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Mathematical Modeling of Liquid-Feed Direct Methanol Fuel
Cells
Z. H. Wang* and C. Y. Wang* ,z

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

A two-phase, multicomponent model has been developed for liquid-feed direct methanol fuel cells~DMFC!. In addition to the
anode and cathode electrochemical reactions, the model considers diffusion and convection of both gas and liquid phases in the
backing layers and flow channels. In particular, the model fully accounts for the mixed potential effect of methanol oxidation at
the cathode as a result of methanol crossover caused by diffusion, convection, and electro-osmosis. This comprehensive model is
solved numerically using computational fluid dynamics. The transport phenomena and electrochemical kinetics in a liquid-feed
DMFC are delineated and the effects of the methanol feed concentration on cell performance are explored. The model is validated
against DMFC experimental data with reasonable agreement. The void fraction at the anode outlet is found to be as high as 95%
at a cell current density of 0.45 A/cm2 for a 7 cm longchannel. Increase in methanol feed concentration leads to a slight decrease
in cell voltage and a proportional increase in the mass-transport limiting current density for a methanol concentration below 1 M.
However, when the methanol feed concentration is larger than 2 M, the cell voltage is greatly reduced by excessive methanol
crossover and the maximum current density begins to be limited by the oxygen supply at the cathode. The oxygen depletion results
from excessive parasitic oxygen consumption by methanol crossing over.
© 2003 The Electrochemical Society.@DOI: 10.1149/1.1559061# All rights reserved.
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Fuel cells promise to replace the internal combustion engin
transportation due to their higher energy efficiency and zero or
tralow emissions, and to replace batteries for portable electro
due to potentially higher energy density and nearly zero recha
time. Hydrogen proton exchange membrane fuel cells~PEMFC! and
liquid-feed direct methanol fuel cells~DMFC! are presently consid
ered as two potential types of fuel cells for such applications. Co
pared to hydrogen PEMFC, DMFC has further advantages of ea
fuel delivery and storage, no cooling or humidification needs,
simpler design.

However, the wide application of DMFC is still hindered b
several technological problems, low electro-activity of metha
oxidation on the anode, substantial methanol crossover through
polymer membrane, and severe cathode flooding. The cell pe
mance is limited by anode kinetics due to its low exchange cur
density and high Tafel slope.1 Methanol crossover further cause
lower open-circuit voltage~OCV! and waste of fuel and hence lowe
energy conversion efficiency. Water management greatly influe
the cathode performance.2,3

Much work has been focused on the anodic oxidation
methanol.2 The mechanism of the electrocatalytic oxidation
methanol at the anode was postulated.3,4 Different anode catalys
structures of Pt-Ru were developed,5 and several anode catalys
other than Pt-Ru were explored.6-8 Additionally, the effects of the
anode electrochemical reaction on cell performance were exp
mentally studied.9-11

Methanol crossover in DMFC has been extensively studied b
experimentally and theoretically. Narayananet al.12 and Renet al.13

measured the methanol crossover flux with different membr
thicknesses and showed that the methanol crossover rate is inve
proportional to the membrane thickness at a given cell current d
sity, thus indicating that diffusion is dominant. In addition, R
et al.14 compared the diffusion with electro-osmotic drag proces
and demonstrated the importance of the electro-osmotic drag in
methanol transport through the membrane. In their analysis,
methanol electro-osmotic drag is considered as a convection e
and the diluted methanol moves with electro-osmotically drag
water molecules. Tricoliet al.15 compared the methanol transport
two types of membranes. Valdez and Narayanan16 studied the tem-
perature effects on methanol crossover and showed that the m
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nol crossover rate increases with cell temperature. Hikitaet al.17

