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Liquid Water Transport in Gas Diffusion Layer
of Polymer Electrolyte Fuel Cells
Ugur Pasaogullari* and C. Y. Wang** ,z

Electrochemical Engine Center and Department of Mechanical and Nuclear Engineering,
The Pennsylvania State University, University Park, Pennsylvania 16802, USA

High-current-density performance of polymer electrolyte fuel cells~PEFCs! is known to be limited by transport of reactants and
products. In addition, at high current densities, excessive amount of water is generated and condenses, filling the pores of
electrodes with liquid water, and hence limiting the reactant transport to active catalyst. This phenomenon known as ‘‘flooding’’
is an important limiting factor of PEFC performance. In this work, the governing physics of water transport in both hydrophilic
and hydrophobic diffusion media is described along with one-dimensional analytical solutions of related transport processes. It is
found that liquid water transport across the gas diffusion layer~GDL! is controlled by capillary forces resulting from the gradient
in phase saturation. A one-dimensional analytical solution of liquid water transport across the GDL is derived, and liquid saturation
in excess of 10% is predicted for a local current density of 1.4 A/cm2. Effect of GDL wettability on liquid water transport is
explored in detail for the first time. Furthermore, the effect of flooding on oxygen transport and cell performance is investigated
and it is seen that flooding diminishes the cell performance as a result of decreased oxygen transport and surface coverage of active
catalyst by liquid water.
© 2004 The Electrochemical Society.@DOI: 10.1149/1.1646148# All rights reserved.
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Polymer electrolyte fuel cells~PEFCs! have drawn much atte
tion in the last decade as a promising candidate for high-effici
low-emission power sources. High-current-density operatio
PEFCs, of special interest to vehicle applications, is prone to l
water formation due to excessive water generation at the cat
The ensuing two-phase transport of reactant and product sp
becomes a limiting mechanism for cell performance, particular
high current densities,i.e., .1 A/cm2. Therefore, a fundamental u
derstanding of two-phase transport in porous gas diffusion la
~GDLs! of PEFCs is essential in order to improve performance

The importance of water management to PEFC performan
repeatedly expressed in the literature.1-8 A vast majority of currently
available polymer electrolytes requires hydration in order to pro
higher proton conductivity.1 When the gas phase is saturated w
water vapor, water condensation takes place and resulting
water starts to fill the open pores of the GDL and cover the cat
particles, rendering them electrochemically inactive. This conflic
requirement of membrane hydration and electrode flooding a
ance must be met simultaneously in order to achieve higher p
mance. Flooding of electrodes is generally linked to high-cur
density operation due to higher water production rate; yet, floo
can also be seen even at low current densities under certain o
ing conditions, such as low temperatures and low gas flow rates
to faster saturation of gas phase with water vapor. For instan
automotive fuel cells, cell startup is performed under ambient
ditions in which the temperature is lower than the desired oper
temperature, commonly referred as ‘‘cold start.’’ At cold-start t
peratures, the saturation vapor pressure of water is extremely
therefore saturating the gas phase with water vapor. Hence, flo
may occur even in very low current densities, tremendously a
ing the startup characteristics and transient dynamics of PEF
eration.

While numerous studies exist investigating the two-phase t
port in PEFCs,9-17 liquid water transport in hydrophobic GDL h
not been explored. Several modeling studies have been publis
order to predict PEFC performance at given flooding levels9-11 with-
out attempting to analyze the transport of liquid water. Heet al.13

has proposed a 2D two-phase model for PEFC with interdigi
flowfield, in which they have included capillary transport of liq
water in a completely wetted GDL. Wanget al.14 has developed
two-phase model of the air cathode of PEFC also with a hydrop
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GDL based on M2 formulation of Wang and Cheng.18 Subsequently
You and Liu15 published a similar work investigating the effects
several operating parameters on two-phase transport. Although
abovementioned studies shed light on the effect of floodin
PEFC performance, they have not investigated and analyzed
phase transport in hydrophobic GDL. A brief review of this sub
was given most recently by Wang.19

The objective of this paper is to provide a fundamental un
standing of liquid water transport in hydrophobic GDL and the
fect of flooding on the PEFC performance. The paper starts
explaining the two-phase transport in hydrophobic porous G
Then, we define the onset of the two-phase mixture and derive
of analytical equations using a control volume analysis of w
balance to determine the threshold current density for two-p
occurrence. Finally, we give basic definitions of two-phase tran
and provide one-dimensional solutions of liquid water and ox
transport in GDL, and investigate the effect of liquid water, G
wettability, and flooding on the performance of PEFC.

