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Modeling Polymer Electrolyte Fuel Cells with Large Density
and Velocity Changes
Yun Wang and Chao-Yang Wang* ,z

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

A model fully coupling the flow, species transport, and electrochemical kinetics in polymer electrolyte fuel cells is presented to
explore operation undergoing very large density and velocity variations. Comparisons are also made to a previous constant-flow
model, which neglects the mass source/sink from the continuity equation and assumes constant gas density. Numerical results
reveal large density~.50%! and velocity~.80%! variations occurring in the anode at anode stoichiometry of 1.2. In addition, the
hydrogen concentration remained as high as the inlet owing to deceleration of the anode gas flow. Finally, the constant-flow model
is accurate within 14% under common operating conditions,i.e., for anode stoichiometry ranging from 1.2 to 2.0.
© 2005 The Electrochemical Society.@DOI: 10.1149/1.1851059# All rights reserved.
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Mathematical modeling of polymer electrolyte fuel ce
~PEFCs! has been a rapidly growing field of research.1 Grossly,
previous models may be categorized into three groups. The
group,2-6 mostly earlier work, focused on electrochemical mode
in one or pseudo-two dimensions. Gas flow and density along a
and cathode channels were either ignored or assumed to r
constant and uniform throughout a PEFC.

The second group was based primarily on the computat
fluid dynamics~CFD! approach, where two- or three-dimensio
solutions were obtained by solving transport equations gove
conservation of mass, momentum, species, energy, and charg
multidimensional flow fields in anode and cathode gas cha
were solved independently and provided as an input to the sp
and energy equations. This group of models recognized that,
normal operating conditions, flow and density fields in gas chan
remain approximately invariable. Thus, a simplification was mad
neglect the mass source/sink term in the continuity equation
assume a constant gas density in the momentum equation
yielded decoupling of the flow field from the species, electric po
tial, and temperature fields, thereby significantly accelerating
calculations. Possible inaccuracy introduced by this splitting o
problem may occur on the anode side; however, the hydrogen
centration profile is relatively unimportant as the anode overp
tial is typically negligible. In addition to reducing memory and co
putational requirements, this splitting of the fuel cell problem
the added advantage of allowing for the consideration of diffe
cell voltages/current densities for the same flow field. Notable w
in this category is the single-phase models proposed by Garauet al.7

and Wang and co-workers.8-11 These models included a detailed
scription of water and proton cotransport as well as electroche
reactions in the membrane electrode assembly~MEA!. Further, the
model of Umet al.8-10,12has been successfully applied to large-s
simulations using parallel computing13 as well as to the study
complex flow and transport phenomena in a 50 cm2 PEFC.14

The decoupling of flow field from the species concentration
becomes impossible in PEFCs operated with large density an
locity variations,e.g., under ultralow anode stoichiometry. Simu
tion of such extreme conditions calls for the third group of mo
where the gas flow field is fully coupled with electrochemical
transport equations. A representative work in this category is d
Duttaet al.15,16who proposed a model considering variable gas
sity and mass source/sink in the continuity equation. Unfortuna
all simulations in Ref. 15 and 16 were shown for cases with s
density variation~less than 15%! along the channel. In addition, t
velocity variation along the channel may affect the water distr
tion by convection, thus influencing cell performance especially
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der low-humidity operation. Accurate capturing of water trans
and distribution in PEFCs also requires a detailed MEA mo
which was absent in the work of Duttaet al.15,16 Büchi and
Scherer17 experimentally showed a strongly nonlinear water con
profile prevailing in the Nafion membrane, and Kulikovsky18 nu-
merically demonstrated the paramount importance of accountin
nonlinear water transport through the membrane. Meng and W13

further pointed out that ohmic and transport losses in the ca
layer are significant, especially for MEAs with thinner membra
such that the catalyst layer cannot be treated as an interface w
thickness. Most recently, Wang and Wang19 indicated that water a
cumulation in a membrane of finite thickness controls the tran
response of a PEFC.

The objective of this work is twofold. One is to expand upon
single-phase model of Umet al.8-10 by including variable densi
and mass source/sink term in the continuity equation. This vari
flow model then fully couples flow, transport, and electrochem
processes as well as including a detailed MEA model. Our f
here is to apply this comprehensive model to explore PEFC b
iors under very large density~.50%! and velocity variation
~.80%!. Second, we compare the present full model with the
vious constant-flow model to ascertain the validity range of
latter.

