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ABSTRACT
Theporous electrodesin a protonexchangemembranefuel

cell arecharacterizedby multi-phaseflow, involving liquid water
andmultispeciesgases,that areundergoing both condensation
and catalyzedreactions. Careful managementof liquid water
andheatin thefuel cell systemis essentialfor optimizing perfor-
mance.Theprimary focusof this studyis thuson condensation
andwatertransport, neitherof whichhaveyet beenstudiedin as
muchdetailasotheraspectsof fuel cell dynamics.We develop a
two-dimensionalmodel for multi-phaseflow in aporousmedium
thatcapturesthefundamentaltransport processesgoingonin the
electrodes. The governing equations arediscretizedusinga fi-
nite volumeapproach,andnumericalsimulationsareperformed
in order to determinetheeffectof changing operating conditions
on fuel cell performance.

NOMENCLATURE
c specificheat(erg

�
goK)

C concentration(mol
�
cm3)

Csat
2 saturatedwatervapor concentration(mol

�
cm3)

C� concentrationof liquid water(mol
�
cm3)

D jk binarydiffusivity for componentsj, k (cm2 � s)�
matrixof Maxwell-Stefandiffusivities (cm2 � s)� eff matrixof effective diffusivities (cm2 � s)

hr heatof reaction(erg
�
mol )

hv latentheatof vaporization(erg
�
mol )

H GDL thickness(cm)

H �o condensation(� )/evaporation(� ) rateconstants (s � 1)
i currentdensity (A

�
cm2)�

J diffusivemolarflux (mol
�
cm2 s)�
	 β � Leverett J-function (dimensionless)

kT heattransfercoefficient (erg
�
cm2 soK)

krel � 
 relativepermeability (dimensionless)
K permeability (cm2)
L domainwidth (cm)
Lc channel width (cm)
Ls landing areawidth (cm)
M molarmass(g

�
mol )�

N totalmolarflux (mol
�
cm2 s)

P pressure(dyne
�
cm2)

r masstransfercoefficient (cm
�
s)

r � capillarytransferrateatchannel/GDLinterface(cm
�
s)

R universalgasconstant(erg
�
moloK)

T temperature (oK)�
U velocity (cm

�
s)

GreekLetters:
α gasvolumefraction(dimensionless)
β watervapor volumefraction(dimensionless)
γ surfacetensionof water(g

�
s2)

Γ condensationrate(mol
�
cm3 s)

δ catalystlayerthickness(cm)
ε porosity (dimensionless)
κ thermalconductivity (erg

�
cmsoK)

µ viscosity(g
�
cms)

1 Copyright  2002 by ASME



ρ density(g
�
cm3)

σ electricalconductivity (A2 s
�
erg cm)

Subscripts:
j � k speciesindex � 1 � 2 � 3
g gas�

liquid
s solid

Superscripts:� phase-averagedvalue
constantchannel value

c porouschannel boundary
m membraneboundary
w solidwall (landing area)boundary
y verticalcomponentof a vector

1 INTRODUCTION
In recent years, the growing worldwide concern over air

pollution anddwindling fossil fuel supplies,aswell as the en-
suinggovernment funding decisionsandair quality legislation,
havebeendriving researchinto thedevelopmentof non-polluting
alternatives to traditional energy sourcessuch as the internal
combustion engine. Oneof the leadingcontendersamong low-
emissionpower generation technologiesis the proton exchange
membrane(or PEM) fuel cell. In principle, aPEM fuel cell gen-
erateselectricalcurrentby combining oxygenandhydrogengas
in thepresenceof a catalyst,generatingonly waterasa byprod-
uct. At the heartof the fuel cell is a polymer membrane(typi-
cally madeof NafionR

�
) which is permeable only to protonsand

henceallows reactant gasesto be combined together in a con-
trolled fashion.

