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Binary molecular diffusion and pressure-dri®en fluxes of gas in porous media are
studied. A 2-dimensional model of gas transport in porous media is de®eloped in the
field of nonzero gradients of pressure and concentration. Spatial distributions of oxygen
concentration and fluxes in a porous diffuser are analyzed for geometric and physical
parameters of the electrode. A three-dimensional generalization of the model is per-
formed. Application to oxygen-flow modeling in electrodes of polymer electrolyte fuel

( )cells PEFC is discussed for two simple configurations of gas supply channels: serpen-
tine and interdigitated. Comparison of the results obtained for the two configurations is
carried out. Oxygen flux through the catalytic membrane plane is in®estigated for physi-
cal characteristics of gases and the diffuser, geometry of the gas supply channels, and
gas pressure in them. Recommendations for an optimal pressure regime for the specific
geometry of the system and its physical characteristics are gi®en.

Introduction

Ž .Polymer electrolyte fuel cells PEFC represent an increas-
ingly popular alternative source of energy. However, fuel cells
with high-power densities must be developed for this technol-
ogy to become a viable power source for transportation appli-
cations. Three main factors limiting the current and leading
to voltage losses in proton-conducting membrane fuel cells
are the following: activation resistance, attributed to the cata-
lyst layer in contact with the electrode and accessible by the

Žreacting gases Amphlett et al., 1995; Bernardi, 1990;
.Bernardi and Verbrugge, 1991, 1992 , ohmic voltage losses,

attributed to the electronic, ionic, and contact resistance of
Žthe cell Bird et al., 1960; Fuller and Newman, 1993; Gurau

.et al., 2000; He et al., 2000; Kumar et al., 1995 , and the
mass-transport resistance, when the reactant gases deplete on
the reaction interface as their transport to the reaction sites
fails to keep up with the reaction rate. The last phenomenon,
present in particular on the cathode, still has not been fully
addressed by researchers. The only common method to over-
come such transport limitations and to increase the power
density has been to use pressured reactants.

Dr. Zhukovksy is on a leave of absence from Moscow State University, Physical
Faculty, Moscow, Russia.

So far, numerous theoretical models of PEFC have been
Ždeveloped see, for example, Nguyen, 1996; Nguyen and

White, 1993; Perry et al., 1998; Ralph et al., 1997; Rho et al.,
.1998; Springer et al., 1991, 1996; Taylor, 1992 . However, they

are usually restricted to simple one-dimensional cases. Re-
cent experimental studies demonstrated the significant influ-
ence of final pressure drops and geometry of supply channels

Žon the effectiveness of the cell Todu et al., 1998; Wainright
.et al., 1995; Watanabe et al., 1993; White, 1991 . For exam-

ple, so-called interdigitated configuration of supply channels
Ž .see Figure 1b essentially makes use of a new pressure-driven
mechanism of mass transport that acts in addition to com-
mon molecular diffusion.

This mechanism also strongly contributes to the gas trans-
Žport in the electrode with a serpentine channel design see

.Figure 1a when the matter is highly porous and there are
noticeable pressure gradients. By forcing the gas to flow into
the electrodes in addition to flowing under their surface, the
transport of the reactant and product gases to and from the
catalyst layers is converted from a pure molecular diffusion
process to forced convection. It also helps removing liquid
water from the gas diffuser.

The aim of these studies is the development of an analyti-
cal three-dimensional model of the physical processes of gas
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( ) ( )Figure 1. a Serpentine and b interdigitated configurations of gas supply channels in a polymer electrolyte fuel
cell.

transport in porous media and its application to the studies
of diffusion processes in the electrodes of polymer fuel cells.
Expressed by functions rather than sets of numbers, analyti-
cal solutions permit the use of functional analysis to identify
trends for particular uses. In the present work, we do not
consider the possibility of large excesses of liquid water within
the electrode. This phenomenon will be addressed in forth-
coming articles, for example, on modeling a multilayered dif-
fuser with different effective porosity-tortuosity coefficients
in each layer.