Two-Phase Flow and Transport in Porous GDL

GDL is an essential component of PEFCs. It serves as a su
for the polymer electrolyte membrane~PEM!, distributes reacta
gas over the catalyst layer, and conducts electrons from rea
sites to the outer circuit. Figure 1 shows scanning electron mi
copy ~SEM! images of commercial carbon-paper and carbon-
GDLs.20 At high current densities, the electrochemical reaction
is faster than the amount of reactants supplied, specifically oxid
therefore, the reaction rate is limited by the transport rate of oxi
to the reaction sites, which is sandwiched between GDL and P
In addition, when the liquid water blocks some pores of GDL,
reactant transport is further limited. As such, PEFC GDL is c
monly Teflonized to provide highly hydrophobic surface for e
removal of liquid water.

When water vapor pressure exceeds the saturation level, co
sation starts, forming a tree-like liquid water percolation in the
rous GDL, as illustrated in Fig. 2. The liquid water reaches
interface of porous GDL and open channel, forming liquid drop
Inside GDL, liquid water is driven by capillary~wicking! action.
This capillary action is a result of capillary pressure distribut
which is defined as the difference between gas and liquid-p
pressures. In hydrophobic GDL, the capillary pressure is neg
hence, the liquid pressure is larger than the gas-phase pre
whereas in hydrophilic media, the gas-phase pressure is highe
that of the liquid phase

pc 5 pg 2 pl
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pc . 0[pg . pl for uc , 90°~ i .e.,hydrophilic!

pc , 0[pg , pl for uc . 90°~ i .e.,hydrophobic! @1#

In addition, the liquid pressure increases with the fraction of
spaces occupied by liquid water; therefore, a liquid pressure gra
is formed from higher to lower liquid saturation regions. This p
sure gradient becomes the driving force for liquid water flow
schematically shown in Fig. 3. In PEFCs, the liquid saturatio
higher at the catalyst layer, due to water generation and ele
osmotic drag, than the GDL-channel interface. Therefore, the l
pressure gradient formed in the GDL drives liquid water from
reaction sites toward the open channel. Figure 3 also displ
nearly constant gas pressure profile across the two-phase zone
much lower gas-phase viscosity. That is, it does not incur muc
pressure drop to drive the gas flow through thin GDLs.

It is interesting to note from Fig. 3 that although the rela
magnitude of the liquid to gas pressure is different in hydroph
GDL than the hydrophilic one, both media provide capillary ac
to drive liquid water from the inside to its surface. However,
slope of the capillary pressure~i.e., the driving force! is different
depending on whether water is the wetting or nonwetting phase
greater slope of the capillary pressure near the evaporation
~i.e., s ; 0) in hydrophobic GDL is indicative of more effectiv
ness of this type of medium for water removal.

Figure 1. Scanning electrode microscopy~SEM! pictures of ~a! carbon-
paper and~b! carbon-cloth GDL.
t

-

to

t

The shape of the liquid droplets emerging at the channel—
interface is governed by the wetting characteristics of the GDL
face. On a hydrophilic surface, which has a contact angle of
than 90°, liquid spreads over it, whereas on a hydrophobic su
which has a contact angle greater than 90°, the droplet is mor
sphere-like shape, covering less pore entry, as pictured in Fig20

Onset of the two-phase regime.—In this section, an analytic
solution predicting the onset of two-phase flow is presented in
dimension, considering the water transport phenomena in
through-plane direction,i.e., from the anode to cathode. The goa

Figure 2. Transport processes in hydrophobic GDL of PEFC.