Physical and Numerical Model

The fuel cell to be modeled includes the following subregi
the gas channels, gas-diffusion layers~GDLs!, and catalyst layers
the anode and cathode sides, and membrane in the middle. Fu
oxidant are conveyed by channel flows and distributed onto th
ode and cathode. Reactants pass through the respective GD
reach the catalyst layers where electrochemical reactions occu
membrane plays the dual role of a gas separator and an elect
dividing the fuel and oxidant flows, and acting as the pro
conducting medium. In addition, the membrane allows water t
port by diffusion and electro-osmotic drag so that there is a
exchange of water through the membrane between the tw
streams.

A steady-state, isothermal model of PEFCs consists of four
ciples of conservation: mass, momentum, species, and charge8-10

Continuity ¹ • ~ru! 5 Sm @1#

Momentum
1

e2
¹ • ~ruu! 5 2¹p 1 ¹ • t 1 Su @2#

Species¹ • ~uCk! 5 ¹ • ~Dk
eff¹Ck! 1 Sk @3#

Charge 05 ¹ • ~keff¹Fe! 1 SF @4#
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where u is the superficial velocity in the porous media and
variable mixture density may be expressed as the function of m
concentrations of the components

r 5 (
k

CkM k @5#

The continuity equation for the gas mixture, Eq. 1, also ma
obtained by summing up all species equations. That is, perfor
operation of(k(M k 3 Eq.3! yields

¹ • S u(
k

CkM kD 5 ¹ • S (
k

Dk
eff¹M kCkD 1 (

k
SkM k @6#

or

¹ • ~ru! 5 ¹ • S (
k

Dk
eff¹M kCkD 1 (

k
SkM k @7#

Table I. Physical and transport properties.

Quantity

Water saturation
pressure,3 psat ~Pa!

Water activity,3 a

Membrane water
content,3 l (H2O/SO3

2)

Ionic conductivity of
membrane,3 k ~S/cm!

H2O diffusivity in
membrane,22 Dw

m ~cm2/s!

Electro-osmosis
coefficient,23 nd

(H2O/H1)

Membrane density,24 r
~kg/m3!

O2 diffusivity in the
membrane,2 DO2

m ~cm2/s!

Gas diffusion
coefficient in porous
media,Def ~cm2/s!

Diffusivity in the gas
channels,25 D ~m2/s!

H2 /H2O diffusivity in
anode gas at standard
condition,Do,H2,a/Do,w,a
~m2/s!

O2 /H2O diffusivity in
cathode gas at standard
condition,Do,O2,c/Do,w,c
~m2/s!

Viscosity of
anode/cathode gas,26 m
~kg/m s!
Comparing with Eq. 1, one has

Sm 5 ¹ • S (
k

Dk
eff¹M kCkD 1 (

k
SkM k @8#

In the above equations, the diffusion terms contain contribu
from the gas and membrane phases. Assuming the sum of mul
ponent gas diffusion terms is equal to zero and separating o
water diffusion term through the membrane phase, one arrives

Sm 5 Mw¹ • ~Dw
m¹Cw

m! 1 (
k

SkM k

5 Mw¹ • ~Dw,m¹Cw! 1 (
k

SkM k @9#

where Cw
m is the molar concentration of water in the membr

phase, andD is the modified diffusion coefficient for water d

Value

log10 psat 5 22.17941 0.02953(T 2 273.15)2 9.18373 1025(T 2
273.15)2 1 1.44543 1027(T 2 273.15)3

a 5
CwRT

psat

l 5 H0.0431 17.81a 2 39.85a2 1 36.0a3 for 0 , a < 1

14 1 1.4~a 2 1! for 1 < a < 3

~0.005139l 2 0.00326!expF1268S 1

303
2

1

TD G
Dw

m 5 H 3.1 3 1023l~e0.28l 2 1! • e@22346/T# for 0 , l < 3

4.173 1024l~1 1 161e2l! • e@22346/T# otherwise

nd 5 H 1.0 for l < 14

1.5

8
~l 2 14! 1 1.0 otherwise

r 5
1.981 0.0324l

1 1 0.0648l
3 103

1.223 1026

Deff 5 e1.5D

DoS T

353D
3/2S 1

pD
1.10283 1024/1.10283 1024

3.23483 1025/7.353 1025

m 5 9.883 1026XH2 1 1.123 1025XH2O

1 2.013 1025XN2 1 2.3 3 1025XO2
w,m
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fusion through the ionomer if expressed in terms of the gradie
the gas-phase molar concentration with Bruggeman correlatio
counting for the tortuosity effect,i.e.