A simple 3-dimensional model of gas transport in porous
media, developed in the present article, accounts for gas flow
in porous media in a nonzero gradient pressure field together
with molecular diffusion. Application of the research in-
cludes studies of oxygen flows in diffuser and catalytic mem-
brane over particular geometric configurations of the gas
supply channels of PEFC, that is, serpentine and interdigi-

Ž .tated Figure 1a and 1b . The model provides a qualitative
description of the physical behavior of the cell as a function
of the physical characteristics of the gases and diffuser; con-
figuration of the gas supply channels; the pressure and reac-
tants concentration in the channels; and pressure drop. The
model shows the ways to reduce the mass-transport losses
and improve the performance of the polymer electrolyte fuel
cell by optimizing the physical and geometric characteristics
of fuel cell electrodes.

Mathematical model
We assume that the gas mixtures in the diffuser act as ideal

Ž .gases, the temperature gradients are negligible Tsconst ,
and the processes are steady state, no sinks and sources are
present in the body of the diffuser, and the electrochemical
reaction takes place on the surface of the catalytic membrane

Ž .only Figure 2 . Then the fluxes of gases A and B in the
body of the electrode are governed by well-known equations
of diffusion, continuity equations, and D’Arcy flow equation

Figure 2. An electrode of a polymer electrolyte fuel cell.
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Ž .Wilson and Gottesfeld

k
I sy �D �c q g � u, �I s0, usy �p;i iy j A i i �

is A , B , jsB , A ,

c qc s1, c s � r� , c s � r� , ps �RT ,A B A A B B

1Ž .

where I , I are the fluxes of the gases A and B; c areA B A, B
their concentrations; � are their densities; � is total den-A, B
sity; p is the pressure; D , D are the diffusion coeffi-A� B By A
cients, D sD ; u is the bulk speed of the gas mixture;AyB ByA
R is the gas constant; T is the temperature; k is the perme-
ability coefficient; and � is the viscosity coefficient.

Usually, gas pressures at the anode and cathode of PEFC
are approximately equal to each other. Then the assumption

Ž . Ž .ps p y , p x sconst is justified. In order to address oxygen
Ž .transport limitations, gas A for example, oxygen of initial

concentration c is considered to be fully converted on the0
catalyst surface of PEFC. Boundary conditions in such case

Ž .of limiting current read as follows see Figure 2

p 0 s p , p d s p , c h , y s0,Ž . Ž . Ž .1 2 A

c 0,0 sc , c 0,d sc ,Ž . Ž .A 0 A 1

I xs0, y s0, I xs0, y s0 2Ž . Ž . Ž .A , x B , x

Diffusion coefficient D is a function of temperature,AB
pressure, and gas composition. The effective oxygen diffusion
coefficient in the nitrogen�water vapor gas mixture can be
calculated as a function of binary diffusion coefficients, taken

Žfrom the estimation of Slattery and Bird Yi and Nguyen,
.1998 . With oxygen concentration varying from 0 in the cata-

lyst layer to the maximum possible value in saturated humid
air, the change in the density�diffusivity product, �D isO2

Ž .negligible less than 4% under normal fuel cell operation
Ž .conditions Toda et al., 1998 . Then at low pressures and

constant temperature the following combinations of variables
are constants

�s pD rRTsconst, �skr�RTsconst 3Ž .AB

Ž .Then the preceding set of equations Eqs. 1 with bound-
Ž .ary conditions Eqs. 2 possesses a simple analytical solution

Ž . Ž .for the concentration c x, y Figure 3A

HyG HqG
c x , y scos Fx E exp yqE exp y ,Ž .A 1 2ž /2 2

GqH
c yc exp y d0 1 ½ 52

E s ,1 � 41yexp yGd

GqH
� 4yc exp yGd qc exp y d0 1 ½ 52

E s , 4Ž .2 � 41yexp yGd

2 2� � p y p2 12 2'Gs 4F qH , Fs , Hsy
2h � 2 d

( )Figure 3. Concentration profile c x,y of oxygen, dif-
fusing nitrogen in 0.1-cm-thick porous dif-
fuser with permeability ks1.6�10�7 cm2

over two channels pressured at p s105 Pa,1
4 ( )p s9.8�10 Pa, and distant at a ds0.5 cm,2

( ) ( )b ds1.0 cm. See also Figure 2 .

Here p , p are the pressures in the two points of the two1 2
channels in question, d is the distance between those points,
h is the thickness of the diffusive layer, c is the initial con-0
centration of substance A in the ‘‘in’’ channel, c is the final1
concentration of substance A in the ‘‘out’’ channel, � and �
are given by Eq. 3.