Theprimarychallengein developinga mathematicalmodel
for fuel cells is thepresenceof strongcoupling betweena wide
rangeof nonlinear physical processes,including multispecies
diffusion, flow in porous media,heat transport, condensation,
catalyzedreactionchemistry, and ion transport in membranes.
A greatdealof work hasappeared in the pastseveral years on
modeling of masstransport in PEMfuel cells,suchas[1, 2,3,4],
while morerecentwork hasfocusedonincludingwatertransport
[5, 6] andphasechange[5, 7,8]. However, muchof thisprevious
work hasemphasizedsingle-phasemasstransport andcoupling
thevarious fuel cell componentstogether, while relatively little
work hasbeendoneondetailedmodeling of condensationin the
GDL, which is essentialto determining whereandunder what
conditionsliquid waterwill appear.

This paperextends an earliermodel(developedin [9, 10])
for multispecies gastransport occurring underisothermal con-
ditions. Our main purposehereis to generalize the model to
includetemperaturedependence,liquid watermotion, andphase
change. We thentestthepredictive power of themodelby per-
forming a seriesof numericalsimulations.
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Figure 1. A 2D CROSS-SECTION THROUGH A PEM FUEL CELL.

2 OVERVIEW OF FUEL CELL PHYSICS
A PEMfuel cell consistsof amembrane-electrodeassembly

(or MEA) that is sandwichedbetweentwo solid graphiteplates,
aspictured in a 2D cross-sectionin Fig. 1. Into the platesare
etchedflow channels through which the reactantgasesaresup-
plied, with oxygen gason onesideandhydrogenon the other.
The MEA consistsof a polymer membrane,on either side of
which is attachedan electrode(also known as a gasdiffusion
layer or GDL) that is composedof a thin layer of carbon fiber
paper. The interfacebetweenmembraneandelectrode is where
the actualreactions occur, and to this end the interfaceis im-
pregnatedwith aplatinumcatalyst.On theanodeside,hydrogen
diffusesthrough the GDL to the catalystlayer whereit is dis-
sociatedinto hydrogenions andelectrons. The protons in turn
diffuseacrossthemembraneto thecathodecatalystlayer, where
they reactwith theoxygengasandtheelectronsfrom theanode
to producewater. Connectingthe two electrodesin a circuit al-
lows the electronsto flow andhence generatea usablecurrent.

The performanceof a fuel cell is measuredby its current
density, or current drawn per unit areaof catalyst. Becauseof
the highly mobile nature of hydrogenmolecules,performance
is limited primarily by the effectivenessof ion transport in the
membraneandby diffusive transport of oxygen in the cathode.
In thisstudy, wedonotincludethephysicsof thePEMandhence
restrictourselves to transport occuring in theporousGDL of the
cathode.While optimizingperformanceis clearlyaverydifficult
task owing to the many complex phenomenaoccuring in fuel
cells,theprimary issuescanbeorganizedunder two headings:

1. watermanagement– sincea high watercontentis required
in thePEMin orderto maximize protonconductivity, while
liquid waterin theelectrodeshinders gas transport; and

2. heatmanagement– high temperaturesor thermalgradients
tendto damage thevery fragilemembranematerial,andyet
the temperaturemustbe high enough in orderto avoid ex-
cessivecondensationandwaterbuild-up in theGDL or flow
channels.

2 Copyright  2002 by ASME



Themainpurposeof this paperis to generatea modelthatwill
beableto gaugetheeffect of changesin electrodecharacteristics
andoperating conditions on performance in termsof heatand
watermanagement.

3 GOVERNING EQUATIONS
In this section,we only briefly outlinetheequationsof mo-

tion governingheatandmasstransport in thecathode GDL. The
modelis basedon severalmajorassumptions which we list be-
low:

i. variationsalong-the-channelareassumedto beslightsothat
wecanconsideronly a two-dimensionalcross-sectionof the
fuel cell, aspicturedon theleft in Fig. 1. Consequently, all
solutionquantitiesarefunctionsof x andy only.

ii. thegasmixturebehavesasanidealgas.
iii. the fuel cell systemis at thermal equilibrium so that all

phasescanbedescribedby a singletemperaturefield.
iv. interspeciesdiffusion in the gas phase is governed by

the Maxwell-Stefan equations, while convective transport
within both liquid andgasphasesis governedby Darcy’s
Law.

v. all productwateris generatedin thegasphase,andconden-
sationor evaporationwill occurdependingonthelocal tem-
perature andsaturationpressure.

vi. a singleelectrode is considered in isolation,with the cou-
pling to otherfuel cell components(channel,membraneand
catalyst)relegatedto suitably-chosenboundaryconditions.

