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a b s t r a c t

Capillary-induced transport of liquid water inside the porous diffusion media (DM) of polymer electrolyte
fuel cells (PEFCs) is strongly dependent on DM pore structure and material properties. As such, excessive
liquid in the DM can be expelled more efficiently into flow channels by proper design of the DM structure.
The present study is devoted to exploring multiphase transport characteristics by considering the effects of
DM pore structure and material properties. Two main effects on overall water removability are examined,
namely: (i) the effect of immobile liquid saturation, which is a threshold value for initiating macroscopic
capillary transport via connected small liquid droplets, and (ii) the effect of hydrophobic spatial variation,
which is encountered in typical DM treated with PTFE. Although these two effects are expected to influence
significantly the transport characteristics in the fuel cell DM, they have been ignored in most two-phase
fuel cell models reported in the literature. In the present work, these features are implemented into a
one-dimensional, multiphase mixture (M2) fuel cell model along the through-plane direction, where both

anode and cathode sides and the membrane are fully incorporated. The results of the model simulation
clearly demonstrate the dramatic influence of the amount of liquid accumulation and capillary transport
characteristics inside the DM. The findings are useful for designing and optimizing DM for the purpose of
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effective water removal.

. Introduction

Water management in polymer electrolyte fuel cells (PEFCs)
ffects performance, durability, and cold-start characteristics. Dif-
usion media (DM) in PEFCs should be able to expel efficiently
xcessive water condensed in the catalyst layer (CL) into the flow
hannels in order to minimize flooding. Typical carbon–fibre-based
M are a carbon-fiber-based porous materials treated with PTFE,
nd display complex pore structures and non-uniform wetting
haracteristics [1–3]. Accordingly, DM pore structure and material
roperties are key factors for the control of liquid water transport in
he DM and thus need to be optimized for better water management
f PEFCs.

Two-phase transport and resulting flooding phenomena in DM

ave been investigated using both modelling and experimental
tudies. A large number of macroscopic PEFC models reported in
he literature are based on the two-phase Darcy’s law under for a
omogeneous pore structure and uniform wetting characteristics
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4–22]. Some publications further analyze the effects of a micro
orous layer (MPL), which is finer and more hydrophobic than tra-
itional DM [18–21]. Although macroscopic fuel cell models are
ased on descriptions of continuous flow and transport, the effect
f immobile liquid saturation, which constitutes a threshold for
continuous liquid phase, has been largely ignored. Only a few

esearchers [20–22] have examined its influence on the amount of
iquid accumulation in DM.

Simultaneously, efforts have also been made to investigate
xperimentally the effects of DM pore structure and hydrophobic-
ty on water transport through DM as well as on cell performance.
ong et al. [23] showed the influence of DM pore-size distribution
n cell I–V performance curves. Park et al. [24] and Qi and Kauf-
an [25] compared and analyzed cell performance using DM with

ifferent pore structures, PTFE contents, and MPLs. In addition, a
eutron radiography technique was employed to examine the effect
f DM properties on liquid accumulation in PEFCs [26–28]. These

xperimental studies provide strong evidence that DM structure
nd wettability affect water transport characteristics in fuel cell
M.

Macroscopic models have inherent limitations in accurately
escribing multi-phase flows through heterogeneous porous

http://www.sciencedirect.com/science/journal/03787753
mailto:hcju@inha.ac.kr
dx.doi.org/10.1016/j.jpowsour.2008.06.085
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Nomenclature

a water activity or effective catalyst area per unit of
total volume (m2 m−3)

A area (m2)
Dk mass diffusivity of species k (m2 s−1)
EW equivalent weight of dry membrane (kg/mol)
F Faraday constant (96,487 C mol−1)
I current density (A m−2)
ji diffusive mass flux of i phase (kg m−2 s−1)
J Leverett function
kr relative permeability
K hydraulic permeability (m2)
m mass fraction
M molecular weight (kg mol−1)
n number of electrons in electrochemical reaction or

diffusivity correction factor
nd electroosmotic drag coefficient
P pressure (Pa)
Pc capillary pressure (Pa)
RH inlet relative humidification
Ru universal gas constant (8.314 J mol−1 K−1)
s liquid saturation
sim immobile liquid saturation
sint interfacial liquid coverage
sr reduced liquid saturation
T temperature (K)
u fluid velocity and superficial velocity in porous

medium (m s−1)
V volume (m3)

