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Model of water transport in a membrane electrode assembly of a polymer electrolyte fuel cell~PEFC! is developed. The model
takes into account nonlinear diffusion of liquid water in the membrane. It is shown that nonlinearity leads to the formation of
closely located dry and wet regions in the membrane. The model is incorporated into our quasi-3D model of a PEFC and rece
experiments of Bu¨chi and Scherer are simulated. The model qualitatively reproduces measured membrane resistance and the me
profile of water content across the membrane. Calculated two-dimensional distribution of water in the cell cross section is
discussed.
© 2003 The Electrochemical Society.@DOI: 10.1149/1.1611489# All rights reserved.

Manuscript submitted February 27, 2003; revised manuscript received April 29, 2003. Available electronically September 16
2003.
l

y

n

.

c

a

not

he

d.
in
or-
nt

del.

on-
st
ion
ne.
he
D

the
e

not
he
pre-
and
es
Ex-
and

es

er

of
ol-

d of

ms
sk
m-
cro-
Membranes play a vital role in polymer electrolyte fuel cel
~PEFCs!. The membrane has to prevent mixing of feed gases a
provide good transport of protons from the anode to the cathode

State-of-the art polymer electrolytes~such as Nafion! have no-
ticeable ionic conductivity only in a wet state. Under sufficient h
dration the molecules of a polymer backbone form water-filled m
crochannels with SO3

2 groups attached to their walls. In the externa
electric field protons are transported in these microchannels eit
due to hopping between adjacent water molecules~Grottus mecha-
nism! or due to formation and drift of H3O1 molecules~vehicle
mechanism!. The structure of the membrane~number of conducting
channels, their mean radius, and form! depends on water contentl,
the number of water molecules per SO3

2 group. Structural changes
lead to strong dependence of membrane transport parameters~in-
cluding proton conductivity! on l. This is an important issue in
overall cell performance; water transport in the membrane is ess
tially nonlinear.

The first 1D model of a PEFC which took into account wate
transport in the membrane was developed by Springeret al.1 They
assumed a diffusion mechanism of transport and used a meas
dependence of the diffusion coefficient of water in membra
Dwl(l). However, belowl 5 2 no data onDwl were presented.

One year later, Bernardi and Verbrugge2 assumed that water is
transported through the membrane due to pressure gradient and
constant hydraulic permeability in the expression for water fluxb

Since that time the nature of the driving force for water transpo
~pressure gradient or concentration gradient! has been discussed in
literature.

In multidimensional modeling of PEFC water transport in mem
brane is usually described in a simplified manner. The first quasi-2
along-the-channel model of a PEFC was developed by Fuller a
Newman5 under the assumption of constantDwl . Recently Futerko
and Hsing6,7 took into account the dependenceDwl(l). Their model,
however, does not resolve catalyst layers and hence ignores the
fluence of spatial nonuniformity ofl on catalyst layer performance

Um et al.8 assumed thatDwl is constant, Nguyen and White,9 Yi
and Nguyen,10 and Thirumalai and White11 employed assumptions
of constant pressure gradient and constant gradient of water con
tration across the membrane. Dannenberget al.12 and van Bussel
et al.13 took into account the dependencies of diffusion and dr
coefficients onl, however, it is unclear whether the equations o
water balance were solved or water content was estimated in a s
plified manner in these works. Natarajan and Nguyen14 developed a
two-phase model of water transport on the cathode side of me

a On leave from Moscow State University, Research Computing Cent
119992 Moscow, Russia.

b Their model was recently modified and successfully applied to description
PEFC performance curves by Murgiaet al.3 and Pisaniet al.4
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brane electrode assembly~MEA!. However, their model does not
resolve the catalyst layer and water transport in the membrane is
considered. In a fully 3D model of PEFC~Duttaet al.,15 Shimpalee
and Dutta16! constant gradient of water concentration across t
membrane is assumed. In our across-the-channel model17 and
quasi-3D model18 the membrane is assumed to be fully hydrate
Recently Janssen19 developed a detailed model of water transport
PEFCs. The flux of water in the membrane is taken to be prop
tional to the gradient of chemical potential; the respective coefficie
in the expression for the flux~membrane permeability! is assumed
constant. Hence, nonlinear effects are out of the scope of this mo