measured methanol crossover and cell performance under diffe
membrane thickness and methanol feed concentrations. Their
periments showed that the cell performance during operation is
fected by methanol crossover but not significantly dependent
methanol crossover flux in the case of sufficient oxygen sup
Ravikumar and Shukla11 operated the liquid-feed DMFC at the oxy
gen pressure of 4 bars and found that the cell performance is gr
affected by methanol crossover at the methanol feed concentra
greater than 2 M, and that this effect aggravates with the opera
temperature. Wanget al.18 analyzed the chemical compositions
the cathode effluent of a DMFC with a mass spectrometer. T
found that the methanol crossing over the membrane is comple
oxidized to CO2 at the cathode in the presence of a Pt cataly
Additionally, the cathode potential is influenced by the mixed p
tential phenomenon due to simultaneous methanol oxidation
oxygen reduction as well as poisoning of Pt catalysts by metha
oxidation intermediates. Kauranen and Skou19 presented a semi
empirical model to describe the methanol oxidation and oxygen
duction reactions on the cathode and concluded that the oxy
reduction current is reduced in the presence of methanol oxida
due to surface poisoning.

In spite of these challenges, progress in the DMFC performa
has been made steadily by many groups,e.g., Halpertet al.20 of Jet
Propulsion Laboratory~JPL! and Giner, Inc., Baldauf and Preidel21

of Siemens, Renet al.22 of Los Alamos National Laboratory
~LANL !, and Menchet al.,23,24 and Lim and Wang51 of the Penn
State University. A comparative study of DMFC with hydroge
PEMFC was presented most recently by the LANL group.25,26

While attempts are continuing to elucidate the fundamental e
trochemical reaction mechanisms, to explore new compositions
structures of catalysts, and to develop new membranes and me
for preventing methanol crossover, important system issues
DMFC are emerging, such as water management, gas manage
flow field design and optimization, and cell up-scaling for differe
applications. A number of physicochemical phenomena take plac
liquid-feed DMFC, including species, charge, and momentum tra
fer, multiple electrochemical reactions, and gas-liquid two-ph
flow in both anode and cathode. Carbon dioxide evolution in
liquid-feed anode results in strongly two-phase flow, making
processes of reactant supply and product removal more complic
All these processes are intimately coupled, resulting in a nee
search for optimal cell design and operating conditions. A go
understanding of these complex, interacting phenomena is thu
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sential and can be most likely achieved through a combined m
ematical modeling and detailed experimental approach.

Baxteret al.27 developed a one-dimensional mathematical mo
for a liquid-feed DMFC, mainly focused on the anode catalyst lay
A major assumption of their study was that the carbon dioxide
only dissolved in the liquid and hence their model of transport a
electrochemical processes in the anode catalyst layer is single-p
only. Using a macrohomogeneous model to describe the reac
and transport in the catalyst layer of vapor-feed anode, Wang
Savinell28 discussed the effects of the anode catalyst layer struc
on cell performance. Kulikovskyet al.29 simulated a vapor-feed
DMFC with a two-dimensional model and compared the deta
current density distributions in backing, catalyst layer, and me
brane separator between conventional and alternative current co
tors. In another paper, Kulikovsky30 numerically studied a liquid-
feed DMFC considering methanol transport through the liquid ph
and in hydrophilic pores of the anode backing. In both publicatio
of Kulikovsky, the important phenomenon of methanol crosso
was ignored. Dohleet al.31 presented a one-dimensional model f
the vapor-feed DMFC, and the crossover phenomenon was
scribed. The effects of methanol concentration on the cell per
mance were studied. Scottet al.32-35 also developed several simpl
fied single-phase models to study transport and electrochem
processes in liquid-feed DMFC and showed that the cell per
mance is limited by the slow diffusion of methanol in liquid.

In this paper, a comprehensive model for two-phase flow, mu
component transport, and detailed electrochemical reactions is
sented for a liquid-feed DMFC, including electrodes, channels,
PEM separator. The model is intended to provide a useful tool
the basic understanding of transport and electrochemical phenom
in DMFC and for the optimization of cell design and operati
conditions. The model is solved using computational fluid dynam
~CFD! and validated against experimental performance data.
multidimensional transport and electrochemical processes are
merically analyzed and the effects of the anode feed methanol
centration on cell performance are studied in detail to illustrate
utility of the present model. The two-phase transport in anode
cathode, methanol crossover, as well as their effects on cell pe
mance are explored.