Figure 3. Schematic illustration of liquid and gas-phase pressure profi
hydrophilic and hydrophobic porous media.
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to estimate the threshold local current density under which
phase conditions start to appear. This onset is defined whe
maximum water vapor concentration, occurring at the cathode G
membrane interface, becomes equal to the saturation value
sponding to the cell temperature.

Water transport in PEFCs is governed by the following phen
ena: generation of water at the cathode due to the oxygen red
reaction~ORR!, forward ~i.e., anode to cathode! or backward~i.e.,
cathode to anode! diffusion of water across the membrane, elec
osmotic drag of water from anode to cathode, and convectiv
moval of water to the gas channel. The considered domain for
vation is sketched in Fig. 5.

The convective mass-transfer coefficient at the channel-GD
terface is calculated using the analogy between heat and mass
fer. It is known that the Nusselt number~i.e., dimensionless hea
transfer coefficient! is constant for laminar flow in ducts and is eq
to 4.36 for the constant heat flux condition and 3.66 for the con
surface temperature. Furthermore, using the heat/mass-transfe
ogy, the Sherwood number~i.e., dimensionless mass-transfer co
ficient! can also be correlated with the Nusselt number with the
of Schmidt number to Prandtl number (Sc/Pr). This reveals that th
Sherwood number, and hence, the mass-transfer coefficient, is
pendent of flow velocity in the channel. It follows that the conv
tive mass-transfer coefficient can be calculated as

ShD 5 NuD

Sc

Pr
@2#

hm 5
ShDDH2O

Dh
@3#

Figure 5. One-dimensional control volume and related transport proc
for analysis of the onset of two-phase regime.
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A control volume analysis of water balance under steady-state
ditions at points 1-4 of Fig. 5 provides a set of linear equation
unknowns ofC1

H2O , C2
H2O , C4

H2O , andI onset. These relations are
Anode channel—GDL interface -1-

hm,a~C1
H2O

2 C0
H2O

! 5 DGDL,a
H2O

C2
H2O

2 C1
H2O

dGDL
@4#

Anode GDL—membrane interface -2-

DGDL,a
H2O

C2
H2O

2 C1
H2O

dGDL
2 Dmem

H2O
C3

H2O
2 C2

H2O

dmem
5 2nd

I

F
@5#

Membrane—cathode GDL interface -3-

DGDL,c
H2O

C3
H2O

2 C4
H2O

dGDL
1 Dmem

H2O
C3

H2O
2 C2

H2O

dmem
5 ~2nd 1 1!

1

2F
@6#

Cathode GDL—membrane interface -4-

hm,c~C4
H2O

2 C5
H2O

! 5 DGDL,c
H2O

C3
H2O

2 C4
H2O

dGDL
@7#

For this part of the work, membrane water content is assum
be constant across its thickness and is calculated from the arith
average of water contents on the anode and cathode sides
membrane. Water diffusion coefficient in the membrane is c
lated by an empirical relation2,3 using this average water conte
Water vapor diffusion coefficient in the GDL is corrected for to
osity effects using the Bruggeman correlation.

Note that the values ofC0
H2O and C5

H2O correspond to the fre
stream water concentrations in the anode and cathode chann
spectively. Hence, these values correspond to the humidificatio
els of channel flow. SettingC3

H2O
5 CH2O,sat, I onsetcan be found b

solving the above set of linear equations. This threshold loca
rent density, characterizing the onset of liquid water, also define
maximum value of local current density at that corresponding
location in which the cell operates in the single-gas-phase tran
and flow conditions.

Figure 6 shows the water concentrations at the threshold c
density at various interfaces across the membrane electrode a
bly ~MEA! for different humidity levels. It is seen that at the thre
old current density, the net water flux is toward the anode whe
anode channel is completely dry. However, when the anode
cathode channels have the same humidity,i.e., 50% relative humid
ity, the net water flux is toward the cathode due to the ele
osmotic drag of water molecules, as signaled by decreasing
concentration through the anode GDL toward the membrane.

