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We present a novel approach for analyzing the experimental voltage-current curves of a polymer electrolyte m@abeaiue!

cell. State-of-the-art numerical models involve many poorly known parameters. This makes a comparison of numerical and
experimental polarization curves unreliable. We suggest characterizing the cell by first using a simplified analytical model, which
contains a minimal number of parameters and ignores three-dimengdia¢ffects. The resulting physical parameters are then

used as input data for a 3D numerical simulation of the PEM fuel cell. Comparison of experimental, analytical, and numerical
polarization curves enables us to estimate the contribution of 3D effects to the voltage loss. This procedure is performed using
specially designed experiments, our recent analytical model, and the newest version of a numerical quasi-3D model of a cell. The
results show that this approach may serve as a tool for the optimization of the flow field design.
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The performance of a polymer electrolyte fuel cédEFQ is in the range 10 to 10710 cn?. This two-scale nature of the cell can
determined by several tens of parameters, which describe fundametpe used to design an efficient quasi-@DBD) model, as is described
tal electrochemical and physical properties of the membrane elechere.
trode assembly(MEA), operational conditions, geometry of the The cell performance is depicted by voltage-current curves that
MEA, and the structure of the flow field. Many of these parameterssummarize the voltage losses required to generate a given current.
are strongly coupled. For instance, an increase in temperature imSeveral empirical equations for cell performance curves have been
proves the kinetics of the electrochemical reactions but decreaseeffered?> **Although they provide an excellent fit to the experimen-
water content and conductivity of a polymer electrolyte membranetal curves, these equations contain terms that physically are not fully
(PEM). The overall effect of temperature variation hence depends orustified.
the humidification conditions, which in turn depend on the geometry ~ An equation for the voltage-current curve based on an exact
of the flow field. This chain of dependencies is typical for PEM fuel asymptotic solution of the transport equations across the cell was
cells. Obviously, experimental investigations of these dependenciegerived in Ref. 34. In Ref. 35 this equation was further extended to
are time consuming and expensive, thus the use of modeling activitake into account the effect of the finite oxygen stoichiometry ratio
ties is desirable. (the ratio of oxygen flux supplied to the cell to the flux of oxygen

The basic features of fuel cells can be analyzed with one-required to generate the given curreffhe resulting expression was
dimensional 1D models that take into account transport across th&sed to fit the experimental voltage-current curves of a cell. This
cell and ignore any variations along the cell surfa€eTwo- procedure gave reasonsable values for the basic kinetic and transport
dimensional2D) model€?? give more detailed information, gener- Parameters of the MEA: _ o
ating a map of parameters in a cross section of the MEA in one of Can th.e results of fitting of the experlmentql polarization curves
the two planes: across-the-chantiely plane, Fig. 1 or along-the- ~ SErVe as input parameters for a more_sophlstlcated_ Q3D modt_ellng,
channel(x-z plane, Fig. 1. In essence, either model disregards the and what WOUld then give the comparison Qf analytlcgl, numerical,
distribution of the parameters in the other plane. and experimental performance curves? This work aims to answer

The most detailed information is provided by fully three- this question. Multidimensional models usually involve up to 50
dimensional (F3D) models?*®>? However, these models are very parameiers, ‘a’}hi(ﬂt‘.’ire ta}ken cfjrolm theltlitetrature. With tthils dm:mpe:j_?f
. . A : _parameters, the fitting of model results to experimental data is dif-
Ewn;ﬁtcgfn;liemflunegf;% rigdsLijr(;]eultztee(gj[r)] 2{2 ;sénﬁsﬁ?lly){uvitﬂiﬁ Talil_frag ficult and time consuming. Generally, it is not clear which parameter
cally covers a 10 om distance alond the cha;r(irgi?ef o5 an)élp28 should be varied to fit the experimental curve. The situation is even

y : . 9 . : more complicated if a set of performance curves rather than a single
small cells with a meander-like flow field are simulatebhe effects curve is fitted
specific to large cells with long mean(j(?r channels are beyond the In contrast, fitting with a simple analytical formula is fast and
scope of F3D models. Probably for efficiency, the catalyst layers ingyqighttorward. Parameters obtained from fitting can then be used to
Ref. 23-27 are replaced by infinitely thin interfaces. Our resu“SsimuIate the curve with a multidimensionéd3D or 2D model.
show that the distribution of the reaction rate over the catalyst layerg i the analytical and the numerical model must be based on the
volume can be strongly nonuniform. This nonunlformlty consider- ¢ame physical assumptions; in other words, the numerical model
ably affects the cell performance and should not be ignored. should involve a minimal number of parameters. In this work, we

F3D models do not utilize explicitly the advantages that stem yemonstrate that this approach enables us to characterize MEAs, to

f_rom the remarkable featurg of fuel cglls: the_ceII sandwich is essengyguate the cell design, and to estimate the contribution of 3D
tially a two-scale system with dramatically different transport prop- affects to the cell performance.

erties on the small and large scales. The channel for the feed gas
supply can be up to several meters long and has a hydraulic perme- Experimental
ability on the order of 1% cn?. The MEA is only several hundred

micrometers thick, and the permeability of the backing layer varies "€ €xperiments were performed with a single PEM fuel cell

with an active area of 18 chi(Fig. 2). The cell is assembled with a
subgasketed-style catalyst-coated membrane by Goimea Series
 Eloctrochemical Society Active Memb 5620 Mesga The thickness of the proton conducting membrane
cOr?CIerg\cleefrrnolr(ﬁ Rgg‘l-:‘zrchcc“c/)%mletmgeéenter, Moscow State University, 119992 between the electrodes IS. &571, and platlnum was used as the

Moscow, Russia. catalyst. The catalyst loadings on the anode and cathode were 0.4
? E-mail: A.Kulikovsky@fz-juelich.de and 0.6 mg cn?, respectively.
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Nz reached steady state, while the cell voltage was measured when it
achieved a pseudo-steady state. The cell potential was taken as the
potential difference between the graphite plates. Cell potensial
current density measurements were made usingr@d G,/N, mix-
tures of different compositions. To obtain the desired cathode gas
composition, pure @and N, gas streams were controlled by two
mass flow controllers; the gases were mixed before entering the cell.
In all experiments pure humidified hydrogen was used as fuel. The
temperature and pressure were kept constant at 70°C and 2 bars,
respectively. The anode and cathode streams were humidified with
deionized water by a pervaporation membrane humidifier.