Greek letters
˛ transfer coefficient
� advection correction factor
ıi thickness of component i
ε volume fraction of gaseous phase in porous region
� contact angle (◦)
� membrane water content (mol H2O/mol SO3

−)
�� relative mobility of phase �
� viscosity (kg m−1 s−1)
� density (kg m−3)
�mem dry membrane density (kg m−3)
� surface tension (N m−1) or electronic conductivity

(S m−1)
	 viscous shear stress (N m−2)

 kinematic viscosity (m2 s−1)

Subscripts
a anode
avg average value
c cathode
CL catalyst layer
DM diffusion medium
g gas phase
GC gas channel
H2 hydrogen
i species index
mem membrane
N2 nitrogen
O2 oxygen
sat saturation value
w water
0 standard condition, 298.15 K and 101.3 kPa (1 atm.)

Superscripts
eff effective value in porous region
mem membrane
g gas
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edia. In response to this, pore-scale modelling and simulations
ave recently been conducted by several fuel cell research groups,
ith the aim of more precisely investigating the liquid water

ransport mechanism through a fibrous DM structure [29–34]. In
ddition to providing constitutive relations under a carbon–fibre-
ased DM microstructure (e.g., capillary pressure and relative
ermeability as a function of liquid saturation), which are employed
s inputs for macroscopic two-phase fuel cell models, the pore-
evel simulations revealed that pore morphology and non-uniform
patial distribution of wettability strongly influence the capillary
ransport characteristics and liquid water accumulation inside DM.

hile pore-level models are capable of predicting more realis-
ic liquid water profiles, these models are computationally more
emanding compared with macroscopic models based on the vol-
me averaging theory. Furthermore, they are more difficult to

ncorporate into a comprehensive fuel cell model.
In the present work, we describe the effects of immobile liq-

id saturation and non-uniform DM wettability using macroscopic
wo-phase fuel cell simulations. These features are implemented
nto a two-phase PEFC model. The model is a one-dimensional,

ultiphase mixture (M2) fuel cell model along the through-plane
irection that fully incorporates both the anode and cathode sides
nd the membrane. Model simulations and analyses yield a better
acroscopic understanding of two-phase transport processes and

ooding physics. This provides useful information in designing and
ptimizing DM for the purpose of effective water removal.

. Two-phase PEFC model

.1. Multi-phase mixture (M2) model

The one-dimensional, two-phase flow model presented in the
urrent study is based on a percolation theory proposed by
asaogullari and Wang [4] and Nam and Kaviany [20]. In the the-
ry, liquid water droplets that preferentially occupy larger pores in
ydrophobic porous DM can agglomerate and become a continu-
us liquid phase. The continuous phase enables the liquid water
o move through the DM under a liquid pressure gradient. The

acroscopic multi-phase flow phenomena through porous media
re traditionally modelled by a multiphase mixture (M2) approach
here consideration of immobile liquid saturation is indispensable

or the description of continuous flow and transport. In the present
tudy, a previously described M2-based fuel cell model [4,5,12,18]
s reformulated by adding a new feature, namely, immobile liquid
aturation.

In order to quantify individual phase distributions in porous
edia, liquid saturation, s, is defined as the volume fraction of pores

ccupied by the liquid phase:

V l

=

V
(1)

hen the immobile liquid saturation, sim, is taken into account,
reduced liquid saturation, sr, which can be interpreted as the
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raction of transportable liquid, has to be introduced as follows:

r = s − sim

1 − sim
(2)

ince two-phase transport inside porous DM is mainly governed by
apillary motion between liquid and gas phases, capillary pressure,
efined as the difference between gas and liquid pressures, is a basic
arameter in the M2 model. The capillary pressure, Pc, is expressed
s [35]:

c = Pg − Pl = � cos �
(

ε

K

)1/2
J(sr) (3)

here ε, K, and � are the porosity, the permeability, and the contact
ngle of the given porous media, respectively. In Eq. (3), the Leverett
unction, J(sr), meaning a dimensionless capillary pressure, can be
xpressed as a function of the reduced liquid saturation, sr, for the
iven hydrophobic DM:

(sr) =
{

0 if s ≤ sim
1.417sr − 2.120s2

r + 1.263s3
r if s > sim

(4)

t should be noted here that the standard Leverett J-function form
n Eq. (4) was formulated to characterize the liquid transport
n more uniform porous media such as soils and rocks [36,37].