Recent measurements13 have shown thatDwl rapidly decreases as
l → 0 ~see Appendix!. The aim of this work is to study nonlinear
effects in water transport through the membrane in a PEFC envir
ment. To demonstrate qualitatively the role of nonlinearity, we fir
solve a simple 1D model equation. The solution shows that a reg
with a very high gradient of water content may arise in a membra
These thin regions separate dry and well-humidified domains. T
model of water transport then is incorporated into our quasi-3
model of a PEFC18 and recent experiments of Bu¨chi and Scherer20,21

are simulated. Comparison with experiment is presented and
effect of 2D nonuniformity of water distribution on cell performanc
is discussed.

The Model

Basic assumptions.—The kinetics of channel formation in Nafion
membranes upon water uptake and even geometry of channels is
well understood. The situation is complicated by the fact that t
structure of the membrane depends on the method of material
treatment. Exposure of the membrane under different hydration
thermal conditions leads to formation of different pore structur
and thus to different macroscopic properties of the membrane.
tensive review of these issues was published by Gottesfeld
Zawodzinski.22

The microscopic mechanisms of water transport in membran
are also questionable.22 Under high water content mobility of water
molecules within the pore corresponds to mobility in bulk wat
environment. However, mobility of water rapidly decreases withl.
This suggests that under high water content the mean radius
water-filled channels is large and the transport of polar water m
ecules is not affected by side SO3

2 groups. When channel radius
decreases, the transport of water is hindered by the electrical fiel
side charges.

In PEFC modeling detailed account of microscopic mechanis
of water transport in polymer electrolyte is redundant. This is a ta
for physical modeling of membranes. PEFC models consider me
branes as a homogeneous media with given dependencies of ma
scopic transport parameters~diffusion coefficient of water, proton
mobility, etc.! on water content.
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Figure 1. Water uptake of Nafion membrane, equilibrated with water vapo
~ ! fit of experimental data,23 ~ ! the curve used in the simulations
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In the catalyst layers water is transported both in liquid and v
por form. Polymer electrolyte provides the pathways for liquid w
ter, and vapor is transported through the voids. Backing layers c
tain no electrolyte and water is transported through these layers o
in gas phase.

Our model is based on the following assumptions:~i! formation
of liquid water droplets in voids is neglected, and~ii ! in the catalyst
layers, liquid water in membrane phase is equilibrated with wa
vapor in voids.

We, therefore, assume that water in the cell exists in two form
vapor fills voids of the porous~backing and catalyst! layers and
liquid water exists in bulk membrane and in the membrane phase
the catalyst layer. In the catalyst layers, liquid water in the me
brane phase is equilibrated with the water vapor in voids.

The fundamental characteristic of the membrane in our mode
the water sorption isotherm, which gives the water content of t
membrane, equilibrated with water vapor of a given activitya. Fig-
ure 1 shows the water sorption curve used in our simulations. Be
a 5 1 the curve in Fig. 1 fits the experimental data23 for Nafion at
80°C. The model ignores liquid droplets in voids. In the following1

the effect of condensation is taken into account approximately,
suming that water vapor activity can exceed 1. For that reason
curvel(a) is extrapolated toa 5 3, as shown in Fig. 1. The maxi-
mal water uptake of membrane, equilibrated with ‘‘supersaturate
vapor, is 14. The latter value is a model parameter~see Discussion
section!.

Water flux in different regions.—Recent experiments19 have
shown that pressure gradient has a minor affect on water transpo
the membrane. In the membrane water fluxNw is assumed to be

Nw 5 2Dwl~l!¹cwl 1 nd
j

F
@1#

wherecwl andDwl is concentration and diffusion coefficient of liq-
uid water in membrane, andnd(l) is drag coefficient.