Ž .The expressions Eqs. 4 for the concentration yield the
Ž .flux through the membrane J Figure 4 as followsA

� E HyGd 1
J s j h , y dys� exp yŽ .HA A x žh HyG 20

E HqG2q exp y 5Ž ./HqG 2

For oxygen as A gas, membrane flux J increases in theO2

vicinity of the channels at ys0 and ysd.
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Figure 4. Catalyst-directed oxygen flow distribution
( )j x,y across the section of diffuser be-A x

( )tween two channels, distant at a ds0.5 cm,
( ) (b 1.0 cm at the set conditions just given see

)Figure 1 and oxygen flux J through theO2

catalyst line xsh —the vertical shadows on
the right side of the picture boxes.

For the case of the two parallel channels at ys0 and ysd,
the oxygen flux per unit of channel length through the cata-
lyst surface J is at its maximum, determined by the tran-O2

scendental function of the ratio drh of the distance between
the two channels to the diffuser thickness, as well as of the
physical parameters ratio �r� and the difference p2y p2

1 2
Ž . y7 2 5Figure 5 . For hs0.1 cm, ks1.6�10 cm , p s10 Pa,1

4 w � 4 xp s 9.8 � 10 Pa, J d s 0.5, 1.0, 1.5, 2.0 s2 O cm2

� y5 y5 y5 y54 Ž .1.8�10 , 2.1�10 , 1.7�10 , 1.4�10 kgr m � s . The
diffuser with permeability k�10y7y10y8 cm2 and p s105

1
Pa, � ps2�103 Pa transports oxygen to the membrane most
effectively when the ratio q�5�10.

When pressure and its drop are sufficiently high, that is,
2 2 Ž .p y p R2� q �r� , qsdrh, D’Arcy flow dominates over1 2

diffusion in the y-direction. The asymptote of the catalyst
oxygen flux, J , at high pressures and drops, that is, p2y p2

O 1 222Ž .� q �r� , is independent of pressure, its drop, and perme-
ability, as the diffuser is saturated with oxygen. At lower

Ž . 2 2 2 Ž .pressures, that is, 2� q �r� � p y p � q �r� the flux1 2
J is proportional to p2y p2, but it is independent of theO 1 22

diffusion coefficient. Note that the flux appears to depend on

Figure 5. Maximum flow 3-D contour, relating the ratio
of optimal height of the diffusive layer to the
distance between the neighboring channels,
average pressures in the channels, and physi-
cal characteristics of the gases and diffuser.

the dimensionless ratio q, but not on the geometric sizes d
2 2 Ž .and h. When p y p Q2� q �r� , oxygen is transported by1 2

diffusion alone.

Three-Dimensional Generalization of the Model
Suppose parameters d, p , c are not constants, but1,2 0,1i

rather are functions of variable z

dsd z , c sc z , c sc z , p s p z ,Ž . Ž . Ž . Ž .0 0 1 1 1 1

p s p z 6Ž . Ž .2 2

In reality, the length of the gas-supply channel, L, in PEFC
is greater than the distance between them, d, and the dif-
fuser thickness, h: L� d, L� h. Then the following rela-

� �tions � pr� y�� pr� z, 	p y hold everywhere in the closed-
Ž .channel net Figure 1a , but not for the vicinity of the turn

Ž .points in the continuous channel net Figure 1b . The contri-
bution of the latter is small, because of the low pressure drop
between neighboring channels at the turning points. Conse-
quently, gas fluxes in the diffuser, directed along the supply
channels, are negligible respectively to those across the dif-
fuser. The substance A, for example, oxygen on the cathode,
the flux through the membrane at xsh over two neighbor-
ing channels, becomes

� E z H z yG zŽ . Ž . Ž .1

 s� dz exp yHA žh H z yG z 2Ž . Ž .

E z H z qG zŽ . Ž . Ž .2q exp y , 7Ž ./H z qG z 2Ž . Ž .
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where E , E , G, H, F are given by Eqs. 4 with account for1 2
Ž . Ž .Eq. 6; p z , c z are the inlet channel pressure and oxygen1 0

Ž . Ž .concentration; p z , c z are the outlet channel pressure2 1
and oxygen concentration, respectively; and � and � are
constants, given by Eqs. 3.

Application to Certain Configurations of Electrodes
of Polymer Fuel Cells

Consider two common configurations that are parallel to
each other, equidistant, and are channels in the electrode: a

Ž .net of channels of continuous design Fig.1a and so-called
Ž .interdigitated design Figure 1b .