Using this technique, a set of performance curves for different
oxygen fractions in the cathode feed was obtained. These curves
[] l [ ] were then analyzed as described in the following sections.
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Quasi-2D Analytical Model of a PEM Fuel Cell

Neglecting the polarization voltage on the anode side, the cell
Figure 1. Sketch of the cell cross section. potential can be written as

Veel = Voc = M = RT [1]

Carbel CL gas-diffusion layers were placed on either side of the €€ Voc S the open-circuit voltagen is the polarization voltage of
catalyst-coated membrane. To prevent gas leakage and to avoid ef2e cathode sidej, is the mean current density, aftl= Ry, + Ry,
cessive compression of the gas-diffusion layer, gaskets made othereR;, is the membrane resistance aRgaccumulates the con-
NBR material surrounded the diffusion layer. To ensure sufficienttact resistance, the resistance of the carbon phase and of the current
electrical conductivity, the diffusion layer was compressed to 40%collectors.
of its original uncompressed height of 0.38 mm. The MEA was  The cell was not disassembled during experiments; heRges
positioned between two composite-graphite current collector plategonstant. Furthermore, we assume tRgt(and thusR) is indepen-
with ribbed channels for the distribution of the reactant gases. Thejent ofj. For thick membranes and large currents, this assumption
serpentine flow configuration consists of three parallel meandetzan be violated due to the drying of the anode side of the membrane
channels. The channels were 1 mm deep and 1 mm wide and wergy electro-osmosis. However, if the membrane is thin and properly
separated by ribflandg of 1 mm width. Anode and cathode flow humidified, Ry, is smaller tharR,, and to a first approximation the
fields were |dent|c_;al. . a/ariation of R with j can be neglected.

The cell was installed between gold-coated s_talnless ste_el end  The cathode polarization voltaggis given bf“'%
plates. The cell components were held together with a set of tie rods
positioned around the periphery of the cell. The tie rods were tight- Ne fyi fy N
ened with a torque wrench to ensure even distribution of the com- b ol == JIn{ =] = Ink-1In| 1 - == (2]
pressive force. At low current densities, the cell did not reach the I
desired operating temperature itself, and electrical heaters wer@here the function
placed behind the end plates to heat the cell. At high current densi- —
ties, the cell was air cooled to maintain the operating temperature. dH) =1+ L’ t= fA_J [3]
The cell was mounted into a test rig with an electronic load. Data 1+t B

logging and collection were performed using a personal Computer, 4 es from 1 to 2 as its argument varies from small to large values.
The gas flow rate was changed with current to maintain the cell

at_ . . . 34
constant stoichiometric ratios for fuék,;, = 1.4 and oxidantxo, Uhis function matches the two exact asymptotic solutti&,ob-

=2). tained in the limits ofj < j. andj > j« (small and large current
A point on the polarization curve was recorded when the Currentdens!t|e$ Hereb is the Tafel slopej- is the charactgrlst_lc current
density,k accounts for the concentration overpotential, nis the
limiting current density due to the imperfect oxygen transport in the
backing layer

J*

Jo

= 0 0
- . 20b i Co, Do,co
= jo= =0 k==, o= AP [4]
3 ) lt J* COzref Ib
ealing

raphite plate MEA whereay andl; are the proton conductivity and the thickness of the
Meander Graphite plate— ca‘FaIyst Iayero, r_espectivelyf is the exghange current density per
flow-field ] 4 unit volume,c02 is the molar concentration of oxygen at the channel

inlet, Co,, is the reference oxygen molar concentration, @Qg is
the effective diffusion coefficient of oxygen in the backing layer of
the thicknessdy,

Equation 2 includes the reaction activation overpoteftie first
two terms on the right sideand the voltage loss due to the imperfect
oxygen transport through the backing layére third term on the
right side. The function

a Mo - f,= -\ In(l - %) (5]

Figure 2. Sketch of the cell used in experiments. All dimensions are in takes into accountsthe effect of the stoichiometry ration the cell
millimeters. performance curv& This function varies from infinitas\ — 1)
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to 1 (as N — ). Equation 2 shows that the effect of finileis 7. The reaction rates on both sides of the cell are described by
equivalent to the compression of th§. coordinate by a factor of ~ Tafel equations. _ o o
f, = 1. Physically, when\ > 1, oxygen is distributed uniformly 8. The dependence of capillary pressure on liquid saturation is

along the channef, = 1, andv does not depend an However, if ~ 9iven by the Leverett function.

N\ = 1, the oxygen concentration dramatically decreases along the Model of gas flow in porous layers-Let thex axis be directed
channelf, is large, and the limiting current density appears to be  across the cell, the axis is directed along the channel, and the
f) times lower. axis is directed parallel to the cell surfaddg. 1). The molar fluxN;

We emphasize that Eq. 2 is not an empirical relation. It follows qf theth gas componertincluding water vapdris assumed to be
from the exact solution of the problem of the cathode side perfor-

mance. N; = —cD;V§; (6]

. wherec is the total molar concentration of the mixtur®, is the
Q3D Modeling effective diffusion coefficien{see below, and; is the molar frac-
General description—In this section, we describe the recent tion of theith component.
version of our Q3D model. This new version includes two-phase We assume that Knudsen diffusion dominates in the voids of the
flow in the backing layers, the respective corrections in equationscatalyst layers and that free molecular diffusion is the main mecha-
for gaseous transport, and the new boundary conditions for the probRism of gas transport in the backing layers. The effective diffusion
lem of water transport through the membrane. Our goal is to obtaircoefficientD; interpolates between the Knudsen diffusion coefficient
the distribution of concentrations, potentials, and currents in a celD{ in the catalyst layer and the mean molecular diffusion coefficient
cross section, as shown in Fig. 1. In this section, for simplicity we pB jn the backing layer. On the anode side, the interpolation has the
assume that the cell is equipped with single meander channels ofym
both sides; the generalization to the case of several parallel mean-
ders is obvious. B K gl X=Xg
The cell cross section consists of geometrically identical 2D el- D =D + (D - by )5 1-tan TAL (7]
ementsFig. 1). The main idea of the Q3D model is as follows. The 0
characteristic scale of the along-the-channel variation of the locaHerex, is the coordinate of the backing/catalyst layer interfacg,
current density is much larger than the MEA thickness. This allowsis the thickness of the transition region, alb{ﬁ and DiB are deter-
us to neglect the (along-the-channglcomponents of currents and  mined by
fluxes in the porous layers and in the membrane. The F3D problem
then is split into a 2D problem in a cell cross sectifnternal K _ 15— [8RT
problem) and a problem of gas flow along the chanitehannel DI = [(1 - spI*¥ M (8]
problen). Both problems are coupled by the local current density in :
each element. [(1 - 9)s]ts £
The flow in the channel can be described by models of various —— = E =L [9]
complexity; the simplest is a 1D formulation. We neglect the effects Di T Dj
due to channel curvature and consider an equivalent straight channel ) o ) ) )
with the axisz directed along its axis. Considez,g, the cathode  Heres is the liquid saturatior(a fraction of volume occupied by
side of the cell; oxygen in the channel is consumed in the electroliquid watep, r andy are the mean pore radius and the porosity of
chemical reaction. The continuity equation for oxygen concentrationthe catalyst layers; is the binary diffusion coefficiert, ande is
in the channel thus contains a sink term proportional to the localthe porosity of the backing layers. On the cathode, side Eq. 7 has a
current densityj(z). For a givenj(z), we calculate the oxygen con- form
centration in each “window” shown in Fig. 1. Using these concen- 1 _
trations as the boundary conditions, we solve the internal problem D; = DB + (DF - D?)—(l + tanf(x XO))
and calculate a new profilgz). (This profile is obtained by linear 2 Ag
interpolation of the values calculated for each eleménith the
new j(z) we calculate new oxygen concentrations in the windows.
This procedure is repeated until convergence is reached.
The advantage of this approach is that it enables effective paral- S
lelization. The internal problem is formulated for a single element, V-N;= F:Qa,c [10]
and the set of equations for each element is solved on a separate
processor. Upon the completion of the iteration step, adjacent elewhereQ, . is the rate of the electrochemical reaction in the respec-
ments exchange with the “boundary conditions,” as we describeijve catalyst layers is the stoichiometry coefficient, amlis the
here. This allows us to simulate the cells with numerous elements,umber of electrons participating in the reaction. Outside the cata-
(i.e,, with technically relevant long channgls lyst layers,Q, = Q. = 0. Substitution of Eq. 6 into Eq. 10 yields the