more realistic capillary pressure–saturation study for real fuel
ell DM was recently conducted by Gostick et al. [3] and Kum-
ur et al. [2,39,38]. In particular, Kumbur et al. [39] conducted
apillary pressure–saturation measurements under typical fuel-
ell compressed DM and operating temperatures (20, 50, and
0 ◦C). Experimental measurements were compared with capil-

ary pressure–saturation correlation test data obtained with the
raditional Leverett function. According to the comparison, the
eviation between the Leverett function and new correlations was
ot significant, especially for the practical range of liquid satura-
ion (0 < s < 0.5) in DM during fuel cell operation. Therefore, we have
mployed the standard Leverett J-function, i.e., Eq. (4), in this study.

On the other hand, a relative permeability term should be intro-
uced for the two-phase porous region because the available pore
pace in porous DM is shared by both gas and liquid phases. The
elative permeability for an individual phase can also be expressed
n terms of reduced liquid saturation, sr, as follows:

l
r =

{
0 if 0 ≤ s ≤ sim

sr
3 =

(
s − sim

1 − sim

)3
if s > sim

(5a)

g
r = (1 − s)3 (5b)

here kl
r and kg

r denote the relative permeabilities of non-wetting
iquid and wetting gas phases, respectively, for hydrophobic DM.
ig. 1 schematically shows the relative permeability curves as a
unction of liquid saturation, s, as defined in Eq. (1). It is seen that
he relative permeability of the non-wetting liquid phase, kl

r is zero
ntil liquid saturation, s exceeds the threshold value at immobile

iquid saturation.
Finally, all mixture properties in the M2 formulation are defined

s follows [35].
Mixture density:

= �ls + �g(1 − s) (6)

g
here the gas mixture density, � , described by the ideal gas law
aries with its composition (mass fractions, mg

i
). That is,

g =
(

P

RuT

)
1∑

im
g
i
/Mi

(7)

fi
c
(
p

ig. 1. Relative permeabilities for non-wetting liquid and wetting gas phases as
unction of liquid saturation for hydrophobic DM. Dashed line denotes immobile
iquid saturation.

ixture velocity:

= �lul + �gug

�
(8)

pecies mass fraction:

i = �lsml
i
+ �g(1 − s)mg

i

�
(8)

inematic viscosity:

=
(

kl
r

�l
+ kg

r

�g

)−1

(9)

here �g is the kinematic viscosity of a gas mixture varying with
as composition [40]:

g = �g

�g = 1
�g

n∑
i=1

xi�i∑n
j=1xj˚ij

,

where ˚ij = 1√
8

(
1 + Mi

Mj

)−1/2
[

1 +
(

�i

�j

)1/2(
Mj

Mi

)1/4
]

(10)

nd

i (N s/m2) =

⎧⎪⎨
⎪⎩

�H2 = 0.21 × 10−6T0.66

�w = 0.00584 × 10−6T1.29

�N2 = 0.237 × 10−6T0.76

�O2 = 0.246 × 10−6T0.78

, T in K

elative mobility:

l = kl
r

�l
� (11)

g = 1 − �l (12)

.2. Fuel cell model description and assumptions
In this study, for complicity, the computational domain is con-
ned to the anode DM, the catalyst coated membrane (CCM) and the
athode DM. Therefore, both the anode and cathode gas channels
GCs) are excluded from the computational domain by applying
roper boundary conditions to the DM|GC interfaces. In addition,
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ig. 2. Schematic of modelling domain and transport phenomena, where HOR and
he cathode side, respectively.

he cell is assumed to be under steady-state and isothermal condi-
ions in order to simplify numerical analysis and emphasize liquid
ater formation. The schematic diagram presented in Fig. 2 depicts

he associated transport processes in this model.

.3. Conservation equations

Mass conservation in steady-state along the through-plane
irection (x) is

d
dx

(�u) = 0 (13)

f Eq. (13) is integrated along the x direction, the total mass flux
hrough the porous DM is given by the following relationship.