Interdigitated design
An interdigitated design employs only two kinds of sepa-

rate channels, that is, in and out. Suppose the oxygen con-

Figure 6. The oxygen flows through the membrane
plane xsh over 21- and 6-section interdigi-
tated channels and 1-mm-thick diffuser with
permeability ks1.6�10�8 cm2 in the regime
of full conversion of oxygen on the membrane
for inlet pressure p and pressure drop � P.1

centration along the channels is maintained constant and
Žequal to concentrations c generally speaking, oxygen de-0,1

pletes along the channels if there is no forced flow in it, so
that the average values c may be lower than the concen-0,1i

.trations c . Then the oxygen flux through the membrane at0,1
xsh over the plate of interdigitated channels can be written

Ž .as follows Figure 6

L E HyG1

 s ny1 �� exp yŽ .int,dig žh HyG 2

E HqG2q exp y 8Ž ./HqG 2

where E , E , G, H, F are given by Eqs. 4; � , � are given by1 2
Ž .Eqs. 5; dsMr ny1 ; n is the number of channels; M is the

width of the channel plate; L is the single channel length; p1

Figure 7. The oxygen flows through the membrane
plane x s h over 21-section interdigitated
channel and diffuser with permeability ks1.6
�10�8 cm2 in the regime of full conversion
of oxygen on the membrane for diffuser thick-
ness h and inlet pressure p ; pressure drops1

( ) 3 ( ) 4are a �ps2�10 Pa and b 2�10 Pa.

December 2003 Vol. 49, No. 12AIChE Journal 3033



is the inlet pressure; p is the outlet pressure; and the other2
notation is the same as in Eqs. 4.

Analysis of the membrane oxygen flux 
 , illustratedint.di g
in Figure 6, shows a kind of oxygen saturation domain at high
p� p, where a further increase in the pressure gradient flow
does not further increase the flux through the membrane
plane. The saturated membrane oxygen flow appears to be
almost independent of the number of channels. The more
channels there are, the more effective the diffusion and, con-
sequently, the higher the unsaturated flux and oxygen trans-
port at low pressures become and the lower the pressure at
which saturation occurs. For example, unsaturated mem-
brane oxygen flux is �5 times higher for a 21-channel plate
than for a 6-channel plate.

The higher the permeability, the less p2-p2 is needed for1 2
the saturation of the diffuser by oxygen. For example, a 1-
mm-thick diffuser with ks8�10y8cm2 over a 21-section in-
terdigitated channel bed becomes saturated with oxygen for
the pressures p�105Pa, � p�104Pa.

Ž . ŽThe dependence of oxygen flow 
 h is nontrivial seeint.di g
.Figure 7 . High values of p� p and gas permeability k reduce

the optimal for the oxygen transport thickness of the diffuser.
For example, a diffuser with ks8�10y8cm2 over a 21-sec-
tion interdigitated channel plate at p R105Pa, � ps5�1
104Pa, is mostly effective at h�100 �m.

( )Serpentine continuous channel design
The pressure and concentration drop between two neigh-

Ž .boring gas-supply channels constructed in PEFCs Figure 1a
is usually rather small. Equation 7, applied to the plate of
serpentine channels, gives the total flux through the mem-
brane plane in the following form

ny1L

 s�� Ýserp h is1

E H yG E H qG1i i i 2 i i i
exp yq exp y ,ž /H yG 2 H qG 2i i i i

G qHi i
c yc exp y d0 i 1 i ½ 52

E s ,1i � 41yexp yG di

G qHi i� 4yc exp yG d qc exp y d0 i i 1 i ½ 52
E s , 9Ž .2 i � 41yexp yG di

2 2� � p y p2 i 1 i2 2'G s 4F qH , Fs , H sy ,i i i2h � 2 d

where L is the length of one section of the serpentine chan-
nel, p , p , c c are average values of proper variables in1i 2 i 0 i 1 i

Ževery channel, and the other notation is the same as in Eq.
.8 . In view of low pressure and concentration drops, lin-

earization can be performed as follows:

p y p Mout in
p s p q iy1r2 � p , � ps , dsŽ .1i in ny1 ny1Ž .

c yc0out 0in
c sc q iy1r2 �c , �c s ,Ž .0 i 0 in 0 0 ny1

c sc y�c , 10Ž .1i 0 i 0

where p is the outlet gas pressure; p is the inlet gas pres-out in
sure; c is the outlet reactant concentration, c is the0out 0 in
inlet reactant concentration; n is the number of supply chan-
nels, h is the thickness of the diffusive layer; d is the distance
between the neighboring channels; and M is the width of the
channel plate.