Internal Problem equation forg;. o .
Because the membrane is impermeable to gases, Eg. 10 is solved

Mass conservation of theh componentexcept of water vapor, see
the forthcoming discussigrreads as

Main assumptions— for gaseous components on both sides of the cell with a “no-flux”
o boundary condition at the respective membrane/catalyst layer inter-
1. The membrane is impermeable to feed gases. face. Liquid water is transported through the membrane; hence, it

2. The cell is isothermal; the fluxes due to temperature gradientsequires a special treatment.
are negligible.

3. Gaseous pressure on both sides of the cell is constant. Transport of liquid water—Flux of liquid water in the backing

4. The flux of gases in the backing and the catalyst layers isand catalyst layers—The flux of liquid water in the voids of the
caused by diffusion due to concentration gradients. catalyst and backing layers is given by

5. The flux of water in the membrane phase is caused by diffu- N, = sepeVy [11]

sion due to the concentration gradient and by electro-osmosis.

6. The membrane surface is in equilibrium with water vapor, wheres is the liquid saturation, ang, andv, are the density and
available at the catalyst layer/membrane interface. The equilibriumvelocity of liquid water. Assuming Poiseuille flow in the poreg,is
is described by a water sorption isotherm. proportional to the liquid pressure gradient:
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k, Ch+ [ OA
ve=-"2Vp, [12] D,, = D{%at(—) [22]
e Cy \da

wherek, is the hydraulic permeability of the porous media ands
the viscosity of liquid water. We assume that the permeabilities of
the backing and catalyst layer coincide.

is the diffusion coefficient of equivalent water vapor. Finally, in the
catalyst layers we have

The liquid pressure i, = py = p, where py and p; are the j
gaseous and capillary pressures, respectively. Neglecting the gradi- Ny, = -Di Ve, + em| ~Du(0) Ve, + nd(C)én (23]
ent of gaseous pressure, we write
k K, dp¢ K2 ap. Mass balance of water—Mass conservation means thét: N
Ve = 2Vp, = —EEVS = S—E&—VS [13] =R, where R is the respective rate of species production/
e e He JS consumption. With the flux equatiofEq. 16, we get the diffusion

Here kg is the hydraulic permeability of a dry backing layer. Fol- equation for saturation
lowing Ref. 18 and 19 we have assumed tat sk).

M
Following Leverett® the capillary pressure is given by =V - (DsVs) = p—{W(R?RR + R} [24]
pe =01/ %f(s) [14] whereM,, is the molecular weight of wateF{f?RR is the molar rate
Ko (mol cn2 s71) of liquid water production in an oxygen reduction
whereq is the surface tension arfds) is the empirical functior? reaction (ORR and R{® is the molar rate of liquid water

consumption/production due to evaporation/condensation.

- — _ AV —_ o3
f(s) = 1.4141 - 5) - 2.1201 - 9)" + 1.2631 - 9)°  [15] For RO"R we haveRPRR=§,Q./nF, where Q. is the rate of

Collecting everything we g@t ORR (a number of protons consumed in unit volume per second, see
) . ci 18
N, = - pD.Vs [16] later discussion Ri®is given by Heet al.
where R = —esK (S ¢, )r — &(1 — 9K £ (C2 - ¢,)(1 = 1)
2 s'Tfo of [25]
DS= _( gEVE ot [17]

1% Js where the first and second terms describe the rate of evaporation and

Note thatDg > 0 because/f/ds < 0. condensation, respective(i{, andK are evaporation and conden-

) ) ] sation frequencies; ¥, and the function
Water in the membrane and in the catalyst layersin this

subsection, we describe the modification of the mddeidue to the 1 \035“— Cul
two-phase nature of water flow in the backing and catalyst layers. r= > 1+ Tt .
We assume that the transport of liquid water in the membrane is Cu = Cw

caused by diffusion due to a concentration gradient and by electrogitches in the Eq. 25 evaporation or condensation term depending

osmosis. Thus, the flux of liquid water in the membraheis on the sign Ofcsvat_ c,,. The mass conservation equation for water
vapor has the form

[26]

Ne= -De(O)Ve + g0 [18]
V-N,=-R¥* [27]

where( is the membrane water conteftihe number of water mol- o _ )

ecules per SQgroup, ¢, andD; are the concentration and diffusion WhereN,, is given by Eq. 6 and 23 in the backing and catalyst

coefficients of liquid water, respectively, ang({) is the drag coef-  layers, respectively.

ficient. Water content of membrane phaseDue to the presence of lig-

Three mechanisms contribute to water transport in the catalysiig water, the local water content of the membrane phase in the
layers: diffusion and drag of liquid water in the membrane phase anctatalyst layer increases. To describe the effect of the coexistence of

Knudsen diffusion of vapor in the voids. The flux of water in the |iquid- and gas-phase water, we introduce the effective water content
membrane phase is given by Eq. 18, multiplied by a correctionyf the membrane phasey

factor ,,,, the volume fraction of electrolyte in the active layer. The

total flux of water in the catalyst layer then is Ceff = (1 = )L + S{max [28]
_ K _ im wherel = A(c, /¢S and{ . = 22 is the water content of the mem-
N = ~DuCVew + Em( DQVe+nd(©) F ) [19] brane phase in contact with liquid water. Equation 28 is also used to

calculate the water content of the surface of the bulk membrane,

. . e K . .
whereg,, is the molar fraction of vapor ant,, is given by Eq. 8. hich gives boundary conditions for the problem of water transport
We assume that the local concentration of liquid water in the; the membrane.

