water vapor (H2Ov,c) and
liquid water (H2Ol,c) mole fraction increase along the cath-
ode channel for all current densities. However, water vapor
increases faster for high current densities (see Fig. 5a) and
liquid water increases faster for low current densities (see
Fig. 5b). In fact, in the cathode stream the total water
vapor content increases in different ways – (a) electro-
osmosis, where H+ ions drag water molecules from anode
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W0 = 0.5: (a) water vapor; (b) liquid water.
and membrane to the cathode channel, (b) diffusion, i.e.,
the concentration gradient, and (c) oxygen reduction reac-
tion (ORR), where the byproduct is water. At low current
densities the cell temperature is comparatively low (see
Fig. 7) and insists the water vapor to condense to liquid
water. This causes water vapor to condense and increases
liquid water content in the cathode channel faster for low
current densities. With the increase of current densities,
condensation tendency diminishes due to higher cell
temperature.

Before going further once again, we focus on hydrogen
mole fraction behavior along the channel, where hydrogen
mole fraction increases near the anode inlet region. In
order to explain further, we have calculated the reactants
mole flow rate along the anode channel at channel–GDL
interface. The calculated mole flow rates of hydrogen,
water vapor and liquid water at the anode channel for
low and high current densities are shown in Fig. 6. It is evi-
dent that hydrogen is consuming at GDL and gradually
depleting along the channel. However, for low current den-
sity, the mole flow rates of hydrogen and water vapor
decrease faster near the inlet region because of high mem-
brane conductivity. The mole flow rates of hydrogen and
water vapor decrease monotonically along the channel
for high current density (see Fig. 6b).

The water (vapor and liquid) distributions along the
channels in both anode and cathode (Figs. 4 and 5) indicate
that the current density has significant influences on total
water management in PEMFC. The flow distribution of
the reactants and water at both anode and cathode insists
us to examine further thermal and water management in
PEMFC. Temperature distributions through the mem-
brane (z-direction) at L/L0 = 0.5 for different current den-
sity ranges are shown in Fig. 7. Note that the maximum
temperature of the cell is at the membrane, however, the
cathode channel–GDL interface exhibits higher tempera-
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ture than anode channel–GDL interface because of the
exothermic nature of the chemical reaction. Recently, Ju
et al. [32] has also found the similar trend of temperature
distribution through the membrane of the cell. This higher
temperature at the cathode channel–GDL interface
increases the water vapor saturation pressure and reduces
the tendency to condense the water vapor. Eventually, no
liquid water exhibits in the cathode channel at high current
density. On the other hand, at the anode channel there is
some liquid water at the downstream of the anode channel.
This can be explained through the following paragraphs.

Continuing the thermal analysis of this single straight
channel flow field, we calculated the temperature along
the channel at channel–GDL interface (see Fig. 8). Note
that the membrane and GDL length is L/L0 = 0.043 to
L/L0 = 0.957. At the initial region of anode channel, the
temperature decreases up to the length around L/
L0 = 0.043 as the inlet temperature is 10 �C higher than
the cell temperature. For low current densities the temper-
ature decreases steadily till the exit, however, for high cur-
rent densities the temperature increases sharply (just after
L/L0 = 0.043) and gradually decreases to the exit. In the
case of cathode side, cathode channel–GDL interface tem-
perature remains constant up to L/L0 = 0.043 and
increases sharply after that and gradually decreases to the
exit for all current densities. Similar trend of temperature
distribution was also found by Fuller and Newman [1]
and Dannenberg et al. [3]. The sharp increases of tempera-
ture at the initial zone of the channels emphasize that the
water evaporates from the membrane and decreases the
membrane conductivity (Fig. 9a). However, at the down-
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stream of the channels the slow temperature decrease indi-
cates that there is some condensation of water vapor to
liquid water. Moreover, water content in the membrane
increases through the back diffusion (Fig. 9b) and increases
the membrane conductivity (Fig. 9a). This is one of the rea-
sons that little amount of water exhibits at the downstream
of the anode channel (Fig. 4a).