The catalyst layer contains electrolyte~membrane! phase and
voids. We assume that in small pores water vapor is transported
to Knudsen diffusion. Three mechanisms, hence, contribute to wa
transport in catalyst layers: diffusion and drag in the membra
phase and Knudsen diffusion in voids. Flux in the membrane ph
is Eq. 1, multiplied by correction factor«, which accounts for
amount of electrolyte in the active layer. This gives
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Nw 5 2Dw
K¹cw 1 «S 2Dwl~l!¹cwl 1 nd

j

F D @2#

wherecw is molar concentration of vapor and

Dw
K 5 c r̄A8RT

pMw
@3#

is the Knudsen diffusion coefficient of water vapor in voids. Herec
is a correction factor,r̄ is a mean pore radius, and the square root
a mean thermal velocity of water molecules. To a first approxim
tion « can be taken equal to the volume fraction of the membra
phase.

In the catalyst layerscwl in membrane phase is related to vapo
concentrationcw in voids via the sorption isothermL(a)

l [
cwl

cH1
5 L~a! 5 LS cw

cw
satD @4#

wherea 5 cw /cw
sat is water activity andcw

sat is a molar concentration
of saturated water vapor. With Eq. 4 we can write

2Dwl¹cwl 5 2Dwl

cH1

cw
sat

]L

]a
¹cw 5 2Dw¹cw @5#

where

Dw 5 Dwl

cH1

cw
sat

]L

]a
@6#

is the diffusion coefficient of equivalent water vapor in the mem
brane phase.

Water concentration exhibits discontinuity at the surface of th
membrane: in the membrane water is in liquid state, whereas in
voids of the catalyst layer water is in vapor form. This discontinuit
is treated explicitly in the problem of water transport in bulk mem
brane~see Eq. 11!. In the catalyst layer, membrane phase forms
tortuous structure and the use of boundary condition Eq. 11 is n
possible. However, the ratio of the surface of membrane phase to
volume in the active layer is many orders of magnitude larger th
this ratio for bulk membrane. This justifies the use of Eq. 4 and 6
the active layer.

Finally, in the catalyst layers we have

Nw 5 2Dw
K¹cw 1 «S 2Dw~l!¹cw 1 nd

j

F D @7#

The backing layers contain no membrane phase and mean pore
dius in these layers is much larger than the mean-free path of m
ecules. Binary~molecular! diffusion is hence the main mechanism
of gas transport in backing layers.

Binary diffusion is usually described by Stefan-Maxwell formu
las, which relate interdiffusion fluxes in a gas mixture.24 However,
handling the equations which follow from Stefan-Maxwell formula
in multidimensional modeling is a difficult and computationally ex
pensive task.25 Our experience shows that the use of a simple Fick
formula with the effective diffusion coefficientDw

b leads to much
faster algorithms and gives practically the same result. This conc
sion is confirmed by recent numerical experiments by Stock
et al.26

In backing layers the flux of water, therefore, is assumed to b

Nw 5 2Dw
b¹cw @8#

whereDw
b is determined by

z1.5

Dw
b 5 (

j

j j

Dwj

:
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Table I. The flux of water in different regions. The third row shows the respective diffusion coefficients.

Backing layer Catalyst layer Membrane

Nw 2Dw
b¹cw

2Dw
K¹cw 1 «S 2Dwl¹cw 1 nd

j

F D 2Dwl~l!¹cwl 1 nd
j

F
D/cm2 s21

Dw
b . 1021-1022 Dw

K . 1022-1023, Dw 5 0-1022 Dwl . 0 to 1025
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Herez is backing layer porosity,j j is molar fraction ofj th compo-
nent, andDwj is binary diffusion coefficient of water vapor in the
mixture with j -th species.24

Table I lists the expressions for fluxes and respective diffusi
coefficients in all layers.

Mass conservation equations.—In the cathode catalyst layer wa
ter is produced in electrochemical reaction; in all other domai
there are no sinks and sources of water. The mass conserva
equation of water has, therefore, the form

¹ • Nw 5 H Sw

nF
Q, in the cathode catalyst layer

0, otherwise

@9#

whereNw is given by Eq. 1, 7, and 8 in the respective layer.

Conditions at the membrane-catalyst layer interface.—Because
water is transported through the membrane in liquid form, the me
brane surface is impermeable for water vapor. Diffusion flux of w
ter vapor on both sides of the membrane is hence zero

]cw

]x U
x5xa,c

5 0 @10#

wherexa,c is the coordinate of the membrane/catalyst layer interfa
Water content of the membrane surface is determined by lo

vapor concentration via a sorption isotherm. Thus, on both sides
the membrane we have

cwlux5xa,c
5 cH1LS cwux5xa,c

cw
sat D @11#

wherecwux5xa,c
is vapor concentration at the membrane surface.