membrane phase is related to the local concentration of vapor via a

sorption isotherm\ (a)*? Potentials and reaction rates— Physically, the electrochemical
reactions occur in a high electric field of a double layer created at
(= Co _ A@) = A(&) [20] the metal/electrolyte interfaces. In the porous catalyst layers, the
- cat double layers form complex tortuous structures. In the fuel cell

modeling the distribution of the electric field in these structures is

simulated by a continuous distribution of two potentiafg;, the

e potential of carbon threads interconnecting catalyst particles, and

component of the liquid water flux as om, the potential of the polymer electrolyte phase, which provides
Cu+[ I the transport of protons to the catalyst sites. The difference between

-D¢Ve, = _Dme(_)CVgW = -DycVéy, [21] these potentials determines the rate of the electrochemical reaction.

Cw \ 72 The potentialsp,, and g, c are governed by the proton and elec-

where tron current conservation equations

wherea = ¢,/cS*is the water activity and3™'is the molar concen-

tration of saturated vapor. With Eq. 20 we can write the diffusion
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catalyst layer to diffusion due to the concentration gradient in the
bulk membrane; we thus pufs/dx =0 at the catalyst layer/
membrane interface.

The mass balance equations for water are solved separately, first

Channel window

in the backing and catalyst layers and then in the membrane. At the
?p&/zxc:ngt & =3‘5"(7‘%’$ =0 0 ?Pfi/zx;n?t catalyst layer/membrane interface Eq. 20 relates the concentration of
. ¢ (’o‘f N ¢ - liquid water in the membrane to the concentration of water vapor in
3 Backing layer 3 the catalyst layer.
£ Oom [0z =0 S ) ) ,
. > Channel problem—Laminar steady flow in a long channel with
z Catalyst laye = impermeable walls is basically the Poiseuille flow with constant
velocity determined by the pressure gradient. However, due to elec-
8¢,/0x = B, [dx = ds/dx = 0 trochemical reactions, the velocity in the fuel cell channel may vary
zl a= cgA(cy/ei) with the distancez. A 1D model of the gas flow in the fuel cell

channef® shows that the flow is incompressiblg(z) = p°, where

Figure 3. Boundary conditions for anode side of a single 2D elenisee  p° is the flow density at the inlet. The velocity distribution then is
Fig. 1). Boundary conditions for cathode side are analogous. obtained from the mass balance equation. In the cathode channel,
this equation reads as

oo _ [20+ 220M, - Mo ] (2

- Q, inthe anode catalyst layer e 2Fh [34]
z
V- (om(Dem) =1Qc in the cathode catalyst layer [29]
0 otherwise where v is the flow velocity,h is the channel heightM is the
. molecular weight, and is the effective coefficient of water trans-
Q. inthe anode catalyst layer port through the membrane. The latter is defined as the number of

V- (040a) = { [30]

water molecules transported from the anode to the cathode per each
proton. Note thaa coincides with the drag coefficient only when

0 otherwise

- Q. in the cathode catalyst layer the back-diffusion flux of water in the membrane is negligible. The
V(o) = 0 otherwise 1] solution to Eq. 34 gives(z); the oxygen mass balance

whereao, is the conductivity of the membrane phase angr. are Avco.) i

the conductivities of the carbon phases at the anode and the cathode — - = [35]
side, respectively. In the catalyst layens,({) = enot (), where 9z 4Fh

bulk ; o

o, is the proton conductivity of the bulk membrane. The depen- . ' .
dencecrﬁq”"‘(c) is linear (see Ref. 41 for details then gives the profile of the oxygen molar concentrat%g(z).

For comparison with the analytical theory, in this work, the rates Similar equations are written for hydrogen in the anode channel.

of hydrogen oxidation and oxygen reduction reactions are described Numerical aspects—The conservation equations lead to

by Tafel equations convection-diffusion equations of the type
+ Ch o F V- (-DVu+Wu) =q [36]
Qu=ia— exp( ;Tna) [32]
Haref whereD is the diffusion coefficient andlV is the “convective” ve-

c locity. The concentrations of gaseous components in the backing and
Q. =i O, exp(ﬁn ) [33] catalyst layers are given by Eq. 36 with = 0 andD =D(r), a
¢ ccozref RT ° function of the coordinates. Water transport in the membrane is gov-
erned by a nonlinear version of Eq. 36 witthi # 0 andD = D(u).
Equations 29-31 formally have the form of Eq. 36 with= 0 and

Here Q is the number of protons produced/consumed per unit vol-
ume per unit timej” is the exchange current densityer unit vol- =

X . . D = const.
ume, C is the reference molar concentration of the feed gas,

- . An internal model is formulated for a single 2D elemérig. 1).
the transfer coefficient, and the subscripts a and c refer to the anodg . :roduce a nonuniform rectangular grig which coﬁ?rg th)e ele-
and the cathode side, respectively. The overpotentigls ¢, !

~ . ment(Fig. 4). Equation 36 is converted to the finite difference form
~ omandme = o ~ ¢¢ are positive. Because the voltage 10ss due o\ i, the method of control volume. B = D(r), the fluxes through
anodic reaction is negligible, the contribution of reaction terms to . -

X ) o the surfaces of the computational cell are calculated with the
the cell performance is governed by just two parameigrSoset  geharfetter-Gummel scherfiéin the nonlinear casd® = D(u) and
andac_. Applying a more sophisticated reaction scheme would onIythe fluxes are calculated with tf’@scheme“.&_’ Equations for the
complicate the analysis of the results. potentials in Eq. 29-31 are approximated on a five-point computa-

Boundary conditions—Boundary conditions for the anode side tional molecule, as described in Ref. 10. Equation 29 is subject to
of a single element are shown in Fig. 3. At the current collector/ Neumann boundary conditiongen,/dx = 0 along the backing/
backing layer interface, the carbon phase potential is fixed and th€atalyst layer interface@ig. 3). The unique solution is selected by
normal component of all fluxes is zero. At the channel/backing layerthe condition that the reactions on both sides of the cell produce/
interface, the molar fraction of gases and the concentration of wategonsume the same currefsee Ref. 11 for details
vapor are obtained from the channel problem. Liquid saturation To accelerate convergence, Newton's method is employed for
along this interface is assumed to be zero due to rapid removal ofach equation. In all cases, the resulting system of linear algebraic
liquid water by the flow in the channel. Along the backing layer/ equations is solved with the standard iteration technique SOR. Typi-
catalyst layer interface, the normal component of proton current iscally, the computational grid for a single element has ¥0@00
zero. Along the catalyst layer/membrane interface, the normal comodes along the andy axes, respectively.
ponents of all fluxegexcept that of liquid waterare zero. Accord- Let the along-the-channel profile of the current dengi®) be
ing to our assumptions, the hydrodynamic mechanism of liquid wa-known. (Along both channels these profiles are the samke full
ter transport changes from D’Arcy flogviscous convectionin the iteration step consists of the following substeps.