This temperature distribution along the channel and
through the membrane of the cell (Figs. 7 and 8) directly
stimulates the water management of PEMFC. It is clear
from Fig. 9a that the membrane conductivity (rm)
decreases for higher current density. In addition to this,
the membrane conductivity (for particular current density)
gradually decreases along the length to some distance and
increases again for the rest of the membrane/channel
length. Fig. 9b shows the net water flux per proton for dif-
ferent current densities. For low range current densities
(Iavg = 0.1–1.0 A/cm2), the electro-osmosis is higher at
the initial region of the channel. However, the back diffu-
sion takes place in the system and starts to dominate grad-
ually over electro-osmosis rest of the channel length.
Higher cell temperature at this high current density plays
a significant role on water management in PEMFC. In gen-
eral, at high current density the hydrogen and oxygen con-
sumption is higher and the water content in the anode
channel increases faster (Fig. 4a) due to the anode humid-
ification and low membrane conductivity. This higher
amount of water vapor resists the back diffusion and keeps
almost constant net water flux per proton through out the
length.

The dimensionless local current density (at the mem-
brane–cathode GDL interface) distribution along the
length and across the cell (y-direction) is shown in
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Fig. 10. At low current density I/Iavg lessens faster along
the length (Fig. 10a), however, current density exceeds
the average value near the inlet region and decreases to
below the average value at the outlet. At high current den-
sity (Iavg = 2.4 A/cm2), the local current density does not
reach the average value. In contrast, the current density
(membrane–GDL interface) distribution along the width
indicates that the local current density is higher at the chan-
nel area and decreases at the shoulder area for low current
density (see Fig. 10b). However, with the increasing of
average current density, the local current density decreases
in the channel area and gradually increases at the shoulder
area (at L/L0 = 0.5). The MEA becomes dehydrated with
increasing the current density and usually water reaches
the MEA through the gas channels and shoulders. When
water flow reaches the MEA from gas channels, current
density at the gas channel centerline is higher. When water
flow reaches the MEA through the shoulder, the current
density at the shoulder is higher than the gas channel [4].
Both nature of local current density can be found along
the channels depending on the water transportation to
the MEA. Here the water (vapor and liquid) mole fractions
across the cell (y-direction) at L/L0 = 0.5 are illustrated in
Fig. 11 for the average current density 2.4 A/cm2. It is evi-
dent that liquid water (Fig. 11b) is accumulating at the
shoulder region both at anode and cathode compared with
the channel area at this particular position (L/L0 = 0.5).
Fig. 11a shows that water vapor at anode is almost con-
stant along the width but in the cathode channel water
vapor is accumulating in the shoulder area. Indeed, higher
amount of water at the shoulder leads to have higher local
current density at the shoulder region. However, too much
water in the shoulder area congests the pores of the GDL
and arises the problems with scarcity of the reactants. In
these circumstances local current density also decreases in
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the shoulder area [33]. This significant behavior also
depends on the electronic conductivity of the membrane,
GDL thickness and gas channel width [34].

Velocity profile also influences the diffusion of the reac-
tants and water vapor to the MEA. Here the velocity pro-
files at different axial position for both anode and cathode
are shown in Fig. 12 for the current density (Iavg = 0.1 A/
cm2). The velocities both at anode and cathode are non-
dimensionalized by their respective inlet velocities. The
velocity at the anode channel gradually decreases, however,
velocity increases at the cathode channel. It has already
been mentioned that hydrogen and water vapor move from
anode to cathode through electro-osmosis. This means that
the total mass flow along the anode channel decreases
(Fig. 12a). This significant behavior also reflects on hydro-
gen mole flow rate along the channel (Fig. 6). In addition,
diffusion also takes place across the membrane depending
on the concentration gradient. In the cathode side water
is produced due to the chemical reaction with hydrogen
and oxygen. These total processes increase the total mass
flow in the cathode channel. The effect of increasing the
total flow rate results in increasing the velocity along the
cathode channel (Fig. 12b). Furthermore, Fig. 13 shows
the non-dimensionalized velocity distribution through the
membrane of the cell (z-direction) at the anode and cath-
ode sides for different current density operations. Here,
the velocities at the anode and cathode sides are also
non-dimensionlaized by the respective channel inlet veloci-
ties. When the current density is low, the membrane con-
ductivity is higher and as a result much amount of water
and hydrogen migrated from anode to cathode. This causes
to reduce the velocity in the anode side (as mass flow rate
reduced) and causes to increase the velocity in the cathode
side as explained above. However, with the increase of
operating current densities the membrane conductivity
U/Ui,a