Equation 9 provides the overall mass balance of water in the c
Equations 10 and 11 mean that only electro-osmotic flux through
membrane surface is allowed,i.e., we neglect ‘‘back’’ transport of
liquid water from the membrane to the anode catalyst layer. Phy
cally, already at moderate current density electro-osmotic flux e
ceeds diffusion flux. Besides, the membrane binds water; it is
‘‘sponge’’ which can bind up to 14 water molecules per SO3

2 group
and back-diffusion of water from such a sponge is hindered. O
may expect ‘‘back’’ flux of liquid water to the anode catalyst laye
due to the capillary effects. This process, however, is out of t
scope of our model.

Numerical procedure.—The distribution of water in the MEA is
determined in two steps. First, solving Eq. 9 with the fluxes~Eq. 8
and 7! and boundary conditions~Eq. 10! we obtain water vapor
concentration in the backing and catalyst layers on both sides of
cell. Then the concentration of liquid water at the surfaces of t
membrane is calculated with Eq. 11 and the problem in the b
membrane is solved~Eq. 9 and 1!.

The flux ~Eq. 1! may induce numerical instability. If current is
large, the electro-osmotic term in Eq. 1 dominates the diffusi
term. The second derivative in the equation¹ • Nw 5 0 then dis-
appears and the convergence of iterations fails.

To work around the problem the drag term can be transformed
follows. If nd is constant, the electro-osmotic term in Eq. 1 can b
n
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omitted, since in the membrane¹ • j 5 0. The concentration of
liquid water then is determined by the numerically stable equation

¹ • ~Dwl¹cwl! 5 0 @12#

If nd is constant (nd 5 n0
d) over a certain range ofl ~Fig. 2!, sta-

bility of numerical calculations improves if one replacesnd with
nd 2 n0

d in Eq. 1. If nd(l) is not constant and the loss of conver-
gence occurs, the electro-osmotic term should be calculated on
previous iteration step.

Modification of the quasi-3D model of PEFCs.—The model of
water transport was incorporated into our quasi-3D~Q3D! model of
PEFC.18 In the previous version of the Q3D model it was assumed
that membrane conductivitys is constant. Sinces now varies with
water content, the proton current conservation equation takes t
form

¹ • @s~l!¹w# 5 H 2Qa, in the anode catalyst layer
0, in the membrane

Qc , in the cathode catalyst layer
@13#

where Qa and Qc are non-negative rates of protons production/
consumption in the anode and the cathode catalyst layers, resp
tively, andw is the potential of the membrane phase. Heres~l! is
determined on each iteration step using the fit given in the Appen
dix.

Membrane resistance.—Simulation enables us to determine the
overall voltage lossdV in the bulk membrane and in the catalyst
layers. This loss is calculated using the relation

IdV 5 E
P
jEd3r 5 E

P
s~¹w!2d3r @14#

where I is total current produced by the fuel cell,j 5 2s¹w is
proton current density, andE 5 2¹w is electric field strength in the
membrane phase. Integration in Eq. 14 is performed over the vo
umeP of the membrane and the catalyst layers. Physically, Eq. 1
equates two expressions for total electrical power dissipated in th
membrane phase. Membrane resistance~V cm2! then is

R 5
dV

j̄
@15#

where j̄ is mean current density in the cell.
In the one-dimensional case, when current flows only across th

membrane, one can calculateR simply as

R 5 E
0

d dx

s~x!
@16#

whered is overall thickness of membrane and catalyst layers. How
ever, in the two-dimensional case proton current has arbitrary dire
tion in membrane and Eq. 16 is no longer valid. Equation 14~known
in electrodynamics as Sato’s theorem27! provides a rigorous way for
dV calculation.