A more detaileddiscussionof theassumptionsandmodeldevel-
opment canbefound in [10] and[11].

Thegasinflow at thecathode is usuallytakento bepressur-
ized, humidified air, which consistsprimarily of threespecies,
numberedk � 	 1 � 2 � 3��� 	 O2 � H2O � N2 � . If theconcentrationof
eachgasspeciesis denotedCk, then the corresponding densi-
tiesareρk � MkCk, whereMk denotesthemolarmass.Further-
more,the gasmixturehasconcentrationC � ∑kCk anddensity
ρ � ∑k ρk. Becausebothgasandliquid arepresent togetherin
the porousmatrix of the GDL, we needto distinguishbetween
the fractionof the porevolumeoccupied by gas,which we de-
noteα, andthat by liquid, denotedβ � 1 � α (where β is usu-
ally referred to asthe “saturation” ). With thesedefinitions, we
canwrite anequation describingconservationof massin thegas
phase: 	 αρ � t � ∇ ��� ρ �Ug � � � M2Γ � (1)

where
�
Ug is the mass-averagedvelocity for the gasandΓ rep-

resentsthewatercondensationrate. Thevelocity is assumedto

obey Darcy’s Law for flow in porous media�
Ug � � K krel � g 	 β �

µg
∇Pg � (2)

wherePg andµg denotethegas pressureandviscosity, andK �
10� 8 cm2 is thepermeability of theGDL. The function krel � g is
a saturation-dependentfunction calledtherelative permeability,
whichis typically takento beof theform krel � g 	 β �!� 	 1 � β � 3 (for
porousmediasuchassoilsandrock). Themixture is assumedto
obey theidealgaslaw, from which

Pg � CRT� (3)

with T beingthetemperature,andR theuniversalgasconstant.
For the condensationrate, we employ a simple relation-

ship developedby Fowler in the context of annular, two-phase
flows [12], in which the rate of condensationis taken to be
proportional to the degree of water vapor oversaturation, Γ ∝	
C2 � Csat

2
	
T �"� , andCsat

2 denotesthe saturatedvapor concentra-
tion, a known functionof temperature. Sincewe expectthesat-
uration to vary significantlyunder certainoperating conditions,
the proportionality factorshould alsodepend on on the satura-
tion, andsoweassumethefollowing form:

Γ �$#% & H 'o α 	 C2 � Csat
2
	
T �(�)� if C2 * Csat

2
	
T � ,

H �o β 	 C2 � Csat
2
	
T �(�+� if C2 , Csat

2
	
T � . (4)

This form of the condensationrate is similar to that usedin
both [7] and [5] (except that in the former, they have not in-
cluded any dependenceon saturation). We choosevaluesof the
rateconstantsH �o � 100s� 1, which aresimilar in magnitudeto
thosereportedin [7].

Theliquid phaseobeysaconservationlaw similar to thatfor
thegas,

βt � ∇ � 	 β �U�"�-� Γ
�
C�)� (5)

where
�
U� is theliquid velocity, andthecondensationsourceterm

is scaledby the (constant)molar concentration of liquid water,
C� . We also assumea Darcy’s law relationshipfor the liquid
velocity �

U� �.� K krel � � 	 β �
µ� ∇P� � (6)

where P� and µ� are the liquid pressure and viscosity, while
krel � � 	 β �/� β3 is relative permeability for the liquid. The liquid
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pressurearisesfrom a combinationof gaspressureandcapillary
pressure[8, 13]

P�-� Pg � γ 	 ε � K � 10 2�
	 β �)� (7)

which is a standardempirical relationship usedin groundwater
flow andoil reservoir simulation. Here,ε � 0 1 74 is theporosity
of themedium, γ is thesurfacetensionfor water, and

�
	 β � is the
well-known Leverett function which often assumedto take the
form

�
	 β ��� 1 1 417
	
1 � β �2� 21 120

	
1 � β � 2 � 1 1 263

	
1 � β � 3.

