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bstract

In this paper, a three-dimensional PEM fuel cell model with a consistent water transport treatment in the membrane electrode assembly (MEA)
as been developed. In this new PEM fuel cell model, the conservation equation of the water concentration is solved in the gas channels, gas diffusion
ayers, and catalyst layers while a conservation equation of the water content is established in the membrane. These two equations are connected
sing a set of internal boundary conditions based on the thermodynamic phase equilibrium and flux equality at the interface of the membrane
nd the catalyst layer. The existing fictitious water concentration treatment, which assumes thermodynamic phase equilibrium between the water
ontent in the membrane phase and the water concentration, is applied in the two catalyst layers to consider water transport in the membrane phase.
ince all the other conservation equations are still developed and solved in the single-domain framework without resort to interfacial boundary

onditions, the present new PEM fuel cell model is termed as a mixed-domain method. Results from this mixed-domain approach have been
ompared extensively with those from the single-domain method, showing good accuracy in terms of not only cell performances and current
istributions but also water content variations in the membrane.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Many multi-dimensional PEM fuel cell models have been
eveloped in the past decade to facilitate cell design and opti-
ization. These models generally fall into two categories: multi-

omain and single-domain method. The studies of Gurau et
l. [1] and Berning et al. [2] were based on the multi-domain
ethod, in which the computational domain was divided into
number of sub-domains and different sets of conservation

quations were developed in different sub-domains. Interfacial
oundary conditions were further established to connect these
quations. In the single-domain method, one set of conservation
quations was applied to different regions of a PEM fuel cell.

n order to switch on/off a specific equation in a specific region,
pecial numerical treatments have been used, including defining
xtremely large or small physical and transport parameters in
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et water transfer coefficient; Water content

he region, i.e. very small proton conductivity outside the mem-
rane electrode assembly (MEA). The studies of Um et al. [3],
utta et al. [4], Siegel et al. [5], and Mazumder and Cole [6]
ere in this category.
Since there is only one set of conservation equations and

o interfacial boundary condition, the single-domain method is
asier to formulate and implement into a general CFD package.
ecently, this method has experienced rapid development. For
xample, it has been applied to study electron transport phe-
omena [7,8], heat transfer [9], large-scale simulations [10–12],
nd two-phase flows and dynamics [13,14]. Extensive model
alidations have also been conducted [15,16].

A weakness of the single-domain method lies in its inability to
andle water transport through the membrane phase directly, as
heoretically the water content has to be solved in the membrane
hase in MEA while the water concentration has to be solved in

he other regions. In the study of Dutta et al. [4], the MEA region
as completely neglected from the computational domain. As

uch, a simplified treatment was applied for water transport in
he membrane phase. In the work of Um et al. [3], a fictitious

mailto:menghua@zju.edu.cn
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Nomenclature

a water activity
c molar concentration (mol m−3)
Cp constant-pressure heat capacity (J (kg K)−1)
D mass diffusivity (m2 s−1)
Dλ water content diffusivity (mol (m s)−1)
EW equivalent weight of the membrane (kg mol−1)
F Faraday constant (96487 C mol−1)
i current density vector (A M−2)
Iavg average current density (A m−2)
k thermal conductivity (W (m K)−1)
nd electro-osmotic drag coefficient
Nw net water flux through the membrane

(mol (m2 s)−1)
p pressure (Pa)
q interfacial flux
Ru universal gas constant (J (mol K)−1)
S source term
T temperature (K)
u velocity (m s−1)

Greek symbols
α net water transfer coefficient
ε porosity
εm fraction of the membrane phase in the catalyst

layer
φ phase potential (V)
κ proton conductivity (S m−1)
λ water content
μ chemical potential
ρ density (kg m−3)
σ electronic conductivity (S m−1)
τ viscous stress tensor