1D model problem.—If Dwl vanishes withcwl , a nontrivial dis-
tribution of water in the membrane may arise when dry and we
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Figure 2. ~a! Electro-osmotic drag coefficientnd and membrane conductiv-
ity s, ~b! diffusion coefficient of water in membraneDwl . ~n, s, h! Ex-
perimental data~Ref. 13! and~ ! the curves used in the simulation. Curve
A fits experimental data~Ref. 13!, curve B is the model function~Eq. 20!.
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Figure 3. Water profile across the artificial membrane~solution to model
equation, Eq. 17!: ~ ! exact solution and~s! numerical solution with the
q-scheme.
ry

f

st
t

r-
s

o

is
ra-
regions appear to be located close to each other. To illustrate
effect we consider a 1D model problem of water transport in
artificial membrane, in which diffusion and drag coefficients a
proportional to the square of water concentration

]

]x S 2c2
]c

]x
1 c2D 5 0, c~1! 5 1,

]c

]xU
x51

5 2 @17#

Herex is dimensionless distance,x 5 1 is located at the membrane
cathode catalyst layer interface, andc is dimensionless water con-
centration, normalized to those atx 5 1 ~Fig. 3!.

For simplicity we fix the concentration and water flux on th
cathode side of the membrane~at x 5 1). Equation 17 describes the
situation when electro-osmotic and back-diffusion fluxes have opp
site directions. The equation says that the total flux of water~expres-
sion in brackets on the left side! is constant. The solution to this
equation is discussed in the next section.

Results

1D model problem.—Equation 17 is a 1D prototype of a genera
steady-state nonlinear convection-diffusion equation, Eq. 9 and
Equation 17 has the analytical solutionx(c). Apart from the physi-
cal effect, which is discussed below, this solution was used to ch
his
n
e

o-

l
1.

ck

the quality of the numerical algorithm, developed specially for s
lution of Eq. 9 and 1~q-scheme28!. Figure 3 displays the exact and
numerical solutions of Eq. 17.

Equation 17 states that water flux is constant alongx and equals
that flux prescribed by the boundary condition atx 5 1. The flux of
water in Eq. 17 consists of diffusion and drag components; t
boundary condition atx 5 1 hence corresponds to a certain proto
current through the membrane.

The solution to Eq. 17 is shown in Fig. 3. It shows that wate
concentrationc decreases as one moves from the cathode side of
membrane to the anode side. The diffusion coefficient (c2 in Eq. 17!
vanishes withc. The gradient of water concentration increases
x approachesxlim in order to support the given water flux. At
x 5 xlim this ~finite! flux is a product of infinite gradient and zero
water concentration. 12 xlim is hence a limiting thickness of mem-
brane, which is able to support given current.

Appearance of infinite gradient of water concentration sugge
that in real membranes the domains of high and low water cont
may be located very close to each other. A thin layer with a ve
high gradient of water content then separates these domains.

Note that a qualitatively similar solution with infinite gradient o
c has the problem

]

]x S 2c
]c

]x
1 cD 5 0, c~1! 5 1,

]c

]xU
x51

5 2

in which diffusion and drag coefficients are proportional to the fir
power of c.28 Hence, the effect is due to the diffusion coefficien
vanishing withc regardless of the exact dependence onc.

Simulation of Bu¨chi and Scherer experiment.—Büchi and
Scherer21 reported results ofin situ local measurements of mem-
brane resistance in working fuel cells. To verify the model we pe
formed simulation of PEFCs for their experimental condition
~Table II, ‘‘type 1’’ cell20!.

The cell cross section21 consists of a number of identical ele-
ments. The sketch of a single element is shown in Fig. 4. The tw
elements were simulated.

In the experiment a mean water profile across the membrane
measured. Our simulations give 2D distribution of water concent
tion in a cell cross section~Fig. 4!. For comparison the mean power-

weighed profilel̄(x) was calculated according to
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l̄~x! 5 E
0

H

l~x,y!W~y!dy @18#

where the weighing function

W~y! 5
1

IdV E
0

d

s~x,y!E2~x,y!dx @19#

represents a fraction of electrical power, generated between
planesy 2 dy/2 and y 1 dy/2. Here dV is voltage loss in the
membrane, given by Eq. 14, andH andd are shown in Fig. 4.