Dw,m 5 ee
1.5Dw

m
dCw

m

dCw
@10#

In the catalyst layer,ee is the ionomer volume fraction whereas i
unity in the membrane. Note also that there is an electro-osm
drag term contained in the species source term for H2O. Thus
physically Eq. 9 indicates that the mass source consists of the
sumption or production of species due to electrochemical reac
as well as the water transport fluxes through the membrane d
diffusion and electro-osmotic drag. Details on the water trans
model in the membrane have been given in Ref. 8-10, 12 and
are not repeated here. A similar water transport model throug
membrane was also presented by Kulikovsky.18

We choose Eq. 3 to solve for water and oxygen molar con
trations, and then calculate the concentrations of hydrogen an
trogen by ideal gas law

CH2 /N2
5

p

RT
2 (

k5others
Ck @11#

This approach of indirectly solving for the hydrogen concen
tion is valid for a binary gas (H2 /H2O) anode. In this situation, th
H2O species equation along with the ideal gas law~i.e., Eq. 11!
provides a sufficient number of equations for two unknowns: H2 and
H2O molar concentrations. Note also that hydrogen is strictly
served in this approach.

Table II. Source terms for the conservation equations in each regi

Su Sk

Gas
channels

0 0

Diffusion
layers 2

m

KGDL
u

0

Catalyst
layers 2

m

KCL
u 2¹ • S nd

F
i eD 2

skj

nkF

Membrane
2

m

Km
u

0

Note:
nd is the electro-osmotic drag coefficient for water. For H2 and O2 , nd 5 0

Table III. Electrochemical properties.8

Description An

Transfer current
density,j ~A/m3! ai0,aS CH2

CH2,ref
D 1/2S

Surface overpotential,
h ~V!

Fs 2 Fe 2 Uo

Equilibrium potential,
Uo ~V!

0

Exchange current
density3 reaction
surface area,ai0 ~A/m3!

1.0 3

Transfer coefficient,a a 1 a
a c
-

-

o

-

The model equations and their physical, transport, and ele
chemical properties are summarized in Tables I–III in detail.

It is instructive to estimate the transverse gas velocity induce
the mass source/sink and the ensuing convection effect on s
transport. In the one dimension across the GDL and catalyst
integration of the continuity equation in the anode results in

rv 5 MH2

I

2F
1 Mwa

I

F
5 S MH2

2
1 Mwa D I

F
@12#

Here,v is the velocity component in the through-plane direction
a the net water flux per proton through the membrane, which
combined effect of electro-osmotic drag and back diffusion. If
define the Peclet number as a parameter to measure the r
strength of this transverse convection to molecular diffusion, it
lows that

Pe 5
vdGDL

D
5

S MH2

2
1 Mwa D I

F
dGDL

rD

5 0.03~1 1 18a!

' 0.1 @13#

for I 5 1.0 A/cm2, dGDL 5 0.3 mm, anda 5 0.1. This indicate
that the convection effect due to transverse flow is small as
pared to the diffusive transport.

Variable-flow vs. constant-flow models.—Note that the model d
scribed above fully couples the mass, momentum, and species
tions through various source terms and variable density. The

Sf Sm

— 0

0 0

j
2(

k
S M k

skj

nkF
D 2 Mw¹ • S nd

F
i eD 1 Mw~Dw,m¹Cw!

0 —

Cathode

ac
Fh D 2ai0,cS CO2

CO2,ref
DexpS2acF

RT
h D

Fs 5 0) Fs 2 Fe 2 Uo ~with Fs 5 Vcell)

1.232 0.9 3 1023(T 2 298)

104

a 5 1
on.8
ode

aa 1

RT

~with

109

5 2
 c
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field determined by the mass and momentum equations, Eq. 1
is strongly affected by the electrochemical processes via the
source term,Sm , and variable density. This is hence term
variable-flow model. An elegant simplification of this full mode
to neglect the mass source in the continuity equation and ass
constant gas density in the momentum equation. It follows tha
1 and 2 are simplified to

¹ • ~u! 5 0 @14#

1

e2
¹ • ~uu! 5 2¹

p

r
1 ¹ •

t

r
1

Su

r
@15#

Equation 14 and 15 then yield a flow field that is dependent on
the inlet flow boundary condition and channel geometry, regar
of any electrochemical process occurring in a PEFC. This simp
model, termed the constant-flow model herein, effectively deco
the flow field from the species~with reaction! and potential equa
tions, thereby significantly accelerating calculations and redu
memory requirements. Both models will be compared in the
section to assess possible inaccuracy introduced by the con
flow model.