Mathematical Modeling

Consider a two-dimensional direct methanol fuel cell as sc
matically illustrated in Fig. 1. The fuel cell includes a fluid chann
a backing layer, and a catalyst layer in both electrodes, and a m

Figure 1. Schematic of a liquid-feed direct methanol fuel cell and the co
dinate system for the present model.
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brane separator between the two electrodes. In the present m
the catalyst layers are simplified as infinitely thin interfaces betw
the backing layer and membrane separator where the following
electrochemical reactions take place

CH3OH 1 H2O → CO2 1 6H1 1 6e @1#

O2 1 4H1 → 2H2O 2 4e @2#

At the anode catalyst layer, methanol is oxidized via Eq. 1 wh
both oxygen reduction and methanol oxidation take place at
cathode via Eq. 2 and 1, respectively. According to the vast exp
mental evidence,18 methanol crossing over is virtually totally oxi
dized at the cathode catalyst layer. The parasitic methanol oxida
reduces the cathode potential as can be explained as short circ
the cathode catalyst layer. The above electrochemical reactions
be summarized generally as

(
k

SRi
k M k

zk 5 nRie
2 @3#

where k,M k , Sk, zk , andnRi represent species k, chemical formu
of species k, stoichiometric coefficient, charge number of specie
and the total number of electrons produced in Reaction 1, res
tively. The values ofnRi are equal to 6 for Reaction 1 and24 for
Reaction 2.

For the sake of mathematical modeling, a full cell can be divid
into two main groups, porous regions and flow channels. The po
regions include the backing and catalyst layers of two electrodes
membrane separator. The two regions are described mathemat
by different models. The two-phase mixture model developed
two-phase flow and transport in the porous air cathode36 is extended
herein for all the porous regions in the liquid-feed DMFC, while
drift flux model is used to describe the two-phase flow and trans
in fluid channels. Both models are elaborated below.

Porous regions.—Governing equations.36,37

]~«r!

]t
1 ¹ • ~ru! 5 0 @4#

Momentum conservation

u 5 2
K

m
~¹p 1 rkg! 1

ndM

r

Ie

F
@5#

Here the fluid velocity is caused by the pressure gradient, gra
and electro-osmotic drag. The first term in Eq. 5 is the contribut
of pressure gradient and gravity to the fluid velocity described
Darcy’s law and applied for single- and two-phase flows in poro
media while the second term is the contribution of electro-osm
drag which is the sum of electro-osmotic drag fluxes of all the s
cies,i.e., H2O, MeOH, and H1 in DMFC. In the equation,M is the
molecular weight of the membrane pore fluid mixture andnd is the
fluid drag coefficient, which can be expressed as, respectively

M 5 (
k

xkM k nd 5

(
k

nd
kM k

M

Considering the dilute nature of methanol aqueous solution, the
erage molecular weight,M, can be assumed equal to the water m
lecular weight and the fluid drag coefficient,nd , equal to the drag
coefficient of water in the membrane. In this case, the elec
osmotic drag of diluted methanol solution is considered equiva
to convection effects of electro-osmotically dragged water m
ecules as described by Renet al.14

Species conservation
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]

]t
~«rCk! 1 ¹ • ~gcruCk! 5 ¹ • ~r lD l,eff

k ¹Cl
k 1 rgDg,eff

k ¹Cg
k!

2 ¹ • @~Cl
k 2 Cg

k!j l# 1 ṁk @6#

This general species conservation equation is applicable to meth
(CH3OH), carbon dioxide (CO2), oxygen (O2), and water (H2O).
The first three terms describe the accumulation, convection,
diffusion of species k, respectively. The convection term inclu
the electro-osmotic drag effect, as evident for Eq. 5 where the fl
velocity is driven by not only the pressure gradient but also
electro-osmotic drag. The diffusion term consists of diffusi
through the liquid and gas phases and the effective diffusion co
cients can be expressed as, respectively

D l,eff
k 5 ~«s! tlD l

k Dg,eff
k 5 @«~1 2 s!# tgDg

k @7#

Note that tortuosity values are assumed equal to unity, except fo
the membrane which is assumed 1.8 based on the calculatio
methanol crossover flux at open circuit in the present work.