The functionW(y) obeys the relation

E
0

H

W~y!dy 5 1

Physically, weighing Eq. 18 means that larger contribution to th
mean water profile provides the regions with larger dissipated el
trical power.

The diffusion coefficient of liquid water in membraneDwl was
taken from Ref. 13. The data13 were fitted with the expression A-1
~see Appendix and curve A in Fig. 2b!.

The mean profiles of water concentration are shown in Fig.
along with the measurements.21 With the diffusion coefficient~curve

A, Fig. 2b!, the model predicts almost linear drop ofl̄ across the
membrane for all mean current densities~Fig. 5a!. The reason is
slow variation of diffusion coefficient withl in the rangel . 5
~curve A in Fig. 2b!. With Dwl ~curve A, Fig. 2b!, water content in
membrane varies linearly as soon asl . 5 on the anode side. The

feature of experimental points, rapid fall ofl̄ toward the anode,
~Fig. 5! is not reproduced with thisDwl.

The experimental points in Fig. 5 suggest thatDwl rapidly
changes atl . 10. To verify this idea we took the diffusion coef-
ficient in the form

Dwl 5 Dwl
0 1 ~Dwl

1 2 Dwl
0 !

1

2 S 1 1 tanhS l 2 l0

D D D @20#

~curve B in Fig. 2b!. l0 determines the position of the transition
region, whereDwl changes from small to large value,D is the width
of this region.

Table II. Conditions and parameters for simulation of Büchi and
Scherer experiments.20,28

Anode side Cathode side

Cell temperature, C 60 60
Gas pressure, atm 3 3
Flow stoichiometry 1.5 1.5
Oxygen molar fraction 0.844
Water vapor molar fraction 0.156 0.156
Hydrogen molar fraction 0.844
Transfer coefficient,a 0.5 1.0
Reaction order,g 1 1
Volume fraction of electrolyte in the
catalyst layers,«

0.1 0.1

Correction factorc in Eq. 3 0.1 0.1
Mean pore radiusr̄ in Eq. 3, cm 1026 1026

Baking layer porosity,z 0.4 0.4
Carbon phase conductivity,V21 cm21 40
Catalyst layer thickness,mm 50
Backing layer thickness,mm 300
Membrane thickness,mm 200
Channel width, cm 0.1
Channel height, cm 0.2
Current collector rib width, cm 0.15
he

e
c-

5

The result of the simulation withl0 5 11, D 5 1, Dwl
0 5 3

3 1027 cm2 s21, Dwl
1 5 8 3 1026 cm2 s21 ~curve B in Fig. 2b! is

shown in Fig. 5b. With thisDwl the model qualitatively reproduce
the profile of water content across the membrane and gives q

reasonable dependence of membrane resistance onj̄ ~Fig. 6!. Note
that the simulation with experimentalDwl ~curve A, Fig. 2b! gives
higher membrane resistance and worsens the shape of the c

R( j̄ ) ~Fig. 6!.
‘‘Noise’’ on the curves in Fig. 6 presumably is induced by th

negative differential resistance~R decreases withj̄ ), which leads to
oscillations in membrane voltage loss. Physically, ifR decreases

with the growth of j̄ , two maps of water content correspond to th
same mean current and both states of membrane presumabl
unstable. The effect requires further investigation.

Figure 7 shows the maps of water content in the MEA cro
section for twoDwl ~curves A and B in Fig. 2b!. In both cases water
distribution in the MEA is very nonuniform. In front of the fee
channelsl is almost constant across the cell. Channels imp
‘‘boundary conditions’’ for water concentration, which is the sam
on both sides. On the cathode side water is accumulated in fron
the current collector rib, whereas on the other side the anode cat
layer is dried out by electro-osmosis. In front of the ribs a hi
gradient of water content across the membrane arises~Fig. 8!, which
confirms qualitative prediction of a model equation, Eq. 17. Figur
and 8 clearly show that the growth of membrane resistance w
current is caused by drying of the anode side by electro-osmo
which occurs in front of the current collectors.

Figure 4. Geometry of the element of the cell cross section.
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Discussion

The diffusion coefficient of water in dry membranes is poor
known. To our knowledge, the results described in Ref. 13 are
only set of membrane transport parameters measured in wor
fuel cell environment available in the literature. Unfortunately, t
details of the measurements13 were not published.