Figure 1. Computational domain and mesh of a single-channel PEFC

Table IV. Geometrical and operating parameters.

Quantity Value

Gas channel depth/width 1.0/1.0 m
Shoulder width 1.0 mm
GDL thickness,dGDL 0.3 mm
Catalyst layer thickness,dCL 0.01 mm
Membrane~N112! thickness,dm 0.051 mm
Fuel cell height/length 2.0/100.0 m
Anode/cathode inlet pressures,P 2.0/2.0 atm
Cathode stoichiometry (stoichc), jc at 0.5 A/cm2 2.0
Temperature of fuel cell,T 353 K
Relative humidity of anode/cathode inlet 50/0%
Porosity of GDLs,e 0.6
Porosity of catalyst layers,eg 0.4
Volume fraction of ionomer in catalyst layers,em 0.26
Permeability of diffusion layers,KGDL 10212 m2

Permeability of catalyst layers,K 10215 m2

CL
,
s

a

t-

Boundary conditions.—Seven unknowns:u, P, CO2
, Cw , andfe

are involved in the coupled differential governing equations, E
through 4, that require boundary conditions.

Flow inlets.—The inlet velocityuin in a gas channel is express
by the respective stoichiometric flow ratio,i.e., ja or jc , defined a
the reference current density,I ref , as

ja 5
CH2

a uin,aAa

I refA

2F

and jc 5
CO2

c uin,cAc

I refA

4F

@16#

whereAa andAc are the flow cross-sectional areas of the anode
cathode gas channels, respectively anduin,a anduin,c the inlet veloci
ties of the channels. The inlet molar concentrations,Ck

a andCk
c , are

determined by the inlet pressure and humidity according to the
gas law.

Outlets.—Fully developed or no-flux conditions are applied

]u

]n
5 0,

]Ck

]n
5 0,

]fe

]n
5 0 @17#

Walls.—No-slip and impermeable velocity condition and no-
conditions are applied

u 5 0,
]Ck

]n
5 0,

]P

]n
5 0,

]fe

]n
5 0 @18#

Numerical procedures.—The governing equations are solved
the commercial CFD software package, Fluent~version 6.0.12!, with
SIMPLE ~semi-implicit pressure linked equation! algorithm.20 The
source terms and physical properties are incorporated into a
~user-defined functions!, based on the software’s user-cod
capability.21 The mesh of a single-channel PEFC employed in
work is shown in Fig. 1 with the anode and cathode in cofl
Geometrical and operating parameters of this PEFC are list
Table IV. About 100,000 (513 1003 20) computational cells a
used to capture the complex electrochemical and physical phe
ena in the PEFC. In addition, overall species mass balan
checked besides the equation residuals as important conve
criteria. These species balance checks also ensure physically
ingful results to be obtained. In all the simulations presented i
next section, values of species mass imbalance~i.e., H2 , O2 , and
H2O) are all less than 0.1%.

Results and Discussion

Two limiting conditions representative of common PEFC op
tion, i.e., anode stoichiometry of 1.2 and 2.0, were chosen to dis
detailed calculation results with the cathode stoichiometry fixe
2.0. Other operating conditions are listed in Table IV. Particul
we are interested in exploring the low-humidity operation~i.e.,
RHa/RHc 5 50%/0%), where water transport characteristics in
anode may be altered by variable flow under large density an
locity changes, thereby affecting the cell performance. Table V
two comparisons between the two models: one is at the anod
ichiometry of 2.0 at 0.5 A/cm2 and under a constant cell voltage
0.625 V, and the other is at the anode stoichiometry of 1.2 and
a constant current density of 0.5 A/cm2.

Figure 2 displays the axial profiles of the mass source in
anode catalyst layer, scaled by the anode inlet flow rate. The
mass source consists of the contributions from hydrogen cons

Table V. Comparison of the results between the two models.

