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A non-isothermal, steady-state, three-dimensional (3D), two-phase, multicomponent transport model is
developed for proton exchange membrane (PEM) fuel cell with parallel gas distributors. A key feature
of this work is that a detailed membrane model is developed for the liquid water transport with a two-
mode water transfer condition, accounting for the non-equilibrium humidification of membrane with
the replacement of an equilibrium assumption. Another key feature is that water transport processes
roton exchange membrane
uel cell
wo-phase flow model
umerical simulation

inside electrodes are coupled and the balance of water flux is insured between anode and cathode during
the modeling. The model is validated by the comparison of predicted cell polarization curve with exper-
imental data. The simulation is performed for water vapor concentration field of reactant gases, water
content distribution in the membrane, liquid water velocity field and liquid water saturation distribution
inside the cathode. The net water flux and net water transport coefficient values are obtained at different
current densities in this work, which are seldom discussed in other modeling works. The temperature

ll is a
distribution inside the ce

. Introduction

Proton exchange membrane (PEM) fuel cells are supposed to
e the most promising candidate for powering of electric vehicles
ue to their high power density, short response time, low operating
emperature and pollution free. Modeling and simulation are being
sed extensively in researches and industrial applications across
he world to gain better understanding of the fundamental pro-
esses and to optimize fuel cell designs before building a prototype
or engineering application.

The importance of water management to PEM fuel cell perfor-
ance is repeatedly expressed in the early published work [1–5].
espite several studies on water management in the cell within

he past decade, effective water management has remained imper-
ect. This is partly due to the fact that liquid water is transported
ithin the membrane-electrode-assembly (MEA) by the several co-

xisting and comparable forces. They are electro-osmotic drag due

o the electrical potential, back diffusion from the cathode due to
onuniform concentration, diffusion and hydraulic permeation due
o the pressure difference. The other complication results from the
onflict that while liquid water is necessary to ensure good ionic

∗ Corresponding author at: University of Science and Technology Beijing, Depart-
ent of Thermal Engineering, No. 30, Xueyuan Road, Haidian District, Beijing

00083, PR China. Tel.: +86 010 62332730; fax: +86 010 62332730.
E-mail address: liuxl@me.ustb.edu.cn (X. Liu).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.11.019
lso simulated by this model.
© 2009 Elsevier B.V. All rights reserved.

conductivity of the membrane, excessive water can result in flood-
ing of the electrodes at high current. Thus it is neither desirable to
remove the water completely, nor is it desirable to have excessive
water. The difficulty of water management exists in this.

Over the past few years, some modeling works of liquid water
formation and transport were published in the literature. Baschuk
and Li [6] proposed the one-dimensional steady-state model in
which the degree of water flooding was determined by matching
the predictions to the experimental polarization curve. He et al. [7]
developed a two-dimensional (2D) two-phase model for cathode
of PEM fuel cell with interdigitated flow field. The model included
capillary transport of liquid water in a completely wetted gas dif-
fusion layer (GDL). Wang et al. [8] classified four regimes of water
transport in the PEMFC air cathode and presented a 2D two-phase
flow model based on the multiphase mixing model (M2 model)
formulation of Wang and Cheng [9]. Subsequently, You and Liu
[10] published a similar work investigating the effects of several
operating parameters on two-phase transport. Berning and Djilali
[11] developed a non-isothermal water transport model, in their
work, the water formed at the cathode catalyst layer (CL) by elec-
trochemical reactions was assumed to be in the liquid phase and
any phase-change phenomena was neglected. The works of Van Zee

and co-workers [12,13] have introduced water transport models,
in which phase change is assumed to occur only at the interface
between the membrane and the electrode, and two-phase trans-
port effects are neglects. Transport of water occurs by means of
vapor motion only. Mazumder and Cole [14] presented a rigorous

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:liuxl@me.ustb.edu.cn
dx.doi.org/10.1016/j.jpowsour.2009.11.019


r Sour

3
w
p
n
e
m
c
d
P
i
e
t
t
e
t
c
s
i

r
o
m
d
t
t
d

i
s
n

m
p
o
i
s
p
s
d
p
t
e
a
b
m
fi
r
n
o

2

e
h
f
fl

2

a

(

X. Liu et al. / Journal of Powe

D mathematical model to treat formation and transport of liquid
ater in PEM. Results show that the inclusion of liquid water trans-
ort greatly enhances the predictive capability of the model and is
ecessary to match experimental data at high current density. Luo
t al. [15] presented a three-dimensional, two-phase isothermal
odel based on the M2 model formulation for investigating the

ondensation and/or evaporation interface, and successfully pre-
icted the important feature of the dry–wet–dry transition in the
EM fuel cell. Zhang et al. [16] studied liquid water transport and
ts removal from the GDL and gas channel of PEM fuel cells both
xperimentally and theoretically. Wang and Wang [17] expanded
he M2 model to permit investigation of the interaction between
he two-phase flow and thermal transport due to non-isothermal
ffects. They also developed an unsteady two-phase model to study
he dynamics of the GDL dewetting and its impact on PEM fuel
ell performance [18]. A comprehensive two-phase non-isothermal
teady model for PEM fuel cell was developed by Basu et al. [19] to
nvestigate two-phase flow and maldistribution in the gas channels.