Qualitatively, the data13 displays an important feature of th
membrane: below certainl values the diffusion coefficientDwl rap-
idly drops. A simple 1D model shows that such a nonlinearity m
lead to very high gradients of water content in the membrane. C
parison of experiments21 and 2D simulations qualitatively confirm
this effect: in front of the current collector ribs a large gradient ol
arises.

Usually it is assumed that back-diffusion of water in a membra
partially compensates the drying of the anode side. If, however,Dwl
vanishes withl, back-diffusion is unable to supply the anode si
with water. The model shows that the growth of membrane re
tance with current, demonstrated in experiments of Bu¨chi and
Scherer, is caused by this nonlinear drying of the anode side. In
case the only way to support the required level of hydration of
anode catalyst layer is to supply additional water to the anode f

Figure 5. Profiles of water content across the membrane for indicated m
current densities in the cell~A cm22!: ~., j, L! experimental data,21 ~lines!
results of the simulation,~a! with experimentalDwl ~curve A in Fig. 2b!, and
~b! with modelDwl ~curve B in Fig. 2b!.
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channel. In other words, once dried, the membrane cannot be
turned to hydrated state by diffusion. This can only be done
changing the ‘‘boundary condition’’ in the anode channel.

One can reach a better fit of experimental curvesl̄(x) andR( j̄ )
by varying the shape of the water sorption isothermL above
a 5 1 ~Fig. 1!. Figure 5 suggests thatL(a . 1) is somewhat over-
estimated. This overestimatesl on the cathode side of the mem
brane~Fig. 5! and hence lowers the resistivity~Fig. 6!.

an

Figure 6. Membrane resistance:~A! simulation with the experimental diffu-
sion coefficientDwl ~curve A in Fig. 2b!, ~B! simulation with the modelDwl
~curve B in Fig. 2b!, and~s! experimental data.20

Figure 7. The maps of water contentl in membrane and catalyst layers:~A!
with experimental diffusion coefficientDwl ~curve A in Fig. 2b!, ~B! with
model Dwl ~curve B in Fig. 2b!. ~ ! The membrane/catalyst layer
interfaces. Mean current density in both cases is 0.65 A cm22. To represent
the details the aspect ratio of this figure is distorted, actual ratio of its ho
zontal to vertical size is about 15.
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The model of Eikerlinget al.29 considers the membrane as a
porous structure with variable mean pore radius, which depends
water content. According to Ref. 29, water in pores exist in gas a
liquid form and pressure difference between the two phases is eq
to the capillary pressure. Under constant gas pressure the flux
liquid water in the membrane is driven by the gradient of ‘‘liquid’
pressurepl. Pressurepl then depends solely on mean pore radius, o
inversely, membrane structure depends onpl.

The central role in the Ref. 29 model plays hydraulic permeab
ity of the membrane, which is taken to be decreasing with wa
content. Mentioned in Ref. 21, qualitative agreement of measu

profile l̄(x) with those calculated by the theory29 is explained by
this successful choice of hydraulic permeability. It was shown abo
that the diffusion coefficient, which decreases withl, also provides

a qualitatively correct profilel̄(x).

Acknowledgments

The author is grateful to Dr. F. Bu¨chi for the full set of experi-
mental data. The simulations were performed on a Cray T3E co
puter of the Institute of Applied Mathematics, Research Center ‘‘J¨-
lich’’, Germany.

The Research Center Julich assisted in meeting the publication costs
this article.

Appendix

Transport Coefficients of Water in Membrane
In our model the membrane is characterized by diffusion coefficientDwl , drag

coefficientnd, proton conductivitys, and the water uptake isothermL.
The literature data on drag coefficient are contradictory. In the rangel . 10 mea-

surements of Iseet al.30 as well as those of Ren and Gottesfeld31 give linear growth of
nd with water content.~At l 5 22 the data of Zawodzinskiet al.32 and Xie and
Okada33 agree well with the data of Iseet al.30!. Physically, this growth is explained by
the growth of the mean pore radius in the membrane.30 In larger pores the role of
electrostatic ‘‘friction’’ near walls is lower and a large amount of bulk water facilitate
drag.