The second term on the right of Eq. 6 represents species tra
caused by relative motion of liquid to gas phase under capil
action. In this term, the capillary-diffusional flux of the liquid phas
j l , as defined in Eq. 21, is directly proportional to the gradient
capillary pressure, and thus is related to the wetting characteri
of the porous electrode structure.

The last term in Eq. 6 stands for the source/sink due to elec
chemical reactions. On the anode catalyst layer, there is the m
nol oxidation reaction that produces the cell current density,I. How-
ever, on the cathode, there are two simultaneous electrochem
reactions, oxidation of methanol crossing through the membrane
oxygen reduction. The oxygen reduction reaction current must
vide not only the net cell current density~through the external cir-
cuit! but also the parasitic current density from methanol crosso
that is (I 1 I p). It follows that ṁk is given by

ṁk 5 5
M k

F

SR1
k

nR1
I at y 5 Hma

M k

F FSR1
k

nR1
I p 1

SR2
k

nR2
~ I 1 I p!G at y 5 Hcm

@8#

The first expression on the right side of Eq. 8 describes the sou
sink of species k on the anode catalyst layer, whereas the se
expression stands for the source/sink on the cathode catalyst
Because of nearly complete oxidation of methanol at the cath
under the very large surface overpotential, the parasitic meth
current is dictated by the crossover rate,j MeOH, as follows

I p 5 2
6F j MeOHuy5Hcm

MMeOH @9#

where the methanol crossover flux is given by

j MeOHuy5Hcm
5 S r ln lCl

MeOH 2 rD l,eff
MeOH

]Cl
MeOH

]y D U
y5Hcm

@10#

The terms on the right side of Eq. 10 describe convection due to
pressure difference between anode and cathode chambers
electro-osmotic drag, as well as diffusion. It should be noted
since the convection term is a function of methanol concentrat
the three contributions to the methanol crossover flux in Eq.
namely, convection by the pressure gradient, convection by
electro-osmotic drag, and diffusion by the concentration gradi
are calculated specifically at the anode backing/membrane inter
The two convection contributions are calculated via Eq. 5.

Finally, summation of Eq. 6 over all species k results in Eq.
the total mass balance. This is because(kgcC

k 5 1 in the convec-
ol
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tion term~see the definitions ofgc andCk below in Eq. 12 and 17!,
all interdiffusion terms cancel with each other, and the species c
illary fluxes and reaction rates have the summation equal to ze

Mixture parameters.—In the governing Eq. 4-6, the mixture var
ables and properties are defined as36,37

Density r 5 r ls 1 rg~1 2 s! @11#

Concentration rC 5 r lCls 1 rgCg~1 2 s! @12#

Velocity ru 5 r lul 1 rgug @13#

Kinetic density rk 5 r ll l~s! 1 rglg~s! @14#

Viscosity m 5
r ls 1 rg~1 2 s!

~krl /v l! 1 ~krg /vg!
@15#

Diffusion coefficient rDk 5 r lsDl
k 1 rg~1 2 s!Dg

k @16#

Advection correction factor gc 5
r~l lCl

k 1 lgCg
k!

r lsCl
k 1 rg~1 2 s!Cg

k @17#

Relative mobilities l l~s! 5
krl /v l

krl /v l 1 krg /vg

lg~s! 5 1 2 l l~s! @18#

Individual phase velocities

r lul 5 j l 1 l lru @19#

rgug 5 2j l 1 lgru @20#

where

j l 5
l llgKr

m
@¹pc 1 ~r l 2 rg!g# @21#

The reader is referred to the original references of the two-ph
mixture model for further details of these model variables and th
physical meanings.36,37

Constitutive relations.—The relative permeabilities for liquid and
gas phases and the capillary pressure between the two phases36

krl 5 s3 and krg 5 ~1 2 s!3 @22#

pc 5 s cosuS «

K D 1/2

@1.417~1 2 s! 2 2.120~1 2 s!2

1 1.263~1 2 s!3# @23#

where the surface tension effect on capillary pressure is sim
modified by contact angle,u, with u . 90° for hydrophobic sur-
faces andu , 90° for hydrophilic surfaces.