Supercripts
cl catalyst layer
eff effective value
m membrane

Subscripts
cl catalyst layer
e electrolyte or energy
g gaseous phase
i species
m membrane
s electron
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c
e
T

eff
sat saturation value
w water

ater concentration was derived to replace the variable of water
ontent and therefore a same form of water transport equation

ould be solved in a single-domain framework [17]. The same
reatment has also been proposed by Kulikovsky [18], but it was
pplied only in the two catalyst layers. Since in this treatment,
he water content in the membrane phase was assumed to be in
rces 162 (2006) 426–435 427

he thermodynamic equilibrium with the water concentration in
very location, including inside the membrane, it seems that it
s more appropriate to apply this treatment only in the catalyst
ayers, as the membrane phase is pervasively distributed and in
xtensive contact with water in these two regions [18]. It lacks
heoretical basis to apply this method inside the membrane and
his treatment is thus an approximation in this region. However,
his treatment has been widely used in the studies of Meng and

ang [7,8,10], Ju et al. [9], and Wang and Wang [12,19], and
t has been successfully validated by Ju and Wang [15] and Ju
t al. [16] in terms of cell performances and current distribu-
ions. In the study of Siegel et al. [5], an extra transport equation
or the dissolved water concentration was established in MEA,
nd a source term in the form of convective mass transfer was
sed to account for the water dissolution rate into the membrane
hase. However, no expression has been presented for calculat-
ng this parameter. It is not clear how water transport through the

embrane was handled in the study of Mazumder and Cole [6].
In this paper, a three-dimensional PEM fuel cell model with

consistent water transport treatment in the membrane elec-
rode assembly has been developed. The concept of the fictitious
ater concentration is applied in the two catalyst layers. An

xtra conservation equation of the water content is solved in the
embrane. Unlike Kulikovsky [18], however, a different set of

nternal boundary conditions at the interface of the membrane
nd the catalyst layer has been established, extending the one-
imensional formulation of Springer et al. [20] into the present
hree-dimensional framework. Since all the other conservation
quations are still developed and solved in the single-domain
aradigm, the present PEM fuel cell model is termed as a mixed-
omain approach. In this paper, results from this mixed-domain
pproach have been compared to those from the single-domain
ethod in detail.

. Theoretical formulation

The conservation equations of mass, momentum, species
oncentration, proton, electron, and energy are still formulated
xactly in the same forms as in the single-domain framework.
hey are in the following forms:

Mass:

∇ · (ρ�u) = 0 (1)

Momentum:

1

ε2 ∇ · (ρ�u�u) = −∇p + ∇ · τ + Su (2)

Species:

∇ · (�uci) = ∇ · (Deff
i ∇ci) + Si (3)

Proton transport:
∇ · (κ ∇φe) + Se = 0 (4)

Electron transport:

∇ · (σeff∇φs) + Ss = 0 (5)
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are not explicitly required. Eq. (11b) is required for solving
water transport in the membrane once liquid water is involved,
as suggested in Weber and Newman [22]. In the present model
development and the following numerical calculations, we will
28 H. Meng / Journal of Powe

Energy:

∇ · (ρCp�uT ) = ∇ · (keff∇T ) + ST (6)

n these equations, the source terms and the other relevant
hysicochemical parameters are presented in Meng and Wang
7,10] and Ju et al. [9].

Among the species concentration equations, the equation of
he hydrogen concentration is solved only on the anode side
hile the equation of the oxygen concentration on the cathode

ide. In the present mixed-domain method, the equation of the
ater concentration is solved only in the gas channels, gas diffu-

ion layers (GDL), and catalyst layers on both anode and cathode
ides. Furthermore, in the two catalyst layers, the fictitious water
oncentration has been included to take into account of water
ransport in the membrane phase [17,18]. The effective water
iffusion coefficient in the two catalyst layers can be expressed
s

cl,eff
w = ε1.5

cl Dcl,g
w + ε1.5

m Dλ

RuT

psat

dλ

da
(7)

ore details can be found in Um and Wang [17] and Kulikovsky
18].

Unlike the prior single-domain method, a conservation equa-
ion of the water content is solved in the membrane in this

ixed-domain method. The conservation equation is derived
s follows:

· (Dλ∇λ) + Sλ = 0 (8)

here the source term arising from the electro-osmotic drag can
e expressed as

λ = −∇ ·
(

nd�i
F

)
(9)

n Eq. (8), because the fluid velocity is very small inside the
embrane, the convective effect has been neglected.
As in the prior studies of Meng and Wang [7,8,10] and Um

nd Wang [17], the water content diffusivity in Eqs. (7) and (8)
an be estimated as