The solution shown in Fig. 7 assumes that the in-plane grad

Figure 4. Liquid water droplets on GD
of different wettability at 70°C.20
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of water concentration,e.g., along the channel or in the channel-
land direction, are negligibly small and hence considers only
transport of water in anode to cathode~through-plane! direction.
However, in low-stoichiometry cases, there are strong in-plane
dients, thereby requiring multidimensional numerical mode
This is addressed in a companion paper.21

Basic parameters of two-phase flow in GDL .—Liquid sat
tion.—Liquid saturation,s, is defined as the volume fraction of t
total void space of porous media occupied by the liquid ph
Hence,s is defined as

s 5
Vl

V
@8#

Saturation may vary from zero to unity and saturations of all ph
add up to unity.

Relative permeability.—In liquid-gas two-phase flow in porous m
dia, the available pore space is shared by liquid and gas; thu

Figure 6. Water concentration at various important locations in the thro
plane direction for different anode and cathode relative humidities.

Figure 7. Variation of threshold local current density for onset of two-ph
with anode and cathode channel relative humidities.
e

cross-sectional area available for each fluid is less than the
available pore space. This phenomenon introduces the conc
relative permeabilitykrk , which defines the ratio of intrinsic perm
ability of a phasek at a given saturation level to the total intrin
permeability of the porous medium.18 In this work, GDL is assume
to be a homogeneous porous medium, with relative permeab
proportional to the cube of phase saturation,i.e.

krl 5 s3; krg 5 ~1 2 s!3 @9#

Capillary pressure.—Capillary pressure between two phases is
pressed as

pc 5 s cosucS «

K D 1/2

J~s! @10#

whereJ(s) is the Leverette function and is given by the follow
relation

J~s! 5 5
1.417~1 2 s!22.120~1 2 s!2 1 1.263~1 2 s!3

if uc , 90°

1.417s 2 2.120s2 1 1.263s3

if uc . 90°
@11#

Note that for a hydrophilic medium, the wetting phase is the li
phase. Therefore the Leverette function is expressed in the
phase saturation, whereas in hydrophobic medium, the gas
becomes the wetting phase and so the liquid-phase satura
used. Contact angle,uc , of the GDL is dependent upon the hyd
philic (0° , uc , 90°) or hydrophobic (90°, uc , 180°) nature
of the GDL, and varies with the Teflon content. Here, the sur
tensions, for the liquid water-air system is taken as 0.0625 N/

One-dimensional solution of liquid water transport acr
GDL.—Liquid water flow in GDL is driven by the liquid pressu
gradient according to Darcy’s law. Once the gas phase in GD
fully saturated with water vapor, the only mode of water trans
across the GDL is then the liquid water flow. At steady state
mass flux of liquid water is equal to the amount of water gene
due to the ORR, if the net transport of water across membra
assumed to be zero. Therefore

1

2F
MH2O 5

krl

n
K@¹pc 1 ~r l 2 rg!g# @12#

Here use has been made of the assumption that the gas-phas
sure remains constant throughout the GDL and is equal to the
bient pressure in the cathode gas channel. Furthermore, beca
the very small dimensional scales in PEFC geometry, the gr
effect can be neglected. Substituting Eq. 10 into the Eq. 12 resu

I

2F
MH2O 5 2

s3

n
Ks cosucS «

K D 1/2

¹J~s! @13#

For hydrophobic media, the Leverette function is

J~s! 5 1.417s 2 2.120s2 1 1.263s3 @14#

Combining Eq. 13 and 14 yields

I

2F
MH2O 5 2

s cosuc~«K !1/2

n
s3~1.4172 4.240s 1 3.789s2!¹2

@15#

Considering the one-dimensional transport of liquid water on
the through-plane direction, the Eq. 15 reduces to an ordinar
ferential equation, which can be solved analytically. For hydro
bic (u . 90°) GDL
c
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s3~1.4172 4.240s 1 3.789s2!
ds

dx
5

I

2F
MH2O

n

s cosuc~«K !1/2

@16#

or

s4~0.354252 0.8480s 1 0.6135s2! 5
I

2F
MH2O

n

s cosuc~«K !1/2 x

1 C1 @17#

Following the same procedure, the following equation is derive
hydrophilic (uc , 90°) GDL

s4~20.24151 0.6676s 2 0.6135s2!