H
/H

a

0

0.2

0.4

0.6

0.8

1
a

Anode - GDL Interface

U/Ui,c

H
/H

c

0 0.5 1 1.5 2 2.5
-1

-0.8

-0.6

-0.4

-0.2

0

L/L0 = 0.043
L/L0 = 0.2
L/L0 = 0.5
L/L0 = 0.957

b
Cathode - GDL Interface
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anode channel, cathode channel.
decreases. This means that less amount of water and hydro-
gen migrated from anode to cathode. These ultimately indi-
cate that the rate of change of mass flow rates in the anode
channel are getting slower with the increase of current den-
sities. In such circumstances, for a specific zone (e.g., L/
L0 = 0.5) the velocity increases in the anode channel for
high current densities. On the other hand, in the cathode
side the velocity slightly decreased as back diffusion takes
place. This velocity distribution indicates that the mem-
brane conductivity is one of the crucial factors of reactants
transportation and water management.

To obtain the details of the reactants distribution pat-
tern in fuel cell, we continued our numerical investigations
with different anode and cathode humidification condi-
tions. The changing of anode or cathode humidification
condition means that the inlet velocity and the reactants
and water inlet concentration vary. The general polariza-
tion curve for this study is shown in Fig. 14 and clearly
indicates that the cell performances are greatly influenced
by anode humidification especially at higher current den-
sity operations and exhibited poor cell performance for
low anode humidified conditions (e.g., A50-C100 means
anode and cathode are 50% and 100% humidified respec-
tively). However, low cathode humidified conditions (e.g.,
A100-C50 or A100-C30) have not reflected such scenario
on fuel cell performance. Fig. 15 shows the reactants distri-
butions for two different operating current densities
(Iavg = 0.1 and 1.6 A/cm2) along the channel length. For
low cathode humidified conditions, the hydrogen and oxy-
gen mole fraction show a similar distribution pattern like
fully humidified conditions (see Fig. 3) for both low and
high operating current densities. On the other hand, for
low anode humidified conditions, the hydrogen mole frac-
tion gradually decreases and remain constant (for Iavg =
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0.1 A/cm2) or slowly decreases (Iavg = 1.6 A/cm2) till the
exit of the channel. This suggests that the reactants distri-
butions are determined by anode humidification conditions
where water management plays a crucial part in the fuel
cell. However, the complete scenario of reactants distribu-
tion could be found in Figs. 16 and 17 which have showed
the anode and cathode water distributions, respectively.

In the present model, membrane conductivity depends
on anode water activity and as a result, both the electro-
osmosis (hydrogen and water migration from anode to
cathode) and the back diffusion control the reactants distri-
bution in the cell especially at the anode side. Fig. 18a and
b show the membrane conductivity for two different cur-
rent densities (Iavg = 0.1 and 1.6 A/cm2) along the channel
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Fig. 15. Mole fraction of hydrogen and oxygen along the channel at W
length and exhibit a similar pattern on water vapor mole
fraction. Fig. 18c and d show the real portrait of water
management with net water flux distribution along the
channel in the cell for operating current density 0.1 and
1.6 A/cm2, respectively. With low cathode humidified con-
ditions, electro-osmosis dominates back diffusion especially
at the initial region of the channel. However, the back dif-
fusion is going to dominate the electro-osmosis once the
anode is considered with low humidified conditions. For
operating current density 1.6 A/cm2 in Fig. 18d, the back
diffusion continues to dominate throughout the channel
(as the net water flux per proton is close to zero) for differ-
ent humidified conditions as much more water is produced
by chemical reaction. This also causes to increase the mem-
brane conductivity at the downstream of the channel (see
Fig. 18b). However, the membrane conductivity is much
lower for low anode humidified conditions compared with
low cathode humidified conditions. Fig. 19 shows the dis-
tribution of different variables for different humidification
conditions with operating current density 1.6 A/cm2.
Fig. 19a shows the non-dimensionlaized local current den-
sity distribution along the channel width where the local
current density is lower at the channel region and higher
at shoulder region. It should be noted that the local current
density depends on various parameter like membrane con-
ductivity, temperature and different overpotentials [17,33].
The cell temperature slightly increases for low anode
humidified conditions especially at the membrane (see
Fig. 19b) as the membrane conductivity and water activity
are much lower in the system.