Mass transport in the anode DM:

u= I

2F
MH2 +

[
nd

I

F
−Dmem

w
�mem

EW
d�

dx

)
mem

]
Mw − Kmem

�l

dPl

dx

)
mem
(14)

ass transport in the cathode DM:

u = − I

4F
MO2 + I

2F
Mw

+
[(

nd+1
2

)
I

F
−Dmem

w
�mem

EW
d�

dx

)
mem

]
Mw−Kmem

�l

dPl

dx

)
mem
(15)

here the terms on the right-hand side of Eqs. (14) and (15) rep-
esent the reactants and product fluxes due to the electrochemical
eactions and water flux across the membrane that is driven by
he hydraulic pressure gradient, diffusion due to the water content

radient, and electro-osmotic drag due to proton flux (see Fig. 2).

For the momentum conservation equations for flow through the
orous DM, Darcy’s law is used instead Navier–Stokes equations.
or the two-phase region, the Darcy’s equations are derived accord-
ng to the M2 model for both single- and two-phase porous regimes.

N
c
c

enote hydrogen oxidation reaction in anode side and oxygen reduction reaction in

he equation can be written in one-dimensional form as

u = K

�

dP

dx
(16)

he steady-state, one-dimensional species conservation equation
an be written as [35]:

d
dx

(�i�miu) = d
dx

[
�gDg,eff

i

d
dx

(mg
i
)
]

+ d
dx

[(mg
i

− ml
i)j

l] (17)

here jl in the second term on the right-hand side of Eq. (17)
enotes the diffusive mass flux of liquid phase relative to the whole
ultiphase mixture [35]. It can be expressed in a one-dimensional

orm as follows:

l = �lul − �l�u (18)

n the other hand, the term on the left-hand side of Eq. (17) repre-
ents the advective term, where the advection correction factor, �i
s given by [35]:

i = �(�lml
i
+ �gmg

i
)

(s�lml
i
+ (1 − s)�gmg

i
)

(19)

pecies diffusivity in the gas mixture, Dg
i
, in the first term on the

ight-hand side of Eq. (17), is defined such that summation of inter-
pecies diffusion within the gas phase will be equal to zero [40]:

g
i

= 1 − xi∑j=n

j
j /= i

xj/Di,j

,

where Di,j = 1.013 × 10−7T1.75

p(�1/3
i

+ �1/3
j

)
2

(
1

Mi
+ 1

Mj

)1/2

,

�Hw = 7.07, �w = 12.7, �Nw = 17.9, �Ow = 16.6 (20)

ote that gaseous diffusive transport for a porous medium can be
ontrolled by the Knudsen diffusion effect due to molecule-to-wall
ollisions, as well as molecular diffusion caused by molecular col-
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isions, as described in Eq. (20). The Knudsen diffusion coefficient
an be computed according to the kinetic theory of gases as follows:

K
i = 2

3

(
8RuT


Mi

)1/2
rp (21)

he effective diffusivity of species, i in the gas mixture, is then
btained by combining both molecular and Knudsen diffusion
ffects with the effects of porosity and tortuosity of the porous
edium by means of the Bruggeman correlation [41]:

g,eff
i

= [ε(1 − s)]n

(
1

Dg
i

+ 1
DK

i

)−1

(22)

here it is seen that the effective gas diffusivity Dg,eff
i

in the two-
hase region is a function of both the porosity, ε, and the liquid
aturation, s.

Eq. (17) can be written for water species as

d
dx

(�w�mwu) = d
dx

[
�gDg,eff

w
d
dx

(mg
w)

]
+ d

dx
[(mg

w − ml
w)jl] (23)

gain, this equation is integrated over the porous DM to give:

water transport in the anode DM:

�w�mwu = �gDg,eff
w

d
dx

(mg
w) + (mg

w − ml
w)jl

+
[

nd
I

F
−Dmem

w
�mem

EW
d�

dx

)
mem

]
Mw−Kmem

�l

dPl

dx

)
mem
(24)

water transport in the cathode DM:

�w�mwu = �gDg,eff
w

d
dx

(mg
w) + (mg

w − ml
w)jl

+
[(

nd + 1
2

)
I

F
− Dmem

w
�mem

EW
d�

dx

)
mem

]
Mw

− Kmem

�l

dPl

dx

)
(25)

As noted earlier, this study takes into account the water transport
across the electrolyte phase driven by three modes [the hydraulic
pressure gradient, the gradient of membrane water content, and
the electro-osmotic drag due to proton flux] can be expressed by
the following equation:
water transport across membrane:

d
dx

(
�mem

EW
Dmem

w
d�

dx

)
Mw− d

dx

(
nd

I

F

)
Mw+ d

dx

(
Kmem

�l

dPl

dx

)
= 0

(26)