Dλ = ρm

EW
Dm

w = ρm

EW

×
{

3.1 × 10−7λ(e0.28λ − 1) · e[−2346/T ] 0 < λ ≤ 3

4.17 × 10−8λ(1 + 161e−λ) · e[−2346/T ] otherwise
(10)

ts variation is shown in Fig. 1.
The conservation equation of the water content, Eq. (8), is

onnected to the water concentration equation by a set of internal
oundary conditions at the two interfaces between the mem-
rane and the catalyst layers on both anode and cathode sides.
s shown in Fig. 2, the interfacial boundary conditions can be
stablished based on the thermodynamic phase equilibrium and
he flux equality. The general thermodynamic phase equilibrium
onditions at the interfaces are [21]

m = T cl (11a) F
Fig. 1. Variation of water content diffusivity in the membrane phase.

m = pcl (11b)

m
w = μcl

w (11c)

The general flux equality conditions include the equal energy
nd water fluxes at the interface

�m
e = �qcl

e (12a)

�m
w = �qcl

w (12b)

Since the single-domain method is used for solving the energy
quation, Eqs. (11a) and (12a) will be closely approached but
ig. 2. Schematic of an interface and the interfacial boundary conditions.
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nly consider the pseudo single-phase cases, and therefore, this
quation can be neglected.

According to Springer et al. [20], Eq. (11c) can be approxi-
ately replaced using the following empirical expression:

=
{

0.043 + 17.18a − 39.85a2 + 36.0a3 0 < a ≤ 1

14 + 1.4(a − 1) 1 < a ≤ 3
(13)
here the parameter λ represents the water content on the mem-
rane side of the interface and the parameter a is the water
ctivity on the catalyst layer side of the interface.

t

t
c

Fig. 3. Current distribution in the mid-thickness of the membrane: (a) from the
rces 162 (2006) 426–435 429

The water flux equality at the interface can be further derived
s(
−Dλ∇λ + nd�i

F

)∣∣∣∣∣
m

=
(

−Dcl,eff
w ∇Cw + nd�i

F

)∣∣∣∣∣
cl

(14)

Eqs. (13) and (14) constitute a set of the interfacial boundary
onditions for connecting the two conservation equations of the
ater content in the membrane and the water concentration in
he other regions.
The above conservation equations, Eqs. (1)–(6) and (8), and

he set of interfacial boundary conditions, Eqs. (13) and (14),
omplete the model development in the present mixed-domain

mixed domain method, (b) from the single-domain method (unit: A m−2).
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Table 1
Inlet humidification temperature and relative humidity at cell temperature of
80 ◦C

Case
number

Anode Cathode

Humidification
temperature (◦C)

Relative
humidity
(%)

Humidification
temperature (◦C)

Relative
humidity
(%)

Case 1 80 100 20 5
C
C

s
x

30 H. Meng / Journal of Powe

ethod. The other relevant physicochemical relationships,
oundary conditions, and numerical treatments follow the same
rocedures as in the single-domain approach, as detailed in
efs. [3,7,10]. This numerical model has been implemented

nto a general CFD package, Fluent. The computational grid
sed in the present study is the same as in the previous work
7,8], which is generated based on careful grid independence
tudies. In the next section, results from this mixed-domain
pproach will be compared with those from the single-domain
ethod, which have been extensively validated in terms of cell

erformances and current distributions [15,16].

. Result and discussion
The present numerical calculations are conducted using a
ingle straight-channel PEM fuel cell with a thin membrane of
5 �m. Its geometry and the other related parameters are pre-

ig. 4. Variation of average current density in the along-channel direction.

ig. 5. Variation of the net water transfer coefficient in the along-channel direc-
ion.

t
I
c
i
8
c

F
(

ase 2 50 26 50 26
ase 3 80 100 80 100

ented in Meng and Wang [7,8]. In the present configuration, the
-coordinate is in the through-membrane direction, y-coordinate
he along-channel direction, z-coordinate the lateral direction.
n order to make a comprehensive comparison, three different
ases are designed for the present numerical study, as shown

n Table 1. Since the cell operates at a constant temperature of
0 ◦C, two of the cases are in low-humidity operation conditions,
onsistent with the present pseudo single-phase calculations.

ig. 6. Variation of water content inside the membrane under the gas channel:
a) at the inlet region, (b) at the outlet region.
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he fully humidified case is included for completeness. The
ingle-domain calculations are based on the model presented in

eng and Wang [7,10], which applies the fictitious water con-
entration concept in MEA [17]. In both the mixed-domain and
he single-domain methods, the anisotropic electron transport
henomenon is handled using the simplified method developed
n Meng [23], but the contact resistance is neglected.