However, at low water content (l , 10) the situation is more complicated. Fuller
and Newman,34 Zawodzinskiet al.,35 and van Busselet al.13 reported a constant value
of nd in the range 5, l , 10, but belowl 5 5 drag coefficient from Fuller and
Newman drops down to zero, whereasnd from Zawodzinskiet al. and from van Bussel
et al. remains constant. In general, the dependence of drag coefficient onl in this range
is still not quite clear; some qualitative considerations are given in Ref. 30.

Springeret al.1 presented measurements of diffusion coefficientDwl for Nafion
117. Corrected for membrane swelling,Dwl appeared to be constant in the rangel
5 5. Below l 5 5 Dwl exhibits a distinct peak. This peak can be induced by th
procedure of correction1 which involves differentiation of experimental data.

Figure 8. The profiles of water content across the MEA in the first eleme
for modelDwl ~curve B in Fig. 2b!. In front of the feed channell is almost
constant, whereas in front of the rib a large gradient ofl near the anode
forms. Mean current density is 0.65 A cm22.
n
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Recent measurements have shown thatDwl drops down with water content.36,13 In
situ measurements in the working fuel cell13 gave almost constantDwl in the range
10 , l , 22 and drop to zero forl , 5. Physically, low water content means lower
mean pore radius in the membrane, which presumably hinders water diffusion.

The data of Ref. 13 are shown in Fig. 2 along with the fits, convenient for simu
tions

Dwl 5 4.1 3 1026S l

25D
0.15F1 1 tanhS l 2 2.5

1.4 D G , cm2 s21 @A-1#

nd 5 H 1, l , 9

0.1172 0.0544, l > 9
@A-2#

s 5 H 0, l , 1.253

~0.5738l 2 0.7192, l > 1.253 V21cm21 @A-3#

Note that all the simulations were performed with constantnd 5 1.
The water uptake isothermL(a) for the membrane, equilibrated with water vapo

at 80°C, was measured in Ref. 23 in the range 0< a < 1, where a 5 cw /cw
sat

5 pw /pw
sat is water vapor activity, andpw

sat(T) is water saturation pressure.1 In our
modelL(a) was extrapolated toa 5 3, as shown in Fig. 1. The fit used is given by

L 5 0.3 1 6a@1 2 tanh~a 2 0.5!# 1 3.9AaF1 1 tanhS a 2 0.89

0.23 D G

List of Symbols

cw water vapor molar concentration, mol cm23

cw
sat

molar concentration of saturated water vapor, mol cm23

cwl liquid water molar concentration in membrane, mol cm23

cH1 molar concentration of protons in membrane
d thickness of membrane and catalyst layers~Fig. 4!, cm

Dw diffusion coefficient of equivalent water vapor in membrane phase of the cata
layer, cm2 s21

Dwl diffusion coefficient of liquid water in membrane, cm2 s21

Dw
b

binary diffusion coefficient of water in backing layer, cm2 s21

Dw
K

Knudsen diffusion coefficient of water in catalyst layer, cm2 s21

E electric field strength, V cm21

F Faraday constant, 9.64953 104 Couloumb g mol21

I total current, produced by a cell, A
j local proton current density, A cm22

j̄ mean current density in a cell, A cm22

H the width of cell element~Fig. 4!, cm
n number of electrons, participating in reaction

nd drag coefficient, a number of water molecules transported by single proton
N molar flux, mol cm22 s21

P membrane volume, cm3

Q rate of electrochemical reaction, A cm23

Rg gas constant, 8.314 J K21 g mol21

R membrane resistance,V cm2

S stoichiometry factor
T temperature, K

dV voltage loss in membrane, V
W weighing function, cm21

x coordinate across the cell, cm
y coordinate along the cell surface, cm

Subscripts and Superscripts

a at the anode
b in the backing layer
c at the cathode
w water vapor

wl liquid water

t



h.
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Greek

« membrane fraction in the catalyst layer
L water sorption isotherm
l membrane water content, number of water molecules per SO3 group
s electrolyte~membrane phase! conductivity
w potential of membrane phase, V
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