Recently, other fundamental modeling studies have been
eported to investigate water transport phenomena in GDLs based
n the Lattice–Boltzmann method [20,21] and the pore-network
odel [22–24]. Also, experimental investigations have been con-

ucted for the visualization of two-phase flow or quantification of
he liquid water content in GDLs within an operating polymer elec-
rolyte fuel cell, using transparent fuel cells [16,25], a fluorescein
ye solution [26], and neutron radiography [27–29].

In an earlier publication, our research group has presented an
sothermal, three-dimensional comprehensive model of a complete
ingle cell [30]. Phase-change and multiphase flow, however, could
ot be addressed with that model.

In this paper, a non-isothermal, steady-state, 3D, two-phase,
ulticomponent transport model is proposed for PEM fuel cell with

arallel gas distributors, and numerically solved with a code devel-
ped by the authors. In addition to three-dimensionality and the
nclusions of both anode and cathode, the present model differs
ubstantially from earlier studies in that the liquid water trans-
ort in the electrode and membrane is accounted for via the liquid
aturation equation and mass continuity equation, respectively. A
etailed membrane model is developed for the liquid water trans-
ort with a two-mode water transfer condition, accounting for
he non-equilibrium humidification with the replacement of an
quilibrium assumption. Also it should be noted that the anode
nd cathode transport processes are coupled and the water flux
alance between anode and cathode sides is insured during the
odeling. In the following presentation, the model description will

rst be stated in detail, including the governing equations and the
elated boundary conditions, followed by a brief presentation of the
umerical algorithm adopted, then detail discussion will be made
n the numerical results. Finally some conclusions will be drawn.

. Model description

The framework of the single-phase PEM fuel cell model in refer-
nce [30] is used. A detailed description of the single-phase model
as been published and shall not be repeated here. In this paper we

ocus on modeling of two-phase transport and the prediction of the
ooding electrode under operating conditions.

.1. Model assumptions
In order to make the numerical simulation manageable, some
ssumptions are to be made as follows.

1) All phases are assumed to be continuous so that the continuum
approach is applicable.
ces 195 (2010) 2764–2773 2765

(2) The cell operates under steady-state condition.
(3) The gas mixtures are assumed to be well mixed and can be

regarded as the ideal gases. The gas species dissolved in the
water is neglected.

(4) The electrode is treated as an isotropic and homogenous porous
medium and the properties such as porosity and the permeabil-
ity are uniform. The membrane is impermeable for gas phase.

(5) Ohmic losses in the GDL and current collector (or bipolar plate)
are neglected.

(6) Thermal equilibrium is assumed among gas, liquid and solid
phases in the local micro-volume unit of porous electrodes.

2.2. Governing equations

2.2.1. Transport equations of gas mixtures
Generally, the transport of gas mixtures in the flow channels

and in the diffusion layers conforms to the mass, momentum,
and species conservation principles. The corresponding governing
equations are written as follows:

Mass conservation equation

∇ · (�ug) = Sm (1)

where ug is the superficial velocity vector of gas mixture, which is
proportional to the intrinsic fluid velocity vector U by the following
expression:

ug = ε(1 − s)U (2)

where ε is porosity of the porous electrode, and s is the saturation
of liquid water indicating the fraction of the void volume occupied
by liquid phase in the electrode. In the gas channels, ε is unity and
s is zero, then the superficial velocity vector is reduced to the real
fluid velocity vector.

Momentum equation

1

ε2(1−s)2
∇ · (�gugug)= − ∇pg+ 1

ε(1 − s)
∇ · (�g∇ug)+ �g

KKrg
ug (3)

Species mass fraction conservation equations

∇ · (�ugωh) = ∇ · (�Dh,eff∇ωh) + Sh (4)

∇ · (�ugωo) = ∇ · (�Do,eff∇ωo) + So (5)

∇ · (�gugωw) = ∇ · (�gDw,eff∇ωw) + Sw1 + Sw2 (6)

The above governing equations are assumed to be applicable
for both flow channel and porous electrode. In these equations,
�, p and � are the density, pressure and the viscosity of the fluid,
respectively; K is the absolute permeability and Krg is the relative
permeability for the gas in the porous electrode. The subscript ‘g’
denotes gas phase. The symbols of ωh, ωo and ωw are the mass
fraction of hydrogen, oxygen and water vapor in the gas mixtures,
respectively. Di,eff is the effective diffusivity and the subscript ‘i’
represents the gas species. The last terms existing in Eqs. (1) and
(4)–(6) are the volumetric sink or source terms due to the electro-
chemical reactions or phase change in the electrode, and they are
zero in other region of the domain.