Journal of The Electrochemical Socigetys2 (6) A1290-A1300(2005 A1295

Windows 1k
| | g
") | | T F 06
= | | = 9]
s | | S = 04
8 i i 8 S
g 1 1 g 0.2
c | | | | c
= | | | | =
o | | | | [o}
8 | | 2 0
< < 0 1 2 3 4 5
§ | | § Current density /A cm-2
=3 SEEiEEsEaseean i————————————— i,,,,,,,,,,,,, =3
g | | g Figure 5. Experimental points and fitting curvégq. 1 and 2 for indicated
7] E E » values of oxygen concentratidfb) in N,-O, mixture. Experimental condi-

tions are listed in Table Ill. The experimental data kreorrectedsee texk

%

Windows L ) .
The Tafel slopes for all curves exhibit only minor differences,

Figure 4. lllustration of the idea of parallel algorithm. with an average of 57 my131 mV/deg. At a temperature of 70°C,
this is equivalent to the effective transfer coefficient RT/(bF)
= 0.518. The characteristic current densjtyvaries in the range
o ] 2.5-4.6 A cm? with the average value 3.62 A ch For oxygen
1. For a givenj(2), the channel problem is solved for both the concentrations above 9%, is comparable to the limiting current
anode and the cathode channels; this gives the gas concentrations iansity j, (Table ). Therefore, under medium and high oxygen

all “windows” (Fig. 1). content, the cell operates in the intermediate reg(ﬁe j*), and

2. For all 2D elementgFig. 1), the internal problem is solved _ o
using as the boundary conditions the concentrations obtained i€ @Pparent Tafel slope,,, = ¢b significantly exceeds (Eq. 2.
bapp estimated ad,p, =~ be(jp/j+) is shown in the second row of

step 1.
g. “Boundary conditions” between adjacent elements are ex-1able I. For all oxygen content§, andb are nearly constarifable
changedFig. 4). ). The ratiojp/j« then increases with the growth of inlet oxygen
4. Anewj(z) is calculated. concentratioru:o02 due to the increase ifp. Thereforep,y,increases
A typical calculation of the polarization curve requires about with c%z because the functiop increases. Physically, with the
10 h on a cluster of PCs based on 2 GHz processors. growth of the oxygen fraction, the regime of the catalyst layer op-
eration is going from the low-current to the high-current one. In the
Results high-current regime, the rate of ORR is strongly nonuniform across

the catalyst layem,,is twice larger than in the low-current regime,

Analytical modei—To take into account the effect of a finite and the cell performance dramatically degrades. To keep the cell in

oxygen stoichiometry\ on the cell performance, the experimental = . .
data were corrected according to Eq. 2. For each experimental poirffe low-current regim¢j < j-), the value ofj. must be increased.
R Becausg« = o /ly, it is beneficial to increase the conductivity of

(J, Vean), the vajlues of were multiplied byf, = 1.386, which cor- the membrane phase in the catalyst layer or to decrease the layer
responds tox = 2.0. This somewhat overestimates the cell perfor- thickness
t.

mance as the mod&ldoes not take into account the effect of non- As predicted by Eq. 4, the limiting current densjtyis propor-

uniformity of water concentration along the channel. Nevertheless,. py -
\-corrected curves lead to a more realistic set of fitting parametersltlonal to the oxygen concentratigftig. 6. The slope of the straight

Equations 1 and 2 were t_hen used to f_it th(_a t_axperimental _voltagémfhm E Ig'kﬁ deltermé%estt:esesffzeitl\llgg|ffg§|0[11coiff|0|etr;‘t of oxyg_en
current curves. These equations contain five fitting paraméddgeys: n i € bac "_19 _aye O, ) . ¢ S » where the super.
k, jo, andR. The fitting procedure is based on a genetic algoritfim. Script Q2D indicates that the value is obtained from the analytical
The results of the fitting are shown in Fig. 5. The accuracy of the Q2D model. The effective oxygen diffusion coefficient in the back-
fitting turned out to be high; the correlation coefficient for all curves Ing layer, calculated from Eq. 9 with = 0.4 ands = 0, amounts to
exceeds 0.99. The fitting parameters are listed in Table I. Physicallyl,f)o'2 Y= 4.8 102 cnm? s7L. The value resulting from the fitting is
three of these parameters should not depend on the oxygen concetitus about 10 times lower. Later we show that this discrepancy can
tration; the respective mean values are shown in the last column oerve as a measure of voltage loss due to 3D effects in oxygen
Table I. distribution.

Table I. Fitting parameters: b Tafel slope, b,,, apparent Tafel slope,j. characteristic current density, jp limiting current density, and R cell
resistance (the sum of the membrane and contact resistance).

O, fraction (%) 4.24 8.46 17.7 33.7 66.8 83.9 Mean

b (mV) 55.4 57.4 575 55.4 59.2 57.2 57.0
Dapp (MV) 65.7 69.3 79.5 85.1 93.8 92.0 -

j« (A cm™) 3.18 4.45 3.23 2.55 3.66 4.65 3.62
ip (A cm™) 0.727 1.16 2.00 2.94 5.15 7.24 -
=In(k) 9.58 9.84 9.84 9.14 8.83 8.78 -