The transport properties of electrolytes are correlated with the
water content of the membrane, �,which is in turn a function of
the water activity, a, as follows [42]:

a = Cg
wRuT

Psat
(27)

�=
{

�g=0.043 + 17.81a − 39.85a2 + 36.0a3 for 0 < a ≤ 1
�l = 22

(28)

The electro-osmotic drag coefficient, nd, and the water diffu-

sion coefficient in the membrane, Dmem

w have been described by
Zawodzinski et al. [43] and Motupally et al. [44]:

nd =
{

1
2.5

� ≤ �g (a = 1)
� = �l (29)

a
t
g

d

ces 185 (2008) 55–62 59

Dmem
w =

{
3.1 × 10−7� (e0.28� − 1) e(−2346/T) for 0 < � ≤ 3
4.17 × 10−8� (1 + 161 e−�) e(−2346/T) otherwise

(30)

Meanwhile, a one-dimensional oxygen species conservation equa-
tion provided by the M2 formulation is obtained from Eq. (17):

d
dx

(�O2 �mO2 u) = d
dx

[
�gDg,eff

O2

d
dx

(mg
O2

)
]

+ d
dx

[mg
O2

jl] (31)

In this study, no oxygen is assumed in the anode side, and hence
Eq. (31) can be integrated over the cathode DM to give:
oxygen transport in cathode DM:

�O2 �mO2 u = �gDg,eff
O2

d
dx

(mg
O2

) + mg
O2

jl − I

4F
MO2 (32)

.4. Boundary conditions

The aforementioned one-dimensional model requires boundary
onditions for water and oxygen species at the GC|DM inter-
aces. The interfacial mass fractions for oxygen and water species,

i,DM/GC, are determined by the cell operating pressure (P), temper-
ture (T), GC relative humidity (RHGC), and interfacial liquid droplet
overage (sint) due to channel flooding conditions:

w,DM/GC(sint, RHGC, T, P)

= �lsint + (1 − sint)(PwMw/RuT)
�lsint + �g(1 − sint)

= �lsint + (1 − sint)((RHGCPsatMw)/RuT)
�lsint + �g(1 − sint)

(33)

O2,DM/GC(sint, RH, T, P)

= (1 − sint)MO2 (PO2 /RuT)

�lsint + �g(1 − sint)

= (1 − sint)MO2 (P − Pw − PN2 /RuT)

�lsint + �g(1 − sint)
(34)

.5. Numerical procedures

The first-order ordinary differential equations derived in the
oregoing section are solved separately in three different regions,
.e., anode DM, CCM, and cathode DM. In order to connect these
ifferential equations for the three domains, an initial estimated
alue is provided for the water flux across the membrane to set up
he interfacial boundary conditions. An iterative procedure is used
o improve the initial estimate where the individually calculated
nterfacial fluxes in adjoining domains should be matched at the
nterface. The iterations proceed until the relative error falls below
he convergence criterion (10−7).

. Results and discussion

In this study, the aforementioned one-dimensional PEFC model
s applied to typical fuel cell geometry. The cell component proper-
ies and physical parameters for the one-dimensional simulations
re shown in Table 1. It is assumed for all simulation cases that the
ell is operated at a constant temperature of 80 ◦C and a pressure
f 1.5 atm., which are typical of practical PEFC stack operations. In

ddition, in order to focus on the cell flooding phenomena, GC rela-
ive humidity (RHGC) is assumed to be unity, which means that the
as stream in the flow channel is fully saturated.

The effect of immobile liquid saturation on the DM liquid water
istribution is illustrated in Fig. 3. The five cases shown correspond
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Table 1
Material properties and physical parameters

Description Value

Porosity of DM, εDM 0.6
Permeability of DM, KDM 1.0 × 10−12 m2

Thickness of DM, ıDM 0.3 mm
Hydraulic permeability of membrane, Kmem 5.0 × 10−20 m2