5
I

2F
MH2O

n

s cosuc~«K !1/2 x 1 C1 @18#

In these equations, the integration constantC1 is governed by th
boundary condition, which is the liquid saturation at the G
channel interface. Once liquid saturation at this boundary is kn
C1 can be easily calculated. Here, for simplicity, it is assumed
no liquid water is present in the open channel.

For a local current density of 1.4 A/cm2, the saturation profile
obtained from this equation for GDLs having contact angles o
and 100° are given in Fig. 8. The results show that the liquid
ration level at the GDL-catalyst layer interface can be as hig
10%, even in the case of no liquid water in the gas channel, w
may result in severe flooding. Note that in this case the net w
transport across the membrane is neglected; however, in real
operation, there may be a significant water transport from ano
cathode due to electro-osmotic drag, especially if the anode s
is well humidified. In addition, it is also seen that the liquid sat
tion level near the catalyst layer interface is higher for hydrop
than hydrophobic media, suggesting a higher water removal ra
hydrophobic (uc . 90°) GDL. This is because the liquid water flo
is driven by the liquid pressure gradient, and the latter depen
the first derivative of the liquid pressure with respect to liquid s
ration. It is seen from Fig. 3 that the slope of liquid pressure cur
steeper for hydrophobic GDL at lower liquid saturations~i.e., up to

Figure 8. Liquid saturation profile across GDL predicted by 1D analyt
solution of liquid water transport.
C

r

20%!; therefore, the liquid water removal rate is higher than hy
philic GDL. This is one distinctive advantage of using hydroph
GDL in PEFC.

Figure 9 shows the effect of contact angle of hydrophobic G
on the liquid water distribution. It is seen that the water distribu
has a great dependence on contact angle, and the larger the
angle than 90°,i.e., the more hydrophobic, the lower the liqu
saturation at the catalyst layer-GDL interface.

Effect of flooding on performance.—As mentioned earlier, floo
ing reduces the fuel cell performance in two separate manners:~i! by
hindering the oxygen transport from the gas channel to the rea
sites and~ii ! by covering electrochemically active sites with liq
water. These phenomena can be studied by a simple analysis
catalyst layer is assumed infinitely thin and the cathode liquid
ration is uniform. Oxygen is transported from the cathode gas c
nel to the cathode GDL via convection, and then diffuses thr
the cathode GDL to the catalyst layer. In this derivation, conve
transport of oxygen across porous GDL is neglected. When the
lyst layer is assumed infinitely thin, ORR now occurs at
membrane-GDL interface, and the oxygen consumption rate by
trochemical reaction, ORR, is given by

j rxn
O2 5

I

4F
@19#

per unit reaction surface. Electrochemical kinetics is governe
the Butler-Volmer equation, and because the cathode kinetics i
ficiently sluggish, that can be expressed by Tafel kinetics,i.e.,

I 5 ~1 2 s!ai0
ref

Crxn
O2

Cref
O2

expS 2
acF

RT
h D @20#

In Eq. 20, the factor (12 s) represents the active area reduc
due to liquid water coverage of catalyst particles.

Oxygen is transported from the channel to the reaction zon
convection in the gas channel and molecular diffusion in the G
Therefore, the molar flux of oxygen from the gas channel to
reaction site can be expressed as

Figure 9. Liquid saturation profile across GDL predicted by 1D analy
solution of liquid water transport for different contact angles.
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j O2 5
Cch

O2 2 Crxn
O2

dGDL

DO2@«~1 2 s!#1.5 1
1

hm

@21#

In this equation,Cch
O2 andCrxn

O2 refers to the oxygen concentration
the gas channel and at the reaction site, respectively, whilehm rep-
resents the convective mass-transfer coefficient at the channe
interface. Convective mass-transfer coefficient is calculated
the same analogy of heat and mass transfer, as explained earli
found to be 0.032 m/s for a square gas channel of 1 mm. The
flux of oxygen is equal to the consumption rate of oxygen. Th
fore, using Eq. 20 and 21, oxygen molar concentration at the
tion surface is calculated as