R (mQ cnv) 503 224 224 138 116 96 211
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(\'é 8 . 12 Table Ill. Conditions and parameters for Q3D simulation.
:n:) —Ink = —In(z) + 12.31
3 6f 110 Anode side Cathode side
g Cell temperaturg°C) 70 70
= lg & Inlet parameters:
] - Gas pressuréatm) 2 2
‘g Flow stoichiometry 14 2.0
o 2r 18 Oxygen molar fraction - 0.177
b= ip = 0.084z Nitrogen molar fraction - 0.667
E 0 . . . . A Water vapor molar fraction 0.168 0.156
0 20 40 60 80 100 Hydrogen molar fraction 0.832 -
Oxygen content/ % Volume fraction of electrolyte 0.1 0.1
in catalyst layers,,
Figure 6. Limiting current densityj, (crossesand the term —lik in Eq. 2 Porosity of backing layers 0.4 0.4
(filled circles as a function of oxygen concentration. Solid lines: linear fit for Porosity of catalyst layers 0.2 0.2
in and logarithmic fit(Eq. 37 for —Ink. The quality of fitting of —Irk is Mean pore radius in Eq. 7 (cm) 10° 10°
poor; the respective fitting parameters give just a rough estimate of exchange Frequency of evaporation/
current density. condensation
Ke =K. (sh 107
Carbon phase conductivity 40
(Qtem?
The value -Irk exhibits the proper trend: it decreases with the Catalyst layer thicknesq.m) 10
growth of oxygen contentFig. 6). The dependence of —kon Co, Backing layer thickneséu.m) 150
was fit with Eq. 4 fork Membrane thicknesgum) 35
0 . Channel width(cm) 0.1
Co, L Channel heightcm) 0.1
y=-Ink= _ln(100?> =In Coret [37] Current collector widtHcm) 0.1
j.100—==
c
wherec is the total molar concentration of the gas mixture. resulting from the Q3D simulation is significantly lower than the

Fitting the points in Fig. 6, we get the value of the second term experimental valu¢Fig. 7). The reason is a strong nonuniformity of
on the right side of Eq. 37, which appears to be 12.31. Equation 4oxygen distribution over the catalyst layer volume, as discussed
then enables us to estimate the raiﬁdnozref, which amounts to  here.
i"/co, = 2.2 X 10° A mol™". (See Table I). The quality of the fit- With a six times higher oxygen diffusion coefficierD823D
ting of —Ink is rather poor, so this value is only a rough estimate. = 3.2 X 102 cn? s, the Q3D model generates the dashed curve in

The cell resistivityR (Table ) decreases with increasing oxygen Fig. 7. Unfortunately, we were not able to extend this curve to larger

are not taken into account in the analytical model. However, theqye to a very low water concentration in front of the current collec-
mean value oR resulting from the fitting 211 m() cn¥) is close to  tor ribs on the anode sidésee Fig. 9 later Nevertheless, in the

the measured oneL80 m() cnv). rangef,j < 1275 mA cm?, the dashed curve is in good agreement
Q3D results— The parameters resulting from the fittiigable ~ With the experimental data. _
Il) were used as input data for the Q3D simulation. Because of the Figure 8 shows the detailed maps of parameters in the MEA
great practical importance, the case of 17.7% oxygen coikent ~ cross section for two current densitiesf, j =346 and
midified ain was simulated. The operating conditions and the other1275 mA cm?). In both cases, the rate of OR, follows the
required parameters are listed in Table Ill. For comparison with thepattern of oxygen concentration in the catalyst layer. When the cur-
analytical theory, we s@gz = Dgz’ i.e., the oxygen transport in the ~ rent density is smal(Fig. 8, lef, the nonuniformity of the param-
catalyst and backing layers was described by the same effectivéters distribution over the catalyst layer volume is not large. The
diffusion coefficient.
Figure 7 shows the experimental, analytical, and simulated

voltage-current curves. Note that for proper comparison all curves in 1 —
Fig. 7 are “lambda correctedi.e., according to Eq. 5, the current T . g: 3D loss |
density is multiplied by 1.386, which correspondsha= 2). Fur- o7l -
thermore, because the Q3D model does not take into account the > 08F 08 _
contact resistance, the resulting polarization curves are further cor- > 06l °j5' L
rected according t&/'%, = Ve — j(0.180 —-R,), whereR,, is the £Y 02 04 06 08
calculated value of the resistance of the membrane and the catalyst 2 0.4t
layers, and 0.180) cn? is the measured total cell resistance. The S ¢ experiment
result is the thick solid curvéFig. 7). The limiting current density 0ol g“;["V‘LCa' model (fitting)
. — , data from fitting
—=-=-= Q3D, corrected oxygen diffusion
0 0 0.5 1 1.5 2
Table Il. Transport and kinetic parameters resulting from the Current density / A cm-2
fitting.
Figure 7. Voltage-current curves for 17.7% oxygen concentrat®mthetic
Parameter Value air). Dots: experiment; thin solid line: fit with Eq. 1 and 2; thick solid curve:
result of Q3D simulation with parameters resulted from fitting; dashed curve:
" « 0.518 Q3D simulation with 6 times larger oxygen diffusion coefficient. Inset: Dif-
i"/Co,er (A mol™) 2.2x 10 ference between two curves resulting from Q@idtted arepshows contri-

Do, (cn? s7) 5.32x 1073 bution of 3D effects in oxygen transport to the voltage loss.
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fﬁ =346 mA cm2 f,7= 1275 mA cm2

X

¢ Inlet Outlet ¢ Inlet Outlet
X X

Figure 8. 3D maps of parameters for mean current densifiedt) f, j = 346 mA cn? and (right) 1275 mA cm? Shown are(from top to bottom proton
conductivity of membrane phase, (™! cmi™), proton current density in membrane and in catalyst lajgienA cm?), rate of electrochemical reactia®,

(A cm3), oxygen and water molar concentratidri®® mol cn®) in cathode catalyst layer, and liquid saturat®rwhite dashed line indicates the catalyst
layer/membrane interfaces.

variation of Q. across the active layer is also sméfig. 8, lefd, saturation does not exceed 1A%g. 8, righd; thus, the decrease in

indicating that the layer operates in the low-current regime. Underoxygen diffusivity due to partial flooding of the backing layer is

high current densityf,j = 1275 mA cm?, Fig. 8, righ} the mode  small.

of the catalyst layer operation dramatically changes. The distribution

of the reaction rate, both across and along the catalyst layer, appears Discussion

to be strongly nonuniform. Most of the proton current is converted . . .

in front of the feed channel in a thin sublayer, close to the membrane The analytical model is based on the assumption that, on aver-

surface(Fig. 8, right. A detailed map of the parameters in the first @3€, oxygen transport can be described by a constant position-

two elements at the inlet is shown in Fig. 9. Due to the lack of independent diffusion coefficient. Then, according to Eq. 4, the lim-

oxygen in front of the current collector ribs, the reaction rate there isiting current densityj, must be proportional tao,. The linear

low and almost uniform across the lay@fig. 9. These domains dependence in Fig. 6 is a strong argument in favor of this assump-

hence operate in a low-current regime. However, in front of thetion. This allows us to roughly characterize transport properties of

channel, the profileQ.(x) is strongly nonuniform, indicating that the cathode side by a single parameter: the effective diffusion coef-

this domain operates in the high-current regime. Figure 9 demonficient DSfD. The polarization curves resulting from the Q3D simu-

strates the interesting effect of coexistence of the high- and low-ations do not follow the linear treng), ~ Co,: the limiting current

current regimes in the adjacent domains of the active layer. densities for the thick curves in Fig. 7 differ by a factor of 2,
The local nonuniformity of oxygen concentration in each ele- whereas the respective oxygen diffusion coefficients differ by a fac-

ment (Fig. 8, right explains the difference between the diffusion tor of 6. This is not surprising, as the through-plane transport of

coefficients resulting from the analytical theory and from the Q3D oxygen is strongly influenced by local 2D effects due to channel/rib

model. The analytical model ignores these local features of the oxyalternation(Fig. 8. The analytical model replaces the 2D flow with

gen distribution; this model thus tends to underestimate the oxygemhe equivalent 1D flow; it appears that the integral paramfgr

d|ffu3|on' coefficient. The anqutma} model replaces the 2D flow with provides a linear relatiofy, ~ co.. This parameter is thus suitezlble

the equivalent 1D flow, which gives the same voltage loss. The - 2

difference between the two curves resulting from Q3D modelingfor Cﬁ” chall‘ac_:te?zatlonl._ h f inth