Some explanations are given below for the above governing
equations. In the general form of momentum equation, Eq. (3), the
last term on the right side represents Darcy’s drag force imposed by
the pore walls on the fluid within the pores, which usually results
in a significant pressure drop across the porous medium. It is often
called as the micro-scale viscous term or Darcy’s viscous term. As
indicated above, the general momentum equation is valid in both

the porous electrode and the flow channel. In the porous medium,
it reduces to the extended Darcy’s law for the flow in porous media
with a small permeability. While inside the gas channels, it recov-
ers the standard Navier–Stokes equation with the porosity being
unity and the permeability being infiniteness.
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The effective diffusivity of the species is corrected for flow in the
orous media by the so-called Bruggeman model [31]:

i,eff = Di[ε(1 − s)]1.5 (7)

here Di is the diffusivity of gas species in a nonporous system,
hich is related with the diffusivity under the reference condition

xpressed by the following expression [32]:

i = Di,ref

(
T

Tref

)1.5( p

pref

)−1
(8)

The non-zero source terms existing in Eqs. (1) and (4)–(6) for
he CLs are given as follows:

Cathode side

o = −
(

ic
4F

)
Mo (9)

m = So + Sw1 + Sw2 (10)

Anode side

h = −
(

ia
2F

)
Mh (11)

m = Sh + Sw1 + Sw2 (12)

here i is the local current density in the CL, subscripts ‘a’ and ‘c’
enote anode and cathode, respectively, Mh and Mo are the molec-
lar weight of hydrogen and oxygen. The term Sw1 is the mass
ransport rate of water between the gas mixture and the humidified

embrane. Sw2 is the mass transport rate of water between the gas
hase and liquid phase due to the evaporation and condensation.
heir expressions will be given in the following text.

The local current density in anode and cathode is obtained by
he Butler–Volmer equation modified by the term considering the
iquid water flooding the active reaction sites [7]:

a = (1 − s)Asja0

(
cm

h
cm

h,ref

)1/2

·
{

exp
(

˛anaF�a

RT

)

−exp
[
−(1 − ˛a)

naF�a

RT

]}
(13)

c = (1 − s)Asjc0

(
cm

o
cm

o,ref

){
exp

(
˛cncF�c

RT

)

−exp
[
−(1 − ˛c)

ncF�c

RT

]}
(14)

here j0 is the exchange current density, �a and �c are activation
verpotentials of the anode and cathode, respectively, cm

h and cm
o

re the molar concentrations of hydrogen and oxygen dissolved in
he membrane (indicated by the superscript m) phase, respectively,

is the cathode transfer coefficient, na is the electron number of
node reaction and nc is that of cathode reaction.

The dissolved molar concentration of species in the polymer
hase is given by Henry’s law [33]:

m
i = Hci (15)

here H is the Henry constant, ci and cm
i are the molar concen-

rations of species existing in gas phase and membrane phase (or
afion, polymer phase), respectively, and the subscript i denotes

pecies such as hydrogen or oxygen.

In order to account for the effect of diffusion resistance through

he catalyst with porous and agglomerate structure, the local cur-
ent density is modified by an effectiveness factor �, which is a
easure of how readily reactants diffuse through the catalyst par-

icle [33–36]. This corrected method is so-called the agglomerate
rces 195 (2010) 2764–2773

model in literatures [34,35]. According to Ref. [36] it can be deter-
mined by following equation:

� = tanh MT

MT
, MT = Lct

√
k

Dm
i

(16)

where MT is called Thiele modulus, Lct denotes the characteris-
tic length of catalyst particle, k is reaction rate constant and Dm

i
is species diffusivity of reactant in the polymer phase. An effec-
tiveness factor of 1.0 indicates that reactants diffuse through the
agglomerate catalyst particle without resistance. The factor less
than 1.0 represents that the agglomerate offers some resistance
to reactant diffusion thereby limiting the reaction rate.

2.2.2. Transport equations of liquid water saturation in the
electrodes

The above descriptions are for the formulation of the gas mix-
ture transport in the channels and porous electrodes. When water
vapor pressure exceeds the saturation level, condensation starts
and liquid water exists in the electrode. Inside the porous elec-
trode (including GDL and CL), the liquid water is driven by capillary
action. This capillary action is defined as the difference between gas
and liquid-phase pressure. Here we give the transport equations of
liquid water in the electrodes.

Continuity equation

∇ · (�lul) = −Sw2 (17)

where ul is the superficial velocity vector of the liquid water, sub-
script ‘l’ denotes liquid water, and Sw2 is the mass transport rate of
water due to the evaporation and condensation.

Momentum equation

ul = −Kl

�l
∇pl (18)

The pressure of liquid water is related with the gas pressure by

pc = pg − pl = f (s) (19)

where pc is named capillary pressure and is related with liquid
water saturation s.

From the above, Eq. (3) can be reduced to the form of Darcy’s
law in the porous electrode, expressed by

ug = −Kg

�g
∇pg (20)

The permeability for the liquid and gas phases is represented by

Kl = K · Krl, Kg = K · Krg (21)

where Krg and Krl are the relative permeability for the gas and liquid
phases, respectively.