Within the gasmixture, the individual speciesareaffected
by bothconvectionanddiffusion,andhenceobey conservation
laws of theform

	 αC1 � t � ∇ � 3
N14 5+6 7� C1

�
Ug � �J1 � � 0 � (8)	 αC2 � t � ∇ � � C2

�
Ug � �J2 �6 7+4 53

N2

�.� Γ � (9)

where
�
Jk are the molar diffusive fluxes relative to the mass-

averaged velocity, andthe total (convective + diffusive) flux is
denoted by

�
Nk � Ck

�
Ug � �Jk. Notice thepresence of a sink term

dueto condensationin Eq. (9) for thewatervapor species.The
diffusivefluxesaredeterminedby theMaxwell-Stefanequations,
whichcanbewrittenas[14]8 �

J1�
J2 9 � � C

� eff � 8 ∇ 	 C1
�
C �

∇ 	 C2
�
C � 9 1 (10)

The Maxwell-Stefan diffusivities form a 2 : 2 matrix,
� �8

D11 D12

D21 D22 9 , where the entriesD jk depend on the the species

concentrationsandthebinarygasdiffusivities in a complicated
way (see[10] or [14] for details). The matrix

� eff that ap-
pearsin Eq. (10) containsthe effectivediffusivities, which are
relatedto the entriesof

�
via a Bruggeman-type correction,� eff � 	 εα � 30 2 � , which correctsthe coefficients for the pore

spaceactuallyavailablefor diffusive transport.
One more equationis neededto close the system,which

comesfrom conservation of energy. We assumefor simplicity
that the fuel cell systemis at local thermal equilibrium, so that
all threephases(solid, gas and liquid) have time to reachthe
sametemperatureT. Then, theenergy equation canbewrittenas	�;ρcT � t � ∇ � 	�;ρc < �UT � <κ∇T �-� i2

σ
� hvΓ � (11)

III

IV

IV
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Figure 2. GEOMETRY OF THE MODEL DOMAIN, WITH BOUNDARY

COMPONENTS LABELLED I–IV.

wherec representsspecificheatandκ is thermalconductivity,
and the quantitiesdenoted by tildes correspond to parameters
that are averaged over all threephases(s � solid, g � gas and� � liquid):

; 	 � �>� 	 1 � ε � 	 �J� s � ε 	 1 � β � 	 � � g � εβ 	 � �K� . The two
source termsappearing on the right hand sideof Eq. (11) arise
respectively from from ohmic heatingandcondensation(where
i is theaverage current density, σ theelectricalconductivity, and
hv thelatentheatof vaporization).

Equations(1)–(11) togetherrepresenta coupledsystemof
five nonlinear partial differential equations to be solved for the
unknown quantitiesρ, C1, C2, β andT, all of whicharefunctions
of
	
x � y� t � . We next describethemodelgeometry andboundary

conditions.

3.1 Boundary Conditions
We take a 2D slice through the cathodeoverlapping with

two channels, aspicturedin Fig.2. Thechannelshaveawidth of
Lc, andareseparatedby a solid graphite “landing area”of width
Ls. The lengthof the domain is thengiven by L � 2

	
L c � Ls � ,

andthethicknessof theGDL is denotedby H. Theboundaryis
separatedinto four regions,eachof whichis discussedseparately
below.