Stoicha 5 1.2 Stoicha 5 2.0

C flow model 0.50 A/cm2 at 0.595 V 0.41 A/cm2 at 0.625 V
V flow model 0.50 A/cm2 at 0.610 V 0.45 A/cm2 at 0.625 V
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tion, water electro-osmotic drag, and water back diffusion. Th
tegral of each curve represents the ratio of the total mass sourc
in the catalyst layer to the anode inlet flow rate. For stoicha 5 2.0,
the anode loses a large amount of mass in the first quarter
channel due to water electro-osmotic drag across the membran
gradually gets mass back from back diffusion of water in the l
part of the fuel cell. Compared with the mass source due to w
hydrogen contribution is negligibly small. In addition, it can be s
in Fig. 2 that the two water sources due to electro-osmotic drag
diffusion, respectively, almost cancel each other starting from
dimensionless distance of 25% into the channel, making the
mass source small in the last three-quarters of the chann
stoicha 5 1.2, it can be seen from Fig. 2 that the anode always
mass to the cathode and magnitude of the total mass source
nificant not only in the first quarter but also the last quarter of
channel.

Figure 3 shows streamwise variations of the average axial v
ity and density in gas channels predicted by the variable-flow m
for stoicha 5 2.0. The density in the cathode decreases only by
along the channel, while that in the anode deceases by 12% ov
first quarter of the length, then increases back by;30% from the
lowest density. The negligible variation in the cathode gas dens
expected as nitrogen is a diluent of dominant composition. The
density variation in the anode stems from the large density co
of hydrogen to water vapor. In addition to the density change
velocity variation along the fuel cell length is more dramatic. Fig
3 shows that the anode average velocity decreases by nearly
while the cathode velocity changes by 9%. Again, the small v
tion in the cathode velocity may be explained by the much la
density of the cathode gas stream.

Figure 4 shows the same density and velocity profiles
stoicha 5 1.2. Now, the density and velocity changes become m
more severe due to the much smaller anode flow rate, amount
greater than 50 and 80%, respectively. As a result of the
change in the axial velocity, species transport in the anode ch
dominated by convection may be quite different from that in a
stant flow.

Figure 5 compares the average water/hydrogen molar conc
tions along the anode gas channel for stoich5 2.0, between th

Figure 2. Mass sources in the anode catalyst layer scaled by the
injection rate in anode predicted by the variable-flow model for stoa
5 2.0 ~at 0.625 V and 0.45 A/cm2! and 1.2~at 0.61 V and 0.5 A/cm2!,
respectively.
a

k

d

,

l

-

e

t

,

l

-

variable-flow and constant-flow models. The most remarkable
ference is in the hydrogen concentration profile. The variable
model predicts an almost flat profile and H2 molar concentratio
retains about the inlet value. In contrast, the constant-flow m
predicts a sharply declined H2 profile. This is because in th
constant-flow model, the flow rate does not decrease as i
variable-flow model and consequently the concentration mu
lowered to satisfy hydrogen consumption by the anode rea
This dramatic difference in hydrogen concentration, however,
not impact the overpotential for hydrogen oxidation reaction~HOR!
as the reaction is sufficiently facile under both concentrations
compared with hydrogen, the water concentration profiles pred
by both models are much closer. They look similar also in tha
water concentration decreases near the inlet due to dominan

Figure 3. Average axial velocity and density in gas channels predicte
the variable-flow model for stoicha 5 2.0 and 0.625 V.

Figure 4. Average axial velocity and density in gas channels predicte
the variable-flow model for stoich5 1.2 and 0.5 A/cm2.
a
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electro-osmotic drag and then increases due to enhanced ba
fusion. Figure 6 compares similar profiles for stoicha 5 1.2. The
same trends discussed above prevail except that the differenc
tween the two models are enlarged, as expected.

Figure 7 presents water/oxygen molar concentrations averag
the cathode gas channel for stoicha 5 2.0. Compared with Fig. 5
differences on the cathode side between the two models are
smaller due largely to the lesser variation in density and axia
locity in the cathode as shown in Fig. 3. Interestingly, the w
distributions are almost identical whereas there is little differen
the oxygen profiles between the two models. Note that the av
current densities in this comparison for stoicha 5 2.0 under constan
cell voltage of 0.625 V are slightly different: 0.41 and 0.45 A/c2

from the constant-flow and variable-flow models, respectively.
Details of the transverse flow in the fuel cell cross section

shown in Fig. 8 through 10 for three representative axial locat

Figure 5. Comparison of average water/hydrogen molar concentratio
the anode gas channel between the constant-flow and variable-flow m
for stoicha 5 2.0 and 0.625 V.