Crxn
O2 5 Cch

O2 2
I

4F F dGDL

DO2@«~1 2 s!#1.5 1
1

hm
G @22#

Inserting the expression for oxygen concentration at the reactio
from Eq. 22 to the cathode kinetics equation, Eq. 20, one can o
the cathode overpotential as a function of oxygen concentrati
the channel, liquid saturation in the GDL, and the local cur
density, as follows

h~s,I ,Cch
O2! 5 2

RT

acF
lnF IC ref

O2

~1 2 s!ai0
ref

3
1

Cch
O2 2

I

4F F dGDL

DO2@«~1 2 s!#1.5 1
1

hm
G G

@23#

In Fig. 10, the cathode overpotential is plottedvs. liquid satura
tion in GDL, using Eq. 23, for a local current density of 2 A/cm2 and
different channel oxygen concentrations. It is seen that the
increase in the cathode overpotential, which identifies the m
transfer limitation of the cathode reaction, may be seen above
liquid saturation when channel oxygen concentration is 50 mo3,
which approximately corresponds to the oxygen concentration
the inlet of a pure oxygen feed PEFC at 80°C and 1.5 atm. How

Figure 10. Cathode overpotentialvs. liquid saturation in cathode GDL fo
different channel oxygen concentrations. Local current density is 2 A/c2.
L

d
r

-

-

r
,

it is also seen that for a free-stream oxygen concentration
mol/m3, which may correspond to the oxygen concentration nea
outlet of an air-feed PEFC operating at a stoichiometric ratio
the mass-transfer limitation starts to appear at as low as 10%
saturation.

In Fig. 11, the cathode overpotentialvs. local current density
plotted for different liquid saturation values, for an oxygen con
tration in the channel of 4 mol/m3. As expected, magnitude of t
cathode overpotential increases with increasing local current de
Furthermore, increase in the liquid saturation of GDL results i
increase in cathode overpotential. The increase in the cathode
potential with increasing liquid saturation is slighter for low cur
densities and becomes much higher at high current densities. T
attributed to the fact that at higher current densities, the ca
reaction requires more oxygen and the reaction rate is limited b
rate of oxygen transport to the reaction sites. However, in l
current densities the cathode reaction is controlled by activ
losses; hence, the change in the cathode overpotential with in
ing liquid saturation is not as high as at higher current densities
also clearly seen that the limiting current density is controlled b
amount of liquid water present in GDL and catalyst layer.

The analytical expression obtained can be further utilize
separate the two effects of flooding:~i! coverage of active cataly
areas by liquid water and~ii ! hindering of oxygen transport by liqu
water. In Fig. 12, the hypothetical cases of cathode overpotenti
plotted for a local current density of 2 A/cm2 near the inlet with
channel oxygen concentration of 10 mol/m3. In the first case, both
the limitations resulting from liquid water are considered. In
second case, it is assumed that liquid water does not cove
active reaction sites; therefore no active area reduction is cons
and only the O2 transport limitation by liquid water is accounted f
In the last case, it is assumed that the liquid water presence do
interfere with O2 transport. Hence, only the effect of coverage
active reaction sites by liquid water is considered. It is seen tha
limitation of oxygen transport by liquid water is more dominant o
the entire liquid saturation range. Therefore, it is concluded tha
primary effect of flooding on the PEFC performance is the red
effective oxygen diffusivity in GDL due to the filling of pores w
liquid water.

The same approach that is used to describe cathode polar
can be used to quantify the anode polarization. In addition, o

Figure 11. Cathode overpotentialvs. local current density for different liq
uid saturations in GDL. Oxygen concentration in the channel is 4 mol/3.
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losses associated with ionic transport can be determined, ass
that the membrane is fully saturated with liquid water. Under t
assumptions, the cell potential can be easily determined by

Vcell 5 Voc 2 ha 2 hc 2 IR @24#

The cell dimensions and operating parameters for these ca
tions are given in Table I. Because the membrane is assumed
fully hydrated by liquid water, the membrane ionic conductivit
constant and the ionic losses in membrane and catalyst layers
approximated as

IR 5 I S dmem

kmem
1 2

dcl

kcl
D @25#

Figure 12. Separate flooding effect of reduced oxygen transport and red
active area on cathode overpotential. Oxygen concentration in the cha
10 mol/m3.