(Fig. 7 may thus serve as an estimate of the voltage loss due to 3[? The analytica mode ignores the transport of oxygen in the cata-

effects in the oxygen transpdinset in Fig. 7. The good agreement 1YSt 1ayer. In some situation.g, when the catalyst layer is very

of the experimental, analytical, and numerical curves in Fig. 7 sub-thick or if it has very low porosity, this model is inapplicable due to

fthe strong variation of oxygen concentration across the active layer.

stantiates that Fig. 8 is likely to give a correct qualitative picture o 2 . )
the cell operation. This figure shows that for this particular cell . The variation of cell resistance with oxygen contéfable )

; : : -indicates that under high current density membrane drying comes
design the main problems are formation of oxygen-depleted zones it . o .
front of the current collector ribs and “contraction” of the reaction into play, and the analytical model should be modified to take into

rate in a thin sublayer close to the membrane surface. ;?ggrl:ergs the effects of water managemiéif! This work is in
Q3D _ 2 1 - ) .

The valueDg ™~ = 3.2 107 o s which provides agree The model&*?” give low values of liquid saturation in a cell. The
ment of simulated and experimental polarization curves, is close tQp,qef819 gives, in contrast, almost 100% saturation under high
thgdlr)mary dlffu5|20n coe_fI|C|ent of oxygen in the dry backing layer c,prents. In Ref. 27 this difference is attributeni @ 4 orders of
Do, (4.8 1072 cn? s, Eq. 9. In our calculations, the liquid  magnitude higher liquid water diffusivity than that in Ref. 18 and 19
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f,j = 1275 mA cm2

T
N
O

I
o

Figure 9. Detailed map of parameters in first two elements at inlet for a
mean current density dfj = 1275 mA cm? (cf. Fig. 8, righ}. Color scales
and designations are same as in Fig. 8, right. Concentration of water vapor i
anode catalyst layer is also showh0® mol cn3).

(see the Appendix for a detailed explanajiddaximal saturation in
our model is regulated by the frequencies of condensd&ioand
evaporatiorK, in Eq. 25(see the Appendix For real backing lay-
ers,K. andK. are poorly known; the values used héfable ) are
chosen to provide 10% maximal saturati®tig. 8, righy. The ques-
tion of what the average liquid saturation in a cell is and how this

value depends on the properties of the backing layer remains open.
The preceding results suggest the following strategy of cell op-

timization. First, the cell is described by a minimal set of five pa-
rametersD%,'z, a, i*/cozref, j«, andR. Estimates of these parameters

are obtained from the fitting of the experimental voltage-current
curves with the analytical formula@&Eq. 1 and 2 Note that more

reliable results are obtained if a set of curves rather than a single

curve is fitted.

The physical parameters resulted from the fitting are then used to

simulate the cell with the more sophisticaté@3D) numerical

cieh52 (6) A1290-A1300(2005

0.1}

saturation

0.05}f

0.5
x/lp
Figure A-1. Liquid saturations (Eq. A-5) in cathode backing layer for

indicated values of parametgr Membrane is aw/l,, = O; backing layer/
channel interface is at/l,, = 1.

model, which takes into account 3D effects. Comparison of the ana-
lytical and simulated curves enables us to estimate the contribution
of 3D effects to voltage loss.

The maps in Fig. 8 provide a qualitative picture of the physical
processes occurring inside the cell. Under high current density, the
contraction of the reaction rate close to the surface of the membrane
and the formation of oxygen-depleted zones are clearly seen. Gen-
erally, these phenomena reduce the cell performance. For its com-
putational efficiency, the optimization tool described above is suit-
able for parameter variation in the practical fuel cell development.
The optimization goals for the cell used in this work are to eliminate
the shaded zones and to optimize the thickness of the active layer.

Conclusions

We suggest a novel approach to the analysis of experimental
performance curves of a PEM fuel cell. The idea is to use a hierar-
chy of models for analysis rather than a single model. In the sim-
plest case, this hierarchy consists of just two models: low-level ana-
lytical and high-level numerical. The analytical model serves for a
fast estimate of the basic transport and kinetic parameters of the cell.
The resulting parameters are then used as input data for a more
accurate numerical model. Comparison of the experimental, analyti-
cal, and numerical polarization curves enables us to estimate the
contribution of the effects, which are beyond the scope of a low-
level model.

This procedure is performed using our recent quasi-2D analytical
flow leve) and the newest version of numerical Q3Bigh-leve)
models of a cell. The analytical model accounts for the transport of
oxygen across the cell and along the feed channel and ignores local
2D effects in the through-plane oxygen transport. The two-phase,
Q3D numerical model takes into account all the basic processes in
the cell. Comparison of the analytical and numerical polarization
curves enables us to evaluate the contribution of local 2D effects in
oxygen transport to the overall voltage loss. This procedure may
serve as a tool for optimization of the flow field design.

The Institute for Materials and Processes in Energy Systems assisted in
meeting the publication costs of this article.