I. Solid bottom wall: This partof theboundaryalongy � 0 is
impermeableto bothgasandliquid andsothefollowing no-flux
boundaryconditions areapplied:

Jy
1 � Jy

2 � Ny
1 � 0 � (12a)

and
∂β
∂y
� 0 � (12b)

wherea superscript y denotestheverticalcomponentof a vector
quantity. Thesolid wall is maintainedat a constanttemperature
of T

w
(by meansof acoolant thatis pumpedthrough smallchan-

nelsboredin thegraphite plate)andsowe imposethefollowing
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heattransfercondition, analogousto Newton’s law of cooling:

<κ ∂T
∂y
� kw

T

	
T � T

w �+� (12c)

wherekw
T

is an interfacial heattransfercoefficient with values
takenfrom theliterature(e.g., [15]).

II. Porous channel boundary: Acrossthechannel/GDL inter-
face,gasesareassumedto diffuseat a rateproportional to the
differencein concentrations,sothat

Jy
k � rc

k
	
Ck � Ck �+� (13a)

for k � 1 � 2. Here,r c
k is a masstransfercoefficient andCk rep-

resentsthespeciesconcentrationsin the inlet gasflow. Theco-
efficient rc

k canbeestimatedby meansof theSherwood number,
Sh � rc

kLd
�
D, whereD is thediffusivity, Ld is thechannel depth,

andSh is obtainedfrom experimentsreportedin theliterature.
We also require that the mixture pressure be continuous

acrosstheinterface,

Pg � Pg 1 (13b)

Theheattransferat theporousboundaryobeysasimilarrelation-
shipto thatat thesolidwall:

<κ ∂T
∂y
� kc

T

	
T � T

c �)� (13c)

wherekc
T

is a convective heattransfer coefficient andT
c

is the
channel gastemperature. Typical valuesfor kc

T
in fuel cell sys-

temsaregiven in [16].
Finally, the liquid water lying next to the openchannel is

assumedto bedrawn out of theGDL at a speedproportional to
thevolumefractionof waterpresent,

Uy� � � r � β � (13d)

wherer � is theliquid transferrate.

III. Membrane/catalyst boundary: If weassumethatall oxy-
gengaswhichreachesthecatalystlayerreactsimmediately, then
we cantake thefollowing flux condition

Jy
1 � rmC1 � (14a)

which is similar in form to that imposedat the channel/GDL
boundaryin Eq.(13a). Themasstransfercoefficient r m is chosen
soasto obtaina targetcurrent density(see[5], for example). If
we assumethat thereactionproduceswaterin vapor form only,
then

Ny
2 �.� 2Ny

1 and Ny
3 � 0 1 (14b)

Theseflux conditions statethat two water moleculesare pro-
duced for every oxygenmoleculein the reaction, and that the
PEM boundaryis impermeableto gas. The combination of re-
actionandcondensationat this interfaceleadsto a temperature
boundarycondition of theform

<κ ∂T
∂y
� hrN

y
1 � hvδΓ � (14c)

wherehr is the heatof reaction, andthe contribution from the
heatof condensationhasbeenaveraged over the catalystlayer
thicknessδ. Thefollowing boundarycondition for thewatervol-
umefraction

∂β
∂y
� 0 � (14d)

arisesfrom theassumptionthatthereis no liquid flux into or out
of themembrane.

IV. Side walls: On theseboundaries,we imposeperiodic con-
ditions onall solutioncomponents.

4 NUMERICAL SIMULATIONS
We next employ a finite volume-basednumericalmethodin

order to solver theequationsof motiondescribedin theprevious
section.We only describethemethodbriefly here,andreferthe
interestedreaderto [10] for moredetails.