Fig. 19c and d show the non-dimensionlaized velocity
distribution at the anode and cathode channels for different
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humidification conditions with operating current density
1.6 A/cm2 at L/L0 = 0.5 and W/W0 = 0.5. These figures
show that when cathode humidification decreases (A100-
C100, A100-C50, A100-C30), it causes to increase the
velocity in the cathode side as the membrane conductivity
is higher due to higher anode humidification. As a result,
the velocity in the anode side decreases. On the other hand,
when the anode humidification decreases (A100-C100,
A70-C100, A50-C100), this causes to decrease the velocity
in the cathode side and increases the velocity in the anode
side. The velocity variation in the channels can also be
attributed to the low membrane conductivity as explained
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before. The results show that the water management and
the reactants’ transportation between the channels are also
influenced by humidification conditions. The combination
of higher anode and lower cathode humidified shows the
best performance so far for PEMFC. This combination
also shows that the velocity field in the cathode side has
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increased which is very essential for the fuel cell to remove
the produced water and reduce the flooding in the cell.
4. Summary and conclusions

In the present study, we have carried out the simulations
for single straight channel geometry considering different
anode and cathode humidification combinations. The main
intention of this work was to examine the reactants and
water flow behavior in the cell by considering phase trans-
formation among water vapor and liquid water. First, we
have investigated the reactants, water vapor and liquid
water flow distributions along the channels for different
current densities for fully humidified conditions. The simu-
lation results showed that hydrogen mole fraction gradu-
ally increased along the channel with increasing current
densities. However, hydrogen mole fraction for high cur-
rent density and oxygen mole fraction for all current den-
sity decreased monotonically along the channels. The
present model with phase transformation showed that the
formation of liquid water at low operating current density
was much faster especially at the inlet region of the anode
channel. Furthermore, it was found that higher amount of
liquid water was accumulated in the shoulder region than
in the channel region. In addition, the formation of liquid
water decreased significantly for high operating current
density as the cell temperature increased. It was revealed
from the simulation results that at lower current densities
higher amount of water diffused through membrane at
the entrance zone of the anode channel because of higher
proton conductivity. Moreover, at low current density the
anode water vapor condensed faster to liquid water
because of low cell temperature. For local current density
distribution, near the entrance, the cell had higher local
current density and gradually decreased along the length.
The water accumulated near the shoulder area rather than
in the channels and had higher local current density at the
shoulder area. This tendency gradually increased with the
increase of current density. We also examined the velocity
distribution along and across the cell for different current
densities and revealed that the velocity distributions were
greatly influenced by membrane conductivity. The present
model showed that the current density and cell temperature
had significant effects on water management and reactants
behavior in PEMFC. We also investigated the reactants
distribution and related water management for different
humidification conditions and revealed that anode humid-
ification played an important role on water management
and also reactants distributions. This present study showed
that the combination of higher anode and lower cathode
humidification can be helpful for obtaining the best perfor-
mance of the cell and caused to increase the velocity in the
cathode region. Obtaining higher velocity in the cathode
channel is very essential for the fuel cell to remove the pro-
duced water and reduce the flooding in the cell. In addition,
the results showed that the membrane was kept well
hydrated and had higher membrane conductivity for higher
anode humidification conditions.
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