Figure 6. Comparison of average water/hydrogen molar concentratio
the anode gas channel between the constant-flow and variable-flow m
for stoich 5 1.2 and 0.5 A/cm2.
a
f-

e-

n

h

the inlet, the middle, and the outlet. In each figure, the velo
vectors are presented for stoicha 5 2.0 along with contours of
scalar as predicted by the variable-flow model. First, near the a
inlet, there is a strong transverse flow going from the anod

s

s

Figure 7. Comparison of average water/oxygen molar concentrations
cathode gas channel between the constant-flow and variable-flow mod
stoicha 5 2.0 and 0.625 V.

Figure 8. Distributions of velocity and density in the cross section nea
inlet ~i.e., y 5 Ly/20), predicted by the variable-flow model for stoia
5 2.0 and 0.625 V. The catalyst layers are expanded for clarity.
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cathode, as shown in Fig. 8. In the anode GDL, the magnitude
velocity is about 0.005 m/s, and hence the Peclet number,vdGDL /D,
of ;0.15. This is consistent with the estimate presented in E
and indicates that diffusive transport of species dominates i
GDL. Figure 8 also shows the cross-sectional density distrib
and indicates that the density is smaller in the anode catalyst la
a result of the lower water concentration due to electro-osm
drag. In addition, density variation in the through-plane directio
within 7%. On the cathode side, Fig. 8 shows that the trans
velocity is nearly ten times smaller than that in the anode. Thus
convection effect in the cathode GDL can be safely ignored
addition, the density variation in the cathode is less than 2%.

Figure 9 shows the cross-sectional velocity vectors and w
concentration contours at the midlength of the cell. At this loca
strong back diffusion of water occurs, as evident from the hi
water concentration on the cathode side. The back diffusion
offsets the electro-osmotic drag, thus leading to a much sm
transverse flow than in Fig. 8.

Figure 10 shows the cross-sectional velocity vectors and pre
contours in the outlet region. This location also features strong
diffusion of water, thus yielding a transverse flow pattern simila
Fig. 9. In addition, because there is flow in the porous media,
exist pressure variations in GDLs and catalyst layers. The max
pressure drop across the GDL and catalyst layer is around 1
220 Pa, respectively, in comparison to the operating pressu
2 3 105 Pa.

Another observation from Fig. 10 is that there exists a pres
difference between the two surfaces of the membrane, even t
the gas stream pressures are equal on the two sides. While d
ing on the permeability of the catalyst layer, a pressure differen
220 Pa is possible as presented in Fig. 10.

Figure 11 shows the profiles of hydrogen concentration in
through-plane direction for stoicha 5 2.0 near the inlet and at t
midlength of the cell. Only part of the gas channel is include
show more details in the porous GDL and catalyst layer. At
midlength of the cell, both curves under the land and channel e
a decline from the GDL toward the catalyst layer, indicative
diffusion-reaction process. In addition, there is lower hydrogen
centration under the land than the channel due to the land blo
on species transport. However, near the inlet region, both c
under the land and channel reveal a totally opposite trend: hyd
concentration increases from the channel, to the GDL, and t

Figure 11. Profiles of hydrogen concentrations in the through-plane d
tion in the anode for stoicha 5 2.0 and 0.625 V, predicted by the variab
flow model.
Figure 9. Distributions of the velocity and water concentration in the c
section at midlength of the PEFC~i.e., y 5 Ly/2), predicted by the variabl
flow model for stoicha 5 2.0 and 0.625 V. The catalyst layers are expan
for clarity.
Figure 10. Distributions of the velocity and pressure in the cross se
near the outlet~i.e., y 5 (19/20)Ly), predicted by the variable-flow mod
for stoich 5 2.0 and 0.625 V. The catalyst layers are expanded for cla
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catalyst layer, while the concentration under the land is higher
under the channel. The reverse profile results clearly from the s
transverse flow existing in the region. Nonetheless, the weak
of convection leads only to a very slight increase in the2
concentration.

Figure 12 presents contours of water content in the middle m
brane for stoicha 5 2.0, which determines the ionic resistance of
fuel cell. Here water content is defined as the number of w
molecules per sulfonic group in the membrane. The distribu
from the two models are similar in most parts of the membran
difference appears in the outlet region, where higher water cont
indicated for the variable-flow model, which is ascribed to
higher water concentration in the anode channel as shown in F
In addition, near the inlet area, water content predicted by
variable-flow model is a little higher, which can be explained
convection induced by the transverse flow in the anode GD
shown in Fig. 8.