Fig. 3 illustrates current distributions in the mid-thickness
f the membrane from both the present mixed-domain and the
ingle-domain methods for case 1. Results show an excellent
greement at the first two-third length of the cell from the cell
nlet. The current distribution from the single-domain model
hows irregular variation starting from the two-third cell length.
he calculated current distribution from the present mixed-
omain method gives smooth variation in the entire region.
ariations of the average current density in the along-channel
irection from the two methods are further compared in Fig. 4.
he curves in Fig. 4 vary in the exactly same trend and show
very good agreement. In consistency with Fig. 3, the aver-

ge current density from the single-domain method shows slight
scillations starting from the two-third cell length. The reason

or the oscillations will be explained later in this section.

Fig. 5 presents variations of the amount of water transported
hrough the membrane in terms of a net water transfer coefficient
, which is defined as the ratio of the local net water transfer rate

t

α

Fig. 8. Water content distribution in a cross section perpendicular to the mem
Fig. 7. Variation of the derivative term, dλ/da, with water content.

hrough the membrane and the average water production rate in
he cathode catalyst layer
= 2FNw

Iavg
(15)

brane: (a) at the inlet region, (b) in the middle, (c) at the outlet region.
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n Eq. (15), a positive value means that water is transferred from
he anode to the cathode side. The net water transfer through the

embrane is caused by two mechanisms in the present calcu-
ations, namely the electro-osmotic drag from the anode to the
athode side and water diffusion, whose direction depends on
he gradient of the water concentrations on the two sides.

In Fig. 5, variations of the net water transfer coefficient calcu-
ated from the two methods are in an excellent agreement before
he result from the single-domain method starts to oscillate. In

oth methods, the calculated net water transfer is from the anode
o the cathode side at the beginning of the cell because of the
ual effects of the higher water concentration on the anode side,

Fig. 9. Water content distribution in the mid-thickness of the membrane.
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rces 162 (2006) 426–435

hich results in the forward water diffusion, and the electro-
smotic drag. At around y = 4 cm, the net water transfer coeffi-
ient changes to negative values. This is dictated by the backward
ater diffusion caused by the higher water concentration on the

athode side, which is produced by the electrochemical reaction.
Fig. 6 shows water content variations inside the membrane

nder the middle of the gas channel. In Fig. 6a close to the inlet
egion, the water content has higher values on the anode side,
esulting in the forward water diffusion. Results from the two
ethods are in an excellent agreement. In Fig. 6b close to the

utlet region of the cell, the water content shows higher val-
es on the cathode side, resulting in the strong backward water
iffusion. An interesting point is that although the curves show
early the same gradient in the majority of the membrane, the
esult from the single-domain approach shows a sharp decrease
t a water content value of λ = 14 close to the cathode side. This

s not a physical phenomenon but a numerical result caused by
he fictitious water concentration treatment, in which the water
iffusivity involves a derivative term in the form of dλ/da. Fig. 7

ig. 10. Variation of water concentration in the gas channel: (a) on the anode
ide, (b) on the cathode side.
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rovides the variation of this derivative term calculated using Eq.
10). It shows an abrupt decrease at a water content of 14. This
esult indicates that the fictitious water concentration approxi-
ation could cause an incorrect water content variation inside

he membrane. In fact, the sharp decrease of the water con-
ent in the single-domain approach, as shown in Fig. 6b, results
n the lower water content values in the majority of the mem-
rane, which in turn causes the lower water content diffusivity,
s can be seen in Fig. 1, and consequently the higher net water
ransfer coefficient at the outlet region in Fig. 5. In addition,
his incorrect water content variation also causes oscillations
n the current distribution and the net water transfer coefficient
n Figs. 3–5. It should be noted that in this case this type of
roblem only occurs under the fully humidified condition with
water activity above unity, i.e. close to the outlet region, but

he incorrect water content variation could also occurs under

ow-humidification conditions, as discussed later in this section.