The rectangular domainis divided up into a uniform grid,
with meshspacinghx � L

�
nx andhy � H

�
ny, wherewe have

chosennx � 32 andny � 24. Equations(1)–(11) arediscretized
in spaceusingacell-centered, finite volumeapproachsothatthe
conservationpropertiesof thegoverningequationsarepreserved.
Second-order centereddifferencesare employed, and because
grid pointsarestaggerdone-half meshspacingfrom thebound-
ary, satisfyingtheboundaryconditions to secondorderrequires
the useof “ghost points,” locatedoutsidethe physical domain.
After thesystemis discretizedin space,theresultingsystemof
non-linearordinarydifferentialequationsis integratedin timeus-
ing thestiff ODE solver, DASSL [17]. In all cases,initial values
for the solutioncomponentsarechosento be constant, andthe
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Figure 3. BASE CASE RESULTS.

solutionis evolveduntil a steadystateis reached, which usually
occursafterapproximately100s of physical time have elapsed.
A typical steady-statecomputationrequires 15 minutesof CPU
time on a Dell Precision620Workstationwith a 733MHz Pen-
tium Xeonprocessor.

4.1 The Base Case
Webegin with acomputationswhichwerefertoasthe“base

case,” corresponding to a cathode running under what can be
consideredusualoperating conditions. Theoxygeninputstream
consistsof humidified airatapressureof 2 1 0 : 106 dyne

�
cm2 (or

2 atm). Theparameterscorresondingto thissimulationarelisted
in Table1 (referto theNomenclaturetablefor symbol definitions
andunitsof measurement).

Theresultsfor thebasecasearepicturedin Fig.3, whichin-
cludesplotsof thetotaloxygenflux alongthemembrane-catalyst
layer(Ny

1), temperature(T), oxygenmolefraction (X1), andwa-
ter saturation(β). It is clear from the saturationplot that the
liquid waterremainsat very low levels in this situation(below
1%). Indeedin this situation,thereis no point within theGDL
wherethecondensationrateis positive. Theoxygen mole frac-
tion plotsclearly indicatethedecreasein reactantfrom theinlet
flow channels(alongy � 0) to thecatalystlayer(y � H), aswell
asthe“peaks”in reactant concentrationthatrunverticallyabove
thechannels. Thereactant flux givesanindicationof thedegree
of catalystutilization andhencealsothe performancesincethe
O2 flux is proportional to thecurrent densitydrawn by the fuel
cell. In thebasecase,thereactant flux is quiteuniform acrossthe

Table 1. PARAMETER VALUES FOR THE “BASE CASE,” ALL MEA-

SURED IN CGS UNITS (SEE NOMENCLATURE ON PAGE 1).

Symbol Value Symbol Value
Boundaryconditions: Material parameters:

Mk L 321 0� 181 0 � 281 0M ρs 0.49
Xk L 0 1 21� 0 1 10� 0 1 69M ρ � 1.0
T

c
74 cs 1 1 0 : 107

T
w 74 cg 1 1 0 : 107

ρ 2 1 73 : 10� 4 c� 4 1 2 : 107

rc
k 800 κs 2 1 51 : 105

rm 0.3 κg 2 1 4 : 103

r � 1.0 κ � 6 1 75 : 104

kc
T

1 1 5 : 104 µg 2 1 24 : 10� 4

kw
T

1 1 1 : 107 µ� 3.0
H �o 100 C� 0.0556

Geometricalparameters: Otherparameters:
H 0.05 i 1.0
Lc 0.10 σ 7 1 273 : 10 � 5

Ls 0.10 γ 72.4
L 0.40 hr 2 1 72 : 1012

δ 0.001 hv 4 1 54 : 1011

K 10� 8

R 8 1 3145 : 107

catalystlayer.

4.2 Reducing the Operating Temperature
We next considertheeffectof reducing thetemperaturesT

c

andT
w
, within thechannel mixtureandthegraphite plate,by 4

degreesto 70oC. This corresponds,for example, to a lower tem-
perature in thecoolantandacorrespondingly cooler channel gas
mixture. Selectedresultsaredisplayedin Fig. 4. The tempera-
turehasdecreasedby adegreeor two acrosstheGDL, whichhas
led to the onsetof condensation. The regions wherethe gasis
oversaturatedareshadedin Fig. 4a,from which it is evident that
therearepocketsof liquid waterforming on thecatalystbound-
ary above thesolid landing areasandalsoa smallpocket on the
lower wall. The actualamount of liquid water presentin the
GDL canbe inferredfrom the saturationplot, whereit is clear
that regions nearthe upper boundary have up to 20% waterby
volume. The corresponding watervelocity is given asa vector
plot in Fig. 4c, wherethe maxiumum valueof N �U�ON is approxi-
mately1 : 10� 3 cm