Thus, the governing equations for liquid saturation can be
induced and rearranged through the substitution to the govern-
ing equation (Eq. (17)) with above equations (Eqs. (18)–(21)). The
final formulations is expressed as follows:

∇ ·
(

�l
�g

�l

Krl

Krg
ug

)
= ∇ · (�lDc∇s) − Sw2 (22)

where Dc is the capillary diffusion coefficient, written in terms of
the following expression:

Dc = −KKrl

�l

dpc

ds
(23)
The empirical model for the relation between pc and s is written
as [37,38]

J(s) = pc

� cos �c

√
K

ε
(24)
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here J(s) is the Leverett’s function and � is the surface tension for
he interface between two phases.

The Leverett’s function is given by the following relation
11,13,37,38]:

(s) = 1.417(1 − s) − 2.120(1 − s)2 + 1.263(1 − s)3 (25)

The relative permeabilities for the gas and liquid phase are
ssumed to be the cubic function dependent on the relative sat-
ration [39]:

rl = s3, Krg = (1 − s)3 (26)

The term Sw2 is the mass transport rate of water due to the
vaporation and condensation. It is determined by [7]

w2 = hmAsεs(�gωwsat − �gωw) (27)

here hm is the mass transfer coefficient of water treated as a con-
tant for simplicity and As is the specific area per unit volume of the
orous medium. In a sense, the product of hm and As is the same
s the parameter called as evaporation rate or condensation rate
n Ref. [7]. ε is the dry porosity of the diffusion layer, s is the sat-
ration of liquid water indicating the fraction of the void volume
ccupied by liquid phase in the porous electrode, and ωwsat is the
aturation mass fraction of vapor in the gas mixtures related with
he saturation pressure of water, pwsat, which can be fitted to the
ollowing empirical expression [3]:

og10 pwsat = −2.1794 + 0.02953T − 9.1837 × 10−5T2

+1.4454 × 10−7T3 (28)

.2.3. Transport equations of liquid water in the membrane and
Ls

Water transport in the membrane and CLs is governed by the fol-
owing phenomena: generation of water at the cathode due to the
xygen reduction reaction, forward or backward diffusion of water
cross the membrane, electro-osmotic drag of water from anode
o cathode, and hydraulic permeation due to a hydraulic pressure
radient. It should be noted that the CLs are included in the com-
utational domain, since they are comprised of the ionic phase or
afion.

From the above, the liquid water flux can be expressed as the
ollowing Nernst–Planck equation, similar to the diffusive model
roposed by Thampan et al. [40]:

w = nd
I

F
− Dw∇cw − cw

Kp,m

�l
∇p (29)

here Nw is the water molar flux across the membrane, nd is the
lectro-osmotic drag coefficient, I is the current density per cross-
ection area of membrane, F is Faraday constant, cw is the molar
oncentration of water in the membrane, Dw is water diffusion coef-
cient and Kp,m is the water permeability in the membrane. In this
tudy, both anode and cathode are operating at 1 atm. Thus the last
erm related to the pressure difference is omitted.

A mass balance of the water in the membrane and CLs yields

· Nw = 0 (30)

Then the above equation can be rearranged through substitution
o it with Eq. (28), as follows:

· (Dw∇cw) − ∇ ·
(

nd
I

F

)
= 0 (31)
Note that the sources of water due to electro-osmotic drag with
he current have been taken into account by the second term in the
bove equation.

Several models [8–14] have imposed the condition that the
embrane water concentration, at its boundary, is given by the
ces 195 (2010) 2764–2773 2767

equilibrium value. However, as discussed in Refs. [41,42], the time
scales associated with the water flux in the membrane domi-
nate the relaxation time, in the order of 100–1000 s, required
for the membrane to attain its equilibrium hydration state. Thus
in the model presented here, the treatment is performed with
a two-mode water transfer condition to replace an equilibrium
assumption, which is one key feature of the proposed two-phase
model.

The membrane water contents are capped at a maximum of
water sorption equilibrium. While they are under this maximum
value, a water transfer mechanism is assumed as the mass trans-
fer condition and models water transport by a phase-change-like
process. The condition takes the form as follows [43,44]

Anodic CL

Nw,a = −�(cw,a − c∗
w,a) (32)

Cathodic CL

Nw,c = −�(cw,c − c∗
w,c) + I

2F
(33)

where � is defined as the water transfer coefficient between the
membrane and gases, models mass transfer limitations arising from
the GDL and the water transfer into or out of the membrane. c∗

w
is the water sorption equilibrium value of molar concentration in
the membrane. The term I/2F denotes the produced water in the
cathodic CL.

From above, another key feature of this work is that water trans-
port processes of anode and cathode side are coupled and the
balance of water flux would be insured between anode and cathode
during the modeling. It implies that water molar flux across mem-
brane at the anode side equals to that of cathode side. Fortunately,
this is validated in the numerical simulation. In the part of Section
4, the net water fluxes across membrane will be given at differ-
ent current densities as well as the net water transport coefficient
values.