Water content distributions calculated from the present
ixed-domain model are illustrated in Figs. 8 and 9. In Fig. 8,

ig. 11. Variation of the average current density in the along-channel direction:
a) from case 2, (b) from case 3.

a
w
w
o

F
c

rces 162 (2006) 426–435 433

ater content distributions are shown in three different cross
ections perpendicular to the membrane. These results clearly
how that the water content distribution in the membrane varies
ot only from the anode to the cathode side but also in the lateral
irection, with the higher water content under the land than that
nder the channel. Fig. 8a illustrates that at the inlet region of
he cell, although the water content is higher on the anode side
nder the gas channel, as also presented in Fig. 6a, it is higher on
he cathode side under the land. Fig. 9 presents the water content
istribution in the mid-thickness of the membrane, which clearly
hows that the water content increases from the inlet to the outlet
egion, painting a complete picture of the water content variation
nside the membrane.

Average water concentration variations in both the anode
nd the cathode gas channels from the two methods are pre-
ented in Fig. 10. Results from the two methods are in very good

greements as expected. Results are also consistent with the net
ater transfer coefficients presented in Fig. 5. For example, the
ater concentration in the anode gas channel initially decreases
wing to the dual effects of the forward water diffusion and the

ig. 12. Variation of the net water transfer coefficient: (a) from case 2, (b) from
ase 3.
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lectro-osmotic drag, and then increases dominated by the back-
ard water diffusion. Furthermore, the differences from the two
ethods are consistent on the anode and the cathode sides as
ell.
Variations of the average current density from the mixed-

omain and single-domain methods are further compared in
ig. 11, showing very good agreements for both cases 2 and 3.
he net water transfer coefficient from the two methods is com-
ared in Fig. 12. Results from case 2 in Fig. 12a show a very
ood agreement. Although results from case 3 in Fig. 12b are in
he same trend, the result from the single-domain method shows
arge oscillations. These comparisons indicate that the single-
omain method performs better under the low-humidification
onditions than under the fully humidified ones, in consis-
ency with the result from case 1. However, even under a low-
umidification condition in case 2, the calculated water content

n the membrane from the single-domain approach is different
rom the mixed-domain method, as shown in Fig. 13a at a loca-
ion directly under the gas channel close to the outlet end. This
an also be attributed to the approximate fictitious water concen-

ig. 13. Variation of water content inside the membrane under the gas channel
t the outlet region: (a) from case 2, (b) from case 3.
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ration treatment in the membrane. Under the fully humidified
ondition in case 3, a rapid decrease of the water content cal-
ulated from the single-domain method again occurs inside the
embrane, as shown in Fig. 13b.
Based on a comprehensive numerical analysis presented

erein, it seems that the single-domain method using the fic-
itious water concentration approximation should be improved
s it lacks theoretical basis inside the membrane and gives incor-
ect water content variations, although it can provide correct cell
erformances and current variations. The present mixed-domain
ethod, which applies a set of interfacial boundary conditions

o connect the conservation equation of the water content in the
embrane and the water concentration equation in the other

egions, is established on a solid theoretical basis and provides
orrect results in terms of not only cell performances and current
ariations but also water content variations inside the membrane.
urthermore, it seems that model validations based on cell per-
ormances and current variations are still insufficient since small
ifferences in the current variation between the numerical and
xperimental data could indicate an incorrect result but it could
asily escape a researcher’s attention. It seems that the water
ontent in the membrane and its related parameters, i.e. the
embrane resistance, might have to be used for better model

alidation.

. Conclusion

In this paper, a three-dimensional PEM fuel cell model with
consistent water transport treatment in the membrane elec-

rode assembly has been developed. In this new PEM fuel cell
odel, the conservation equation of the water concentration is

olved only in the gas channels, gas diffusion layers, and cata-
yst layers while a conservation equation of the water content is
stablished in the membrane. These two equations are connected
sing a set of interfacial boundary conditions based on the ther-
odynamic phase equilibrium and flux equality at the interface

f the membrane and the catalyst layer. In fact, this theoretical
ormulation extends the Springer’s one-dimensional interfacial
reatment into a three-dimensional framework. In addition, the
rior fictitious water concentration treatment is applied in the
wo catalyst layers on a solid theoretical basis to consider water
ransport in the membrane phase. Since all the other conser-
ation equations of mass, momentum, species concentration,
roton and electron transport, and energy are still solved in the
ingle-domain framework without resort to interfacial bound-
ry conditions, the present new PEM fuel cell model is termed
s a mixed-domain method. Results from this mixed-domain
ethod have been compared extensively with those from the

ingle-domain approach. The present model provides accurate
umerical results in terms of not only cell performances and
urrent variations but also water content variations inside the
embrane.
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