Table I. Electrochemical and transport properties.

Description

Electrochemical kinetics~typical values!
Anode reference exchange current density
Cathode reference exchange current density
Anode transfer coefficient
Cathode transfer coefficient
Faraday constant
Transport parameters
H2 diffusivity in gas at 353 K and 1.5 atm22

O2 diffusivity in gas at 353 K and 1.5 atm22

H2O diffusivity in gas at 353 K and 1.5 atm22

H2O diffusivity in membrane~at lave 5 5.8, estimated
from Ref. 9!
Liquid water viscosity22

Surface tension22

Material properties
Anode GDL porosity
Cathode GDL porosity
Anode GDL permeability
Cathode GDL permeability
Contact angle of GDL20

Volume fraction of ionomer in catalyst layer
Equivalent weight of membrane~Nafion 112!
Dry density of membrane~Nafion 112!
g

-
e

e

In Fig. 13, the local cell potential is plotted for channel conc
trations of 20 and 4 mol/m3 of hydrogen and oxygen, respective
for different liquid saturations in cathode GDL and catalyst la
The selected values of concentrations correspond to the downs
of an air-feed PEFC operating at 80°C and 1.5 atm. It is clearly
that the cell performance is limited by the cathode transport
electrochemical kinetics. As expected, the increasing liquid sa
tion pulls down the polarization curve, reducing the overall pe
mance of the fuel cell.

The analytical derivations show that the presence of liquid w
in porous GDL can dramatically decrease the performanc
PEFCs, especially in the cases of low O2 concentrations in the cha
nel and higher current density.

s

Unit Value

A/m3 1.0 3 109

A/m3 20000.0
2
1

C/mol 96,487.0

m2/s 3.5243 1025

m2/s 1.8053 1025

m2/s 2.2353 1025

m2/s 9.8583 1027

Pa S 3.563 1024

N/m 0.0625

0.5
0.5

m2 6.8753 10213

m2 6.8753 10213

° 110
0.2

kg/mol 1.1
kg/m3 1.983 103

Figure 13. Local polarization~I-V ! curves for different liquid saturations
cathode GDL.
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Conclusions

The governing physics of liquid water transport in hydropho
GDL has been presented. It is seen that capillary transport
dominant transport process to remove water from flooded GDL
analytical model was developed to estimate the onset of the
phase regime in GDLs and the associated threshold current d
as a function of various anode and cathode relative humidity
binations. In the two-phase regime, a one-dimensional anal
solution was derived for liquid water transport in both hydroph
and hydrophobic GDL, and the important role of GDL wettabilit
elucidated. Finally, the effect of flooding on oxygen transport
cell performance was analyzed, and significant decrease in p
mance is predicted with increased level of flooding, particular
high current densities, in accordance with experimental obs
tions. Based on the physics described herein for liquid water t
port in hydrophobic GDL, 3D modeling of two-phase transport
flooding in a full PEFC is described in the companion paper.21

It is expected that the two-phase transport in PEFCs has diff
transient characteristics than its single-phase counterpart. Hen
forts are presently underway to study the effects of liquid w
transport and flooding on transient and hysteretic behavio
PEFCs. In addition, there is a lack of fundamental experimen
water transport in GDLs, and no correlations exist for two-ph
transport properties directly relevant to PEFC GDLs, such as
tive permeability and capillary pressure. These are the areas
going work in our laboratory.
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List of Symbols

aio transfer current density3 active catalyst area, A/m3

Ci molar concentration of species i, mol/m3

Dh hydraulic diameter, m
D i mass diffusivity of species i, m2/s
F Faraday’s constant, 96,487 C/mol
ḡ gravity, m/s2

hm convective mass-transfer coefficient, m/s
I local current density, A/m2

j molar flux, mol/m2 s
K permeability, m2

krk relative permeability of phasek
M i molecular weight of species i, kg/mol
nd electro-osmotic drag coefficient
Nu Nusselt number

p pressure
pc capillary pressure
Pr Prandtl number
R universal gas constant, 8.314 J/mol K
s liquid saturation