The source term of Eq. (6) Sw1 is the mass transport rate of water
between the gases and the humidified membrane, given as follows

Anodic CL

Sw1 = �(cw,a − c∗
w,a)

ACV

VCV
(34)

Cathodic CL

Sw1 = �(cw,c − c∗
w,c)

ACV

VCV
(35)

where ACV is the cross-section area of control volume unit and VCV
is its volume.

The equilibrium water sorption value in the membrane, denoted
by c∗

w, is obtained by the empirical expression [3]:

c∗
w = �mem,dry

Mmem,dry
	 (36)

where �mem,dry and Mmem,dry are the density and equivalent weight
of a dry proton exchange membrane, respectively. 	 is the mem-
brane water content, defined as the moles of water per mole of
sulfonic acid sites.

The membrane water content 	 of equilibrium hydration state,
at both CLs, is given by the following empirical formula [3]:

	 = 0.043 + 17.81a − 39.85a2 + 36.0a3 for 0 < a ≤ 1 (37)

	 = 14 + 1.4(a − 1) for 1 ≤ a ≤ 3 (38)
where a is the water vapor activity of vapor in the gas mixture,
defined as

a = xwp

psat
(39)
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Table 1
The design and operating parameters of the cell.

Parameters Value

Gas channel length, L 0.07112 m
Gas channel width, W 7.62 × 10−4 m
Gas channel height, Hch 7.62 × 10−4 m
GDL height, Hd 2.54 × 10−4 m
CL height, Hct 2.87 × 10−5 m
Membrane height, Hm 2.3 × 10−4 m
Inlet temperature, Tin 323 K [14]
Anode/cathode pressure, pa/pc 1/1 atm [14]
Fuel stoichiometric flow ratio, �a 3
Air stoichiometric flow ratio, �c 3
Relative humidity of inlet fuel, RHa 100%
Relative humidity of inlet air, RH 0
768 X. Liu et al. / Journal of Pow

here xw is molar fraction of species water vapor and psat is partial
ressure of saturated water.

The water diffusion coefficient in the membrane is based on the
iterature values [3,45]:

w = 2.1 × 10−7 exp
(−2436

T

)
cw (40)

he electro-osmotic drag coefficient nd, defined as the number of
ater molecule carried across the membrane with each hydronium

on, is dependent on the membrane water content 	, given by [5]

d = 0.0029	2 + 0.05	 − 3.4 × 10−19 (41)

.2.4. Energy equations
In the model assumption, the local thermal equilibrium is main-

ained in porous medium of the cell. So the solid micro-volume unit
nd the fluid in the MEA are under the same temperature. Since the
iquid water seeps very slowly in the MEA, convective heat transfer
ue to its transport is neglected. Thus the energy equation takes
he form as follows:

· (�gugT) = ∇ · (	eff∇T) + ST (42)

here 	eff is the effective thermal conductivity and ST is the source
erm.

For the porous electrodes, the effective thermal conductivity is
alculated by [46]

eff = −2	s + 1
ε/(2	s + 	g) + (1 − ε)/3	s

(43)

here 	s and 	g are the thermal conductivities of carbon paper and
he gas mixture, respectively.

In the cathode CL, the heat source is due to entropy changes as
ell as irreversibility associated with the change transfer [32]:

T =
[

T(
Sre)
ncF

+ �c,tot

]
ic (44)

here 
Sre is the entropy change of cathodic chemical reactions,

c,tot is the total cathode overpotential.

In the anode CL, the source term is due to the Ohmic heat effect,
iven by

T = �a,tot · ia (45)

Table 2
The physical properties used in the model.

Properties

Electrode permeability, K
Reference diffusivity of H2 in gas, Dh,ref

Reference diffusivity of O2 in gas, Do,ref

Reference diffusivity of H2O in gas, Dh,ref

Henry constant of H2 in the Nafion, H
Henry constant of O2 in the Nafion, H
H2 reference concentration, cm

h,ref
O2 reference concentration, cm

o,ref
Diffusivity of O2 in the Nafion, cm

o,ref
Diffusivity of H2 in the Nafion, Dm

h,ref
Cathode transfer coefficient, ˛
Exchange current density multiply specific area, anode, Asja

0
Exchange current density multiply specific area, cathode, Asj
Characteristic length of catalyst particle, Lct

Density of dry membrane, �mem,dry

Equivalent weight of dry membrane, Mmem,dry

Surface tension, �
Water transfer coefficient, �
Thermal conductivities of bipolar plate, 	eff,bp

Thermal conductivities of carbon paper, 	s

Thermal conductivities of membrane, 	m

Entropy change of cathodic reactions, 
Sre

Product of hm and As, Ashm
c

Oxygen mass fraction of inlet air, ωo 0.232
Electrode porosity, ε 0.4 [2]
Characteristic length of catalyst, Lct 1.0 × 10−6 m [35]

In the membrane, the source term is given by

ST = I2
m

�m
(46)

where Im is the current density per cross-section area. It is given as
follows:

Im = �m
∂
m

∂z
(47)

2.2.5. Electrical potential equations
Two potential equations are solved in the present model to pre-

dict solid phase potential 
s and membrane phase potential 
m,
which are similar to the framework of the single-phase model and
the description is omitted for brief and shall not be repeated here.