Thickness of membrane, ımem 0.018 mm
Dry membrane density, �mem 2000 kg m−3

Equivalent weight of electrolyte in membrane, EW 1.1 kg mol−1

Faraday constant, F 96,487 C mol−1

Universal gas constant, Ru 8.314 J mol K−1

S
L
L

t
0
t
v
l
t
i
I
t
i
s
a
s
f
a
i
m
r
m
a
l
g

o

F
u
l
0

F
u
C
c

4
c
c
w
h
l
T
immobile liquid saturation is assumed to be small. On the other
hand, when immobile liquid saturation of 10% is considered, the
urface tension, � 0.0625 N m−1

iquid water density, �l (80 ◦C) 972 kg m−3

iquid water viscosity, �l 3.5 × 10−4 N s m−2

o different immobile liquid saturation values that range from 0 to
.2, where the immobile liquid saturation for each case is assumed
o be constant throughout the entire DM, although it is likely to
ary in the random fibrous DM. These cases assume no interfacial
iquid coverage (sic = 0) at the DM surface. This means that most of
he liquid water transported through the DM is evaporated at the
nterface of the DM and GC. Thus, channel flooding is minimal [12].
t is clearly seen in Fig. 3 that the amount of liquid water accumula-
ion in the cathode DM is strongly influenced by the magnitude of
mmobile liquid saturation. Without the effect of immobile liquid
aturation, i.e., sim = 0, the overall liquid saturation, savg, averaged
long the DM thickness is 0.138 (13.8%) and the maximum liquid
aturation of 0.158 (15.8%) is predicted to be near the DM|CCM inter-
ace. As the immobile liquid saturation increases, both the overall
nd maximum liquid saturations of the DM increase. When the
mmobile liquid saturation is assumed to be 0.2, the overall and

aximum liquid saturations are predicted to be 0.295 and 0.320,
espectively. Generally, the immobile liquid saturation of porous
edia is increased when the spatial heterogeneity in porous media

lso increases. Therefore, it can be concluded from Fig. 3 that the

evel of DM flooding is strongly influenced by the spatial hetero-
eneity of the DM.

Fig. 4 displays the effect of interfacial liquid coverage on cath-
de DM liquid saturation profiles, where sic = 20% in Cases 2 and

ig. 3. Liquid saturation profiles in cathode DM as function of immobile liquid sat-
ration, sim (I = 1.5 A cm−2, DM contact angle, � = 110◦ , sic = 0 for all cases). Overall

iquid saturations, savg, i.e., averaged along DM thickness for cases of sim = 0.0, 0.05,
.10, 0.15, and 0.20 are 0.138, 0.166, 0.209, 0.252, and 0.295, respectively.

d
i

F
I
I
3
c
s

ig. 4. Liquid saturation profiles in cathode DM with different immobile liquid sat-
ration, sim, interfacial liquid coverage, sic (I = 1.5 A cm−2, DM contact angle, � = 110◦).
ase 1: sim = 0% and sic = 0%; case 2: sim = 0% and sic = 20%; case 3: sim = 10% and sic = 0%;
ase 4: sim = 10% and sic = 20%.

means that the 20% of the cathode DM interfacial surface is
overed by liquid water droplets. This implies that appreciable
hannel flooding exists for these cases. Comparing cases 1 and 2
hich have no immobile liquid saturation effect, sim = 0%, much
igher liquid saturation is predicted in case 2 which causes a

arge difference in average liquid saturation, savg (�savg = 6.9%).
his indicates that interfacial coverage has a significant effect if
ifference in the average liquid saturation between cases 3 and 4
s smaller (�savg = 1.6%). The comparison of the four curves pre-

ig. 5. Liquid saturation profiles in cathode DM with different current density,
, immobile liquid saturation, sim, and interfacial liquid coverage, sic. Case 1:
= 1.5 A cm−2, sim = 0%, and sic = 0%; case 2: I = 0.8 A cm−2, sim = 0%, and sic = 10%; case
: I = 0.4 A cm−2, sim = 0%, and sic = 20%; case 4: I = 1.5 A cm−2, sim = 10%, and sic = 0%;
ase 5: I = 0.8 A cm−2, sim = 10%, and sic = 10%; case 6: I = 0.4 A cm−2, sim = 10%, and
ic = 20%. DM contact angle, � is assumed to be 110◦ for all cases.
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ig. 6. Liquid saturation profiles in cathode DM with variation of DM contact angle.

ented in Fig. 4 clearly demonstrates that the effect of immobile
iquid saturation is less significant with a high level of DM flood-
ng, e.g., the presence of liquid coverage on the DM interfacial
urface.