Sc Schmidt number

Sh Sherwood number
y

l

-

t
f-

-

T Temperature, K
V potential, V

Greek

d i thickness of component i
« porosity
h overpotential, V

uc contact angle, °
k proton conductivity, S/m
n kinematic viscosity, m2/s
s surface tension, N/m

Subscripts

a anode
c cathode

ch channel
cl catalyst layer
g gas

GDL gas diffusion layer
l liquid

mem membrane
oc open circuit
ref reference
rxn reaction
sat saturation

References

1. T. F. Fuller and J. Newman,J. Electrochem. Soc.,140, 1218~1993!.
2. T. A. Zawodzinski, C. Derouin, S. Radzinski, R. J. Sherman, V. T. Smith,

Springer, and S. Gottesfeld,J. Electrochem. Soc.,140, 1041~1993!.
3. T. A. Zawodzinski, T. E. Springer, J. Davey, R. Jestel, C. Lopez, J. Valerio, a

Gottesfeld,J. Electrochem. Soc.,140, 1981~1993!.
4. X. Ren, T. E. Springer, and S. Gottesfeld,J. Electrochem. Soc.,147, 92 ~2000!.
5. T. A. Zawodzinski, J. Davey, J. Valerio, and S. Gottesfeld,Electrochim. Acta,40,

297 ~1995!.
6. M. L. Perry and T. F. Fuller,J. Electrochem. Soc.,149, S59~2002!.
7. K. B. Prater,J. Power Sources,51, 129 ~1994!.
8. S. Gottesfeld, inAdvances in Electrochemical Science and Engineering, R. C.

Alkire, H. Gerischer, D. M. Kolb, and C. W. Tobias, Editors, Vol. 5, p. 195, J
Wiley & Sons, New York~1997!.

9. T. E. Springer, T. A. Zawodzinski, and S. Gottesfeld,J. Electrochem. Soc.,138,
2334 ~1991!.

10. T. E. Springer, M. S. Wilson, and S. Gottesfeld,J. Electrochem. Soc.,140, 3513
~1993!.

11. J. J. Baschuk and X. Li,J. Power Sources,86, 181 ~2000!.
12. K. R. Weisbrod, S. A. Grot, and N. E. Vanderborgh, inProton Conducting Mem

brane Fuel Cells, A. R. Landgrebe, S. Gottesfeld, and G. Halpert, Editors,
95-23, p. 153, The Electrochemical Society Proceedings Series, Penningt
~1995!.

13. W. He, J. S. Yi, and T. V. Nguyen,AIChE J.,46, 2053~2000!.
14. Z. H. Wang, C. Y. Wang, and K. S. Chen,J. Power Sources,94, 40 ~2001!.
15. L. You and H. Liu,Int. J. Heat Mass Transfer,45, 2277~2002!.
16. G. J. M. Janssen,J. Electrochem. Soc.,148, A1313 ~2001!.
17. D. Natarajan and T. V. Nguyen,J. Electrochem. Soc.,148, A1324 ~2001!.
18. C. Y. Wang and P. Cheng,Adv. Heat Transfer,30, 93 ~1997!.
19. C. Y. Wang, inHandbook of Fuel Cells—Fundamentals, Technology and App

tions, W. Lietsich, A. Lamm, and H. A. Gasteiger, Editors, Vol. 3, Part 3, p.
John Wiley & Sons, Chichester~2003!.

20. C. Lim and C. Y. Wang, Penn State University Electrochemical Engine C
~ECEC! Technical Report no. 2001-03~2001!.

21. U. Pasaogullari and C. Y. Wang, Abstract 1190, The Electrochemical Society
ing Abstracts, Vol. 2003-1, Paris, France, April 27-May 2, 2003.

22. F. P. Incropera and D. P. DeWitt,Fundamentals of Heat and Mass Transfer, p. 849
John Wiley & Sons, New York~1996!