2.3. Boundary conditions

The boundary conditions for governing equations of gas mixture
transport and electrical potential are similar to the framework of

the single-phase model [30]. Thus it is omitted here for brevity.
In the above model description, we have discussed the boundary
condition for transport equations of liquid water in the membrane
and CLs. Here the boundary conditions are only given for liquid
saturation equation and energy equation.

Value

1.76 × 10−11 m2 [2]
0.915 cm2 s−1 (1 atm, 307 K) [32]
0.220 cm2 s−1 (1 atm, 293 K) [32]
0.256 cm2 s−1 (1 atm, 307 K) [32]
0.19 [35]
0.64 [35]
56.4 mol m−3 [2]
3.39 mol m−3 [2]
1.22 × 10−10 m2 s−1 [2]
2.59 × 10−10 m2 s−1 [2]
0.5
2.0 × 108 A m−3

c
0 1.6 × 102 A m−3

1.0 × 10−6 m [35]
2000 kg m−3 [3]
1100 kg mol−1 [3]
0.0625 N m−1 [8]
5.7 × 10−6 m s−1 [43]
20 W m−1 K−1 [18]
3.0 W m−1 K−1 [18]
0.95 W m−1 K−1 [18]
326.36 J mol−1 K−1 [32]
160 s−1 [7]
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Fig. 1. The flow chart of solution procedure.
X. Liu et al. / Journal of Powe

At the boundaries between the gas channels and the GDL of
node and cathode, no-slip conditions are implemented for sat-
ration equation.

l = 0 (48)

At the other boundaries, the impermeability conditions are
mplemented and zero first derivatives are adopted in the normal
irection.

As regard to energy equation, the inlet gases temperature is
pecified by Tin. At the outlet of channel, temperature change rates
re assumed infinitesimal, i.e. the gradients in the x-direction are
et to zero. And adiabatic condition is set for other boundaries.

. Numerical algorithm and method

The solution to the above governing equations is performed
sing the finite-volume method [47]. The numerical method is
imilar to the framework of the single-phase model [30] for gases
ransport and electrical potential. Thus it is omitted here for the
ake of brevity. The flow chart of solution procedure is shown in
ig. 1. Tables 1 and 2 list some parameters and physical properties
sed in the study.

. Results and discussion

Major operational parameters of the studied fuel cell are
dopted from Refs. [11,14]. Simulations are performed for the
peration condition of 323 K and 1/1 atmosphere pressure for
node/cathode. The predicted polarization curve of the cell is
hown in Fig. 2. Provided there are also the prediction of single-
hase model and experimental data of Ticianelli et al. [48] for
omparison purpose. As it can be seen from the figure, a better
greement is achieved by the two-phase model than by the single-
hase model. It results from the excessive water flooding of the
athode is taken into account in the two-phase model.

Fig. 3 shows the water vapor mass fraction profiles inside the
node at the average current density of 0.35 A cm−2. Note that as
ointed out earlier, the simulations take advantage of the symmetry
f the system and only include half of channel and half of the land
rea. The mass fraction has a small change inside the GDL. This is
xplained by the fact that consumption of hydrogen leads to a direct
ncrease of the water vapor fraction since the anode gas stream
s a binary mixture. But water vapor also could be transported to
athode across the membrane by electro-osmotic drag. Thus there
s a small decrease of water vapor concentration along the channel
n the anode. It should be noted that the water vapor fraction profile
t higher average current density is similar to that shown in Fig. 4.
aybe it is resulted from the above mentioned two factor related

o the species mass fraction change.
Fig. 4 shows the water vapor mass fraction profiles inside the

athodic gas diffusion layer at two different average current densi-
ies. The dry air flows across the cathode and is humidified by the
ater produced and transported from anode to cathode. Thus, the
ass fraction of water vapor increases along the channel down-

tream. Inside the cathode of the land area, the reactant gas gains
nough humidification by the reason of its small velocity. While
t high current density, it would be saturated or over-saturated
ith vapor (vapor saturation mass fraction is about 9% under atmo-

pheric pressure and operating temperature).
Fig. 5 displays the liquid water content distribution in the mem-
rane under two different average current densities. The liquid
ater content denotes the moles of water per mole of sulfonic acid

ites. It can be seen from the Fig. 5(a) that the water content in anode
ide is higher than that of cathode from the point of overview under
mall current density. The inlet reactant in the anode is fully humid-

Fig. 2. The predicted polarization curve of the cell and the experiment data from
Ref. [48].
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ig. 3. Water vapor mass fraction profiles inside the anode under the average cur-
ent density of Iav = 0.35 A cm−2.

fied hydrogen. Its relative humidity is decreasing gradually due to
he electro-osmotic drag of water from anode to cathode. So the
iquid water content in anode side is diminishing in the direction
rom inlet to outlet, as shown in the Fig. 5(a). However in cathode

ide, the inlet reactant is dry air. It is humidified by the osmotic
ater and produced water. The liquid water content of the mem-

rane is higher in the rib-side than in the channel-side, as shown
n the Fig. 5(a), by the reason of mass transport limitation. Also the

ig. 4. Water vapor mass fraction profiles inside the cathode under two different
verage current densities. (a) Iav = 0.35 A cm−2 and (b) Iav = 1.0 A cm−2.
Fig. 5. Liquid water content profiles in the membrane under two different average
current densities. (a) Iav = 0.35 A cm−2 and (b) Iav = 1.0 A cm−2.

result shows that the liquid water content of anode side is slightly
higher than that of cathode side.