Appendix
Analytical Solution of Equation for Liquid Saturation
To understand the character of the solution to Eq. 24, consider the following simple
model. We assume that ORR generates water vaporin Eq. 24,R°RR = 0. If the cell
temperature is not high, liquid saturation is due to the condensation. We djdive
< ¢y, I = 0, and the first term on the right side of Eq. 25 is zero. The 1D-variant of Eq.
24 alongx (Fig. A-1) then takes the form

J Js
D SJ_X

X

M

) = p—WS(l - 9KcEwlen' -~ cw) [A-1]
|

or
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o[ .ofos effective oxygen diffusion coefficient resulting from analytical quasi-2D
X 52[7—55 =y -9 [A-2] model, cm? st
H Dng effective diffusion coefficient of oxygen, resulting from Q3D model,
ere cm2 st
. e . - Lo
MoK ~ )2 Ds effective diffusion coefficient of liquid saturation, ¢fs
= MCW_O%’ [A-3] D, diffusion coefficient of liquid water in membrane, cfrst
pioVeky F Faraday constant, 9.6495 10* C mol*
Ip is the thickness of the backing layer, and the dimensionless coordirately, (X fy function Eq. 5
=0 is at the cathode side of the membraRe; 1 is at the cathode backing layer/ h channel height, cm
channel interface i" exchange current density per unit volume, Aém
We assume that the saturation is smalk< 1. This assumption only limits the | local current density, A cfit
range of vgriatiqn of parameter. For smallswe may put 1 s =1 anqaf/as =-1 i mean current density in a cell, A ¢fh
(this is evident if one calculatesf/ds for small s from Eq. 15. Equation A-2 then jp limiting current density due to imperfect oxygen diffusion in the backing
reduces to layer, A cni?
ol os 5 jAm proton current density in membrane, A @n
= SZE =, = =0, ski1=0 [A-4] j+ characteristic current density, A cfh
X X1%=0 k dimensionless parameter
The boundary conditions are discussed in the section on boundary conditions. K. frequency of condensation;’s
The solution to the problem A-4 is Ke frequency of evaporation; s
~2\ 1/3 Iy thickness of the catalyst layer, cm
s= (M) [A-5] I, thickness of the backing layer, cm
2 Im thickness of the membrane, cm
This solution is shown in Fig. A-1 for several values of paramster M molecular welght,g ”jf’ll
Equation A-5 shows thas is maximal at the surface of the membrarsg,, N molar flux, mol cmi* s
= n number of electrons participating in the reaction= 4)
s(0) or
ng drag coefficient
13 -
_ (3_3’) [A-6] p. capillary pressure, g chhs™
>\ 2 py gaseous pressure, g ths?
TR o2
We see thasay ~ K%’3. The dependence on the porosity and permeability of the back- P liquid fprTssure,hg cr_ﬁ SI ion. A i
ing layer is even weakesyx ~ (sk?)‘“e. The only parameter which almost linearly ac rate of electrochemical reaction, A €

scalessy,y is the backing layer thicknessia, ~ (Ip)23. Note thatsyay is small if y mean pore radiusrirg the catalyst layer, cm

< 10°3; this inequality establishes the limits of validity of Eq. A-5 and A-6. N cell resistance() cny ) )
The cube root dependencesyf,, on~y explains the difference in the results of Refs. RF¢ molar _r?te_lof liquid water evaporation or water vapor condensation,

14,18,19,27. The effective parametgin Ref. 18 and 19 is four orders of magnitude Rk molcm=s= o .

larger than that in Ref. 14 and 27. This leads to a roughly 10 times larger maximal R molar rate of liquid water production in ORR, mol s

saturation in Ref. 18 and 19, as compared to that in Ref. 14 and 27. R, contact resistance) cn?
Equation A-5 predicts the existence of a “boundary layer,” a region with a large R, membrane resistancg, cn?

gradient of saturation &t = 1 (Fig. A-1). We define the width of the boundary layer liquid saturation

asd=1 —Xy2; %10 iS @ point where the saturation reaches half of its maximum: stoichiometry coefficient ofth component

= i 2 1/3-1 13 cell temperature, K
SBXw2) = Smarf2. Equating(3y(1-X,,,)/2)5=3(3v/2)7 we get V,e cell open-circuit voltage, V

0 =

—HW0p

B 7 v(2) flow velocity, cm s*
8=1- \/; [A-7] v, velocity of liquid water in the backing layer, cm’s
B ~ x coordinate across the cell, cm
or & = 0.0646. Essentiallyp does not depend o and is thus a universal value. A y coordinate along the cell surface Fig. 1, cm

strong variation of saturation hence occurs in a 6.5% boundary layer at the cathode z coordinate along the channel, cm
backing layer/channel interface; in the rest of the backing layer, the saturation is nearly
constant. Note that this is true if the variationagfacross the backing layer is not large. Greek
Qualitatively similar profiles of saturation were obtained in Ref. 49 for the case .

when liquid water is generated in the electrochemical reaction and condensation/ @ transfer coefficient
evaporation are negligible. Inspection of the numerical pro§il®spresented in Ref. 49 dimensionless parameter
shows that these profiles also exhibit a 6.5% boundary layer. It is easy to show that the & Porosity of backing layer )
model of Ref. 49 leads to Eq. A-4 with a nonzero left boundary conditiost o em volume fraction of membrane in the catalyst layer
= -a% wherea? is a function of the local current density. However, this boundary m polarization voltage, V
condition has a minor effect on the shape of the solution in the boundary layer. In other ~ { membrane water contefitumber of water molecules per $@roup
words, regardless of the physical origin of the source of liquid water the thickness of the N stoichiometry ratio of oxygen flow
boundary layer is determined by the transport te¥iax(Dgds/dx), which in Ref. 49 is A water sorption isotherm of membrane
similar to ours. W viscosity of liquid water, g cmt s

& molar fraction ofith component
p? density of the flow in the channel, g ¢h
List of Symbols p density of liquid water, g ci®

0ac electron conductivity of the carbon phag#;! cmt
o, proton conductivity of the catalyst laye®* cm™*

<2

b Tafel slope, V

bapp apparent Tafel slope, V om  bulk njembrang conductivitp ™ cmt
¢ total molar concentration of the mixture, mol tn ¢ matching functionEq. 3
C%2 inlet oxygen concentration, mol ¢t ¥ porosity of the catalyst layer
Co, local oxygen molar concentration in the channel, mofetm Subscripts
Co,, reference oxygen molar concentration, molém
Ch,,, reference hydrogen molar concentration, morgm 0 value at the channel inl¢at z = 0)
Cy+ proton molar concentration in membrane, molém b in the backing layer
¢y molar concentration of water vapor, mol h in the channel
¢, molar concentration of liquid water in membrane phase, mofcm m in the bulk membrane
¢S molar concentration of saturated water vapor, mottm t in the catalyst layer
D; effective diffusion coefficient ofth gas component, cths™
DiB binary diffusion coefficient ofth gas component, crhs™® References
D:( Knudsen diffusion coefficient dth gas component, ctAs™ 1. T. E. Springer, T. A. Zawodzinski, and S. Gottesfeld Electrochem. Soc.138
Do, effective diffusion coefficient of oxygen in the backing layer, éra 2334(1991.
dry e . ) P 2. D. M. Bernardi and M. W. Verbrugg@éIChE J, 37, 1151(1992).
Do,  oxygen diffusion coefficient in dry backing layer, cfrs 3. D. M. Bernardi and M. W. Verbruggd, Electrochem. Soc.139, 2477(1992.
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