�
s, which is consistentwith the two-phase,

isothermal PEMcathodesimulationsin [8]. Eventhoughthereis
a significantlevel of liquid wateraccumulating nearthereaction
zone, thechange in thereactantflux at thecatalystlayeris negli-
gible;hence,wecanconcludethatat low levelsof saturation,the
diffusionis nothinderedenoughto affect thetransportof O2 gas
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Figure 4. RESULTS WITH CHANNEL AND PLATE TEMPERATURES

REDUCED TO 70oC.

to thereactionzones.However, thepresenceof liquid waterdi-
rectlyadjacentto thecatalystlayeris asourcefor someconcern,
sincethereis apotential for floodingof thereactionzoneswhich
couldhaveseriousimpactonperformance.

4.3 Increasing the Reactant Concentration

While many fuel cells feedthecathodestreamwith simple
pressurizedair, therearemany situationswhenpurifiedair hav-
ing a higher molefraction of oxygengasis utilized. To this end,
we have variedthe mixture composition by taking the channel
valuesof O2 concentrationX1 � 0 1 31,0.41and0.71, while keep-
ing thesaturationconstant,X2 � 0 1 10. Thereactantflux profiles
areplottedtogetherin Fig. 5, from whichwe canseethatthein-
creasedO2 levelsinitially enhanceperformance,with X1 � 0 1 41
giving the largest average reactantflux at the upper boundary.
However, whenthe channelO2 concentrationis increasedfur-
ther, the reactant flux decreases. The reasonfor this behavior
canbeseenin theplotsof temperature andsaturationin Fig. 6,
wherethewatersaturationhasrisento suchanextent(upto 40%
in somelocations) that liquid waterhasled to significantblock-
ing of poresandhencehasbegun to hinder diffusive transport of
oxygenacrosstheGDL. In particular, thereis a large portionof
thecatalystlayerthatis borderedby porescontaining more than
20% waterby volume, which impactsdirectly on the reaction
rate.
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Figure 5. COMPARISON OF REACTANT FLUXES AS O2 MOLE

FRACTION IS INCREASED.
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Figure 6. RESULTS WITH CHANNEL O2 MOLE FRACTION OF 0.71.

5 CONCLUSIONS
We have developeda modelfor motionof multiphase,flow

and condensationwithin the porous cathode of a proton ex-
change membranefuel cell, which is one of the first attempts
to model nonisothermalflow including condensation.Themodel
hasproven very useful in determining the effect of changesin
operating conditions on performancein termsof the transport
of oxygen to the reactive catalystlayer. In particular, we have
beenableto identify regions wherecondensationis mostlikely
tooccur, andalsoparameterregimeswherethepresenceof liquid
waterbegins to impact onperformance.

Theseresultsaresomewhatlimited in their application, due
thefactthatcoupling with otherfuel cell componentsis ignored,
andso more work is required in the direction of including the
physicsof themembrane,catalystlayer, andflow channels.Be-
causewatermanagementis soessentialin understandingfuelcell
performance, this modelhasgreatpotentialfor accuratestudies
of transport phenomenain fuel cells.

7 Copyright  2002 by ASME



ACKNOWLEDGMENT
I would like to thank Keith Promislow and Brian Wetton

for many helpful discussions.This researchwassupportedby an
operating grantfromNaturalSciencesandEngineeringResearch
Councilof Canadaaswell asa researchgrantfrom theMITACS
NationalCentreof Excellence.

REFERENCES
[1] Gurau, V., Liu, H., andKakaç, S.,1998, “Two-dimensional
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