However under high current density, liquid water content in the
membrane of cathode side is higher than that of the anode side, as
can be seen from Fig. 5(b). With the increase of average current
density, more water is transported from anode to cathode driven
by the electro-osmotic drag. At the same time, a large amount of
water is produced and accumulated in the cathodic CL. As a result,
liquid water content in the membrane increases under high current
density and its values of cathode side are much higher than that of
anode side.

It implies that the liquid water diffuses due to the concentra-
tion gradient from anode to cathode under low current density.
While under high current density, more liquid water diffuses in
the reverse direction, i.e. from the cathode to anode.

Fig. 6 displays the liquid water saturation profiles inside
cathodic GDL under two different average current densities. When
the current density is low, liquid water appears inside cathode of
downstream side, and the maximum saturation value is about 7%
and located at the rib-side corner of cathode near outlet, as shown
in Fig. 6(a). While the current density increases, more liquid water
is produced inside cathodic CL by electrochemical reaction and
transported to cathode by electroosmosis. As shown in Fig. 6(b),
the liquid water saturation increases and distributes in the overall
cathodic GDL. The maximum saturation value is about 15%, located

at the rib-side of cathodic CL near air inlet. At the upper section near
the CL, the liquid water saturation value of rib-side is greater than
that of channel-side, which is owing to the nonuniformity of local
current density distribution and mass transport limitation. While



X. Liu et al. / Journal of Power Sources 195 (2010) 2764–2773 2771

F
a

a
u
n
h
a
m
e
f

i
d
s
fl
d
t
w
c
l
t
l
v
t
0

a
c
m
t
d
c
t

results from the increase of backward diffusion of water across
the membrane. The net water flux gets the lowest point under
the current density of 0.3 A cm−2. Then it increases greatly with
the increase of current density, since the electro-osmotic drag of
ig. 6. The liquid water saturation profiles inside cathodic GDL under two different
verage current densities. (a) Iav = 0.35 A cm−2 and (b) Iav = 1.0 A cm−2.

t the lower section of cathodic GDL near the gas channel, the liq-
id water saturation is less than that of upper section. It should be
oted that the form used for the capillary diffusion coefficient Dc

as important influence on the liquid water saturation magnitude
nd its distribution, which is found from our numerical experi-
ents. Also, the boundary conditions for liquid water saturation

quation are given coarsely for lack of information, which needs
urther investigation for the simulation of liquid water saturation.

The velocity field of liquid water inside cathodic GDL is shown
n Fig. 7. The liquid water flow occurs in the half part of cathode
ownstream under small average current density of 0.35 A cm−2, as
hown in Fig. 7(a). The capillary pressure gradient induces the water
ow from CL and the GDL into the channel at small average current
ensity. While the current density is high, liquid water flows from
he CL and GDL into the channel with greater velocity inside the
hole cathode region, as shown in Fig. 7(b). This flow pattern indi-

ates that liquid water inside cathode flows from the place of high
iquid water saturation to that of low saturation, which implies that
he capillary pressure gradient is the main drive force to induce the
iquid water flow inside cathode. The values of the liquid-phase
elocity are in the range of 0.2–2 × 10−6 m s−1, which are at least
hree orders of magnitude smaller than that of gas mixtures (about
.06 m s−1).

The net water flux through the membrane is often char-
cterized by the parameter ˇ, named after net water transfer
oefficient in the literature. It denotes the net amount of water

olecules dragged through the membrane per hydrogen pro-

on. Fig. 8 shows the net water flux and the values of ˇ under
ifferent densities. The predicted values of ˇ range 0.5 at low
urrent densities to around 0.1 for intermediate current densi-
ies in the absence of a pressure gradient. The net water flux
Fig. 7. The velocity field of liquid water inside the cathodic GDL under two different
average current densities. (a) Iav = 0.35 A cm−2 and (b) Iav = 1.0 A cm−2.

decreases with the increase of current density firstly, which
Fig. 8. The net water flux across the membrane and net water transfer coefficient
(ˇ) under different densities.
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n electro-osmotic drag coefficient (dimensionless)
ig. 9. The temperature distribution inside the fuel cell at the average current den-
ity of 1.0 A cm−2 (a) y–z cross section and (b) x–z cross section.

ater from anode to cathode takes the dominant role of water
ransport.