The distributions of local current density from the two mod
are compared in Fig. 13, showing that the current density con
are again similar for the most part. Similar to Fig. 12, differen
arise in the outlet and inlet regions. The difference in the ave
current density between the two models is less than 10%
stoicha 5 2.0 and 0.625 V.

Using the polarization curve as a figure of merit, Fig. 14 attem
to establish the validity range of the constant-flow model. Fir
comparison is made in Fig. 14 between the two models for sta
5 2.0 at 0.5 A/cm2 and full humidification of both anode and ca
ode. No appreciable difference is observed, demonstrating th
constant-flow model is a physically sound and computationally
vantageous model for PEFCs operated under high to full hum
cation. For low-humidity operation~e.g., RH 5 50%/0%), we ex

Figure 12. Comparison of the water content distributions in the mid
membrane between the~a! constant-flow and~b! variable-flow models fo
stoicha 5 2.0 and 0.625 V.
a/c
t

.

e

amined the anode stoichiometric ratios of 1.2 and 2.0. As seen
Fig. 14, the differences in the average current density are les
14 and 10% for the anode stoichiometry of 1.2 and 2.0, respect
Note also that the two polarization curves at stoicha 5 1.2 are ter

Figure 13. Comparison of current density distributions between the~a!
constant-flow and~b! variable-flow models for stoicha 5 2.0 and 0.625 V.

Figure 14. Comparison of polarization curves for the two models.
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minated before 0.6 A/cm2 which is the maximum current dens
possible for H2 stoichiometry of 1.2 at 0.5 A/cm2.

Conclusions

A three-dimensional, multicomponent model of PEFCs has
developed to fully couple the flow field with transport and elec
chemical processes, with focus on studying operation with
large density and velocity variations. Numerical simulations w
carried out for a single-channel PEFC operated under common
ditions with the anode stoichiometry setting to 1.2 and 2.0, res
tively, and the results were compared with the previous cons
flow model. Simulation results indicate that the density and velo
along the anode channel may change by more than 50 and
respectively. Deceleration of the anode gas flow under low a
stoichiometry is a major finding from the present full model. A
result of anode flow deceleration, the hydrogen concentratio
mains high. Despite all these dramatic differences in the anode
sity, flow, and H2 concentration, the variable-flow and constant-fl
models yield similar water and current distributions for anode
ichiometry as low as 1.2. The error in the average current de
predicted by the constant-flow model is less than 10 and 14% fo
anode stoichiometry of 2.0 and 1.2, respectively, thus supportin
applicability of the constant-flow model under common PEFC
eration. Selective contours of density, pressure, and water co
tration were also provided to illustrate the fundamental flow
transport processes occurring in PEFCs undergoing large d
and velocity changes.
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List of Symbols

A superficial electrode area, m2

a water activity; effective catalyst area per unit volume, m2/m3

Ck molar concentration of species k, mol/m3

D mass diffusivity of species, m2/s
EW equivalent weight of dry membrane, kg/mol

F Faraday’s constant, 96,487 C/equiv
I current density, A/cm2

i e superficial current density, A/m2

j transfer current, A/cm3

K permeability, m2

L length, m
M molecular weight, kg/mol
n unit vector normal to a surface

nd electro-osmosis coefficient, H2O/H1

P pressure, Pa
Pe Peclet number

R universal gas constant, 8.134 J/mol K
S source term
s stoichiometry coefficient in electrochemical reaction
t time, s
T temperature, K

Uo equilibrium potential, V
u velocity vector, m/s
-

,

-

-

y

Vcell cell potential, V
X mole fraction

Greek

a transfer coefficient; net water flux per proton flux
d thickness, m
e porosity
h surface overpotential, V
k ionic conductivity, S/m
l membrane water content
m viscosity, kg/m s
j stoichiometric flow ratio
r density, kg/m3

t shear stress, N/m2

f phase potential, V

Superscripts and Subscripts

a anode
c cathode

CL catalyst layer
e electrolyte

eff effective value
g gas phase

GDL gas-diffusion layer
in inlet
k species

m membrane phase
o gas channel inlet value; reference value

ref reference value
sat saturate value
w water
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