Fig. 5 gives a plot of liquid saturation profiles in the cathode DM
t three different current densities, 0.4, 0.8, and 1.5 A cm−2, where a
igher value of interfacial coverage is applied to the lower current
ensity cases. Therefore, the assumed values of interfacial cover-
ge at 0.4, 0.8, and 1.5 A cm−2 are, respectively, 20, 10, and 0%. The
ssumption is based on experimental observations that the droplet
etachment diameter from the DM interfacial surface is inversely
roportional to the air flow velocity in the channels, and thus to the
urrent density under the given air stoichiometry [45]. Two cases
re considered for each current density. One is without the effect of
mmobile liquid saturation (cases 1–3 for sim = 0.0) and the other is

ith consideration of 10% immobile liquid saturation (cases 4–6 for
im = 0.1). From a comparison of these cases, it is clearly seen that
he effect of immobile liquid saturation is smaller at lower current
ensity. The smallest effect is predicted at 0.4 A cm−2, due to the

arger interfacial coverage, i.e., 20%.

It is expected that the wetting characteristics of DM vary spa-

ially due to heterogeneous DM pore structures as well as anomalies
n the PTFE treatment of DM. The effects of spatial variation of DM

ettability (contact angle, �) on the liquid water distribution in
he DM are investigated in Fig. 6. According to Eq. (3), the capil-

s
u
t
m

ces 185 (2008) 55–62 61

ary pressure Pc is directly proportional to the cosine of the DM
ontact angle (cos �). Therefore, the linear variation of cos � along
he DM thickness is considered, as shown schematically in Fig. 6a.
ase 1 is a baseline case without variation of cos � (uniform con-
act angle). The absolute value of cos � linearly increases (case
) or decreases (case 3) from the CCM|DM interface towards GC,
ased on the given ratio of cos � in Fig. 6a. Liquid saturation dis-
ributions for the three cases are shown in Fig. 6b. It is clearly
een that the direction of contact angle variation along the DM
hickness strongly affects both the amount of liquid water accu-

ulation and the shape of the liquid saturation profiles inside the
M. Higher liquid saturation is predicted in case 2 where the DM
ydrophobicity increases towards GC. This indicates that liquid
ater tends to be more easily accumulated in relatively hydrophilic
ores rather than being transported towards relatively hydrophobic
ores. On the other hand, case 3 has lower liquid water accumu-

ation, because liquid water removal inside the DM is facilitated
hen the DM hydrophobicity decreases towards GC. The liquid
ater transport characteristics also influence the shape of the liq-
id saturation profile in the DM, where the concave-shaped liquid
aturation profile for case 2 differs from the convex shape for cases
and 3.

. Conclusions

A one-dimensional, multiphase mixture (M2)-based fuel cell
odel has been developed. The model takes into account two

ey features in order to capture more accurately the accumula-
ion and distribution of liquid water inside DM. The first feature is
he effect of immobile liquid saturation, which is a threshold value
or continuous liquid phase, and the second feature is the effect
f spatial variation of DM wettability, which is mainly caused by
he heterogeneity of DM pore structures as well as non-uniform
TFE treatment of DM. One-dimensional PEFC simulations have
een performed to investigate these effects on DM liquid water
ccumulation and flooding. The following conclusions have been
eached.

1) One-dimensional model simulations demonstrate that the
effect of immobile liquid saturation is critical. It significantly
alters the amount of liquid water accumulation and flooding
level in the DM. The effect is diminished, however when the
DM faces a high liquid saturation level, particularly with inter-
facial liquid coverage on the DM surface. Nevertheless, the effect
of immobile liquid saturation should be considered in macro-
scopic two-phase models to understand better the complex
water condensation/evaporation processes in the DM and to
predict more accurately single- and two-phase regimes of the
DM, which are key aspects for the water management of PEFCs.

2) When linear variation of the cosine of the DM contact angle
is assumed along the DM thickness, the model simulations
showed that the liquid saturation profiles in the DM are strongly
influenced by the direction of the DM contact angle variation.
Liquid water transport is enhanced when liquid water is trans-
ported from relatively hydrophobic pores towards relatively
hydrophilic pores. The numerical observations can impact DM
design and optimization strategies for improved water man-
agement of PEFCs.
Since these two features are of great importance in DM liquid
aturation profiles and flooding phenomena, efforts are currently
nderway to integrate the present one-dimensional model into a
hree-dimensional, full-cell PEFC model in order to examine their

ulti-dimensional effects.
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