The temperature distribution inside the fuel cell is shown in the
ig. 9 corresponding to the average current density of 1.0 A cm−2.
t can be seen from the figure that increase in temperature is about
everal kelvin in the MEA near the inlet area, where the local current
ensity is highest. Since the features of cathodic electrochemical
eaction are different from that of anode, the heat source is mostly
enerated in the cathodic CL due to the reversible and irreversible
ntropy production. So the temperature maximum occurs inside
he cathodic CL. Due to the low electric conductivity of the mem-
rane, the temperature rise of membrane is higher than that of
he GDL. In general, the temperature of the cathode side is slightly
igher than that of the anode side.

. Conclusions

In this work, a non-isothermal, steady-state, three-dimensional,
wo-phase transport model is developed for PEM fuel cell with par-

llel gas distributors. The model accounts for liquid water transport
rocesses in the MEA driven by the capillary diffusion, concen-
ration gradient and electro-osmotic drag. A detailed membrane

odel is developed for the liquid water transport with a two-
rces 195 (2010) 2764–2773

mode water transfer condition, accounting for the non-equilibrium
humidification of membrane with the replacement of an equilib-
rium assumption, which is a key feature of this model. Another key
feature is that the anode and cathode transport are coupled and the
water flux balance is insured between anode and cathode during
the modeling.

The model is validated by comparison between the simulated
results and available experimental data, and good agreement is
achieved. The simulations are performed for water vapor concen-
tration field, membrane water content distribution, liquid water
flow field and saturation distribution inside the cathode, and tem-
perature field inside the cell. Three-dimensional effects are found
to play a significant role in determining local distribution, even for
the relatively simple fuel cell geometry considered here.

For the studied case with dry cathode and saturated anode con-
dition, the major findings of this paper can be summarized as
follows.

(1) The water content in the membrane of anode side is higher than
that of the cathode side under small current density, whereas
lower under higher current density. It implies that the liquid
water diffuses due to the concentration gradient in the different
direction under different current densities.

(2) Liquid water appears originally in the cathode near outlet under
small current density. The liquid water flows from the CL and
GDL toward the gas channel induced by liquid water satura-
tion gradient. Its velocity is at least three orders of magnitude
smaller than that of the gas mixtures.

(3) The predicted values of the net water transfer coefficient range
from 0.5 at low current densities to around 0.1 for intermediate
current densities in the absence of a pressure gradient. The net
water flux decreases with the increase of current density first
and reaches the lowest point under the average current density
of 0.3 A cm−2. Then it increases smoothly with the increase of
current density.

(4) The maximum temperature inside the cell is located at the
cathodic CL near the inlet and the maximum temperature rise
is about several degrees in the cell. The temperature of cathode
side is slightly higher than that of anode side.

Nomenclature

As specific reaction area of the catalyst layer (m−1)
Ach inlet channel cross-section area (m2)
Am geometrical area of the membrane (m2)
c molar concentration (mol m−3)
D mass diffusivity (m2 s−1)
F Faraday constant (96,487 C mol−1)
hm mass transfer coefficient of water (m s−1)
H height (m); Henry constant (dimensionless)
i volumetric current density (A m−3)
I average current density (A m−2)
j0 exchange current density (A m−2)
K permeability of electrode (m2)
Kp,m water permeability in the membrane (m2)
L length (m)
M molecular weight (dimensionless)
MT Thiele modulus (dimensionless)
Nw water molar flux across the membrane (kg s−1)
d
p pressure (Pa)
R universal gas constant (8.3145 J mol−1 K−1)
s liquid water saturation (dimensionless)
S source term of equations



r Sour




T
v
V
x
y
z

G
˛

ˇ



�
�
ε
�
	
�
�
ω

S
a
a
b
c
c
c
d
e
g
i
i
l
m
m
m
o
r
r
s
s
t
w

S
a
c
m

A

d

[
[
[

[

[
[
[

[
[
[
[
[
[
[

[
[

[
[

[

[

[
[

[
[
[
[

[

[
[

[

[

[

[
[

[

[
3171–3177.
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[47] W.Q. Tao, Numerical Heat Transfer, second edition, Xi’an Jiaotong Univ. Press,
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Sre entropy change of cathodic chemical reactions
(J mol−1 K−1)
temperature (K)
velocity vector (m s−1)
electrical potential (V)
coordinate (m)
coordinate (m)
coordinate (m);

reek letters
transfer coefficient of electrochemical reaction (dimen-
sionless)
net water transport coefficient per proton (dimension-
less)
electrical potential (V)
electrical conductivity (S m−1), surface tension (N m−1)
water transfer coefficient (m s−1)
porosity of electrode (dimensionless)
viscosity (kg m−1 s−1); overpotential (V)
thermal conductivity (W m−1 K−1)
density (kg m−3)
stoichiometric flow ratio (dimensionless)
species mass fraction (dimensionless)

ubscripts
v average

anode
p bipolar plate

cathode, capillary
t catalyst
h channel

dry
ff effective

gas
species

n inlet
liquid
membrane, mass

ax maximum momentum
em membrane

oxygen
relative

ef reference values
solid; specific

at saturation
ot total

water

uperscripts
anode
cathode
membrane
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