In the regime of full conversion of oxygen on the mem-
brane, considered here, the oxygen flow 
 over a serpen-serp
tine channel with a linearized pressure and a concentration
drop, behaves qualitatively similar to the oxygen flow 
 int.di g
over the interdigitated net. However, 
 is due to diffu-serp

Žsion alone in a much wider domain of low p� p Figures 8
.and 9 . For example, in the case of a diffuser with low perme-

ability, that is, ks1.6�10y9 cm2, hs250 �m, ns41, we
have: 
 is unsaturated and independent on pressure forserp
p�5�105 Pa, � p�105 Pa. As the product of p� p in-
creases, the saturation in the serpentine model decreases
more slowly than in the interdigitated design under the same

Ž .conditions Figures 8 ; for example, when ns21, hs1 mm,
ks8�10y8 cm2, 
 becomes saturated for p�1.5�105

serp
Pa, � p�4�104 Pa. A highly permeable diffuser with ks8
�10y8 cm2 over 4 1 interdigitated channels with pressures
p R105 Pa, � ps5�104 Pa provides the most effective oxy-1
gen transport when h�250 �m.

Conclusions
The preceding results were obtained by applying the model

of the gas mixture transport at nonzero pressure and concen-
tration gradient field in porous media to oxygen transport in
the porous diffusers of PEFCs. This led to the following con-
clusions.

The oxygen flux increases toward the catalyst layer at xsh,
where it reaches its maximum, whereas the oxygen concen-
tration decreases to zero. Low-pressure vlaues p2y p2 and1 2
the gas permeability of diffuser k reduce oxygen transport,
since it results from diffusion alone.

The maximum value of the catalyst oxygen flux is ex-
pressed by a transcendental function of the diffuser thick-
ness, pressure regime, and the physical characteristics of the
gases and diffuser, and is plotted as a 3-dimensional con-
tour.

The effect of the oxygen flow saturation at high p� p was
demonstrated, that is, a further increase in pressure and its
drop does not result in increasing the oxygen flux through the
membrane. The saturated flux is independent of the number
of channels in the supply bed. The membrane oxygen flow 

is independent of the permeability in the ‘‘saturation’’ do-
main, and is approximately a linear function of the diffusion

Ž .coefficient, y
s
 � � � .
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Figure 8. The oxygen flows through the membrane
plane xsh over 21- and 6-section serpentine
channels and 1-mm-thick diffuser with perme-
ability ks1.6�10�8 cm2 in the regime of full
conversion of oxygen on the membrane for in-
let pressure p and pressure drop � p.1

The saturation effect is more noticeable in materials with
higher gas permeability. In the case of low permeability of a
diffuser, the saturation decreases slowly, particularly for the
serpentine model, compared to the interdigitated design. An
increase in the unsaturated membrane oxygen flow can be
achieved with a higher number of gas supply channels.

High values of p� p and permeability k reduce the maxi-
mum for oxygen transport diffuser thickness.

A comparison of the serpentine and interdigitated models
in the full oxygen conversion regime on the membrane, con-
sidered earlier, leads to the following conclusions:

� For low values of p� p, the serpentine model predicts
the same oxygen transport rate as the interdigitated model
only if the oxygen concentration remains constant along the
interdigitated channels. However, in reality, oxygen depletes
along interdigitated channels and its outlet concentration is

Figure 9. The oxygen flows through the membrane
plane xsh over 21-section serpentine chan-
nel and diffuser with permeability ks1.6�
10�8 cm2 in the regime of full conversion of
oxygen on the membrane for diffuser thick-
ness h and inlet pressure p ; pressure drops1

( ) 3 ( ) 4are a �ps2�10 Pa and b 2�10 Pa.

low. Thus, the performance of the serpentine design appears
to be higher at low pressures than that of the interdigitated
design.

� For higher p� p, the values of the oxygen flux through
the membrane are somewhat lower for the serpentine model,
where the saturation decreases more slowly and 
 is due to
diffusion alone in a much wider p� p domain. However, this
difference decreases with growing p� p.
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