Equilibrium conditions.—On the anode side, there are three comp
nents,i.e., water, methanol, and carbon dioxide. In this gas-liqu
coexisting system, local thermodynamic equilibrium prevails at
phase interface. Hence, the gas phase in the anode can be cons
saturated with water and methanol vapors. It thus follows that

Cg,sat
H2O

5
MH2Opv,T

H2O

rgRT
@24#

wherepv,T
H2O is the water vapor saturation pressure obtainable fr

steam tables. Compared to Argyropouloset al.38 who used a set of
complicated equations to calculate the vapor-liquid equilibrium s
of methanol on the anode side, the Henry’s law is simply appl
here to calculate the methanol vapor pressure

pv
MeOH 5 kHxl

MeOH @25#
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Table I. Physicochemical properties.

Parameter Symbol Value Ref.

Diffusion coefficient of oxygen in gas Dg
O2 1.775S T

273D
1.823S 1.0133 105

p D m2/s Cussler44

Diffusion coefficient of carbon dioxide in gas Dg
CO2 3 3 1025 m2/s Assumed

Diffusion coefficient of carbon dioxide in liquid D l
CO2 1 3 10210 m2/s Assumed

Diffusion coefficient of methanol in gas Dg
MeOH S26.9543 1022 1 4.5986

31024T
19.49793 1027T2

D 3 1024 m2/s Yaws45

Diffusion coefficient of methanol in liquid D l
MeOH 1025.41632 999.778/T m2/s Yaws45

Diffusion coefficient of water in gas Dg
H2O

2.563 1025S T

307D
2.334S 1.0133 105

p D m2/s Cussler44

Diffusion coefficient of water in liquid D l
H2O 0 m2/s Assumed

Electro-osmotic drag coefficient of water nd
H2O 2.5 Renet al.14

Electro-osmotic drag coefficient of methanol nd
MeOH nd

H2OxMeOH Renet al.14

Henry’s law constant kMeOH 0.096e0.04511(T2273) atm Fitted from
McGlashan and
Williamson46

Viscosity of liquid water m l

0.4585092 5.304743 1023T
12.312313 1025T2 2 4.491613 1028T3

13.276813 10211T4 kg/m s
Incropera and DeWitt47

Viscosity of gas mg 2.033 1025 kg/m s Incropera and DeWitt47

Proton conductivity of membrane k 0.123 S/cm Renet al.9

Thermodynamic potential of oxygen reduction Uo
O2 1.24 V —

Thermodynamic potential of methanol oxidation Uo
MeOH 0.03 V —

Cathodic transfer coefficient of cathode ac 0.875 Fitted from
Gottesfeld and
Zawodzinski47

Anodic transfer coefficient of anode aa 0.239 Fitted from Renet al.9

Reference exchange current density of anode at 80°C I 0,ref,80°C
MeOH 94.25 A/m2 Fitted from Renet al.9

Reference exchange current density of anode I 0,ref
MeOH I 0,ref,80°C

MeOH e35570/R(1/27318021/T) Fitted from
Gottesfeld and

Wilson26

Reference exchange current density of cathode at 80°C I 0,ref,80°C
O2 0.04222 A/m2 Fitted from

Gottesfeld and
Zawodzinski48

Reference exchange current density of cathode I 0,ref
O2 I 0,ref,80°C

O2 e73200/R(1/27318021/T) Parthasarathyet al.49

Reference oxygen concentration of cathode kinetics Cg,ref
O2 0.23 kg/kg —

Reference gas density rg,ref 1.2 kg/m3 —

Porosity of cathode backing layer «bC 0.7 Measured

Porosity of anode backing layer «bA 0.7 Measured

Porosity of membrane «mS 0.3 Measured

Permeability of anode backing layer K 1 3 10211 m2 Assumed

Permeability of cathode backing layer K 1 3 10211 m2 Assumed
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In this equation, the methanol vapor pressure is dependent on
perature and liquid-phase mole fraction. The Henry’s law const
kH , is a function of temperature as listed in Table I, and the liqu
phase methanol molar fraction,xl

MeOH, can be determined from th
mass fraction for a dilute solution

xl
MeOH '

MH2O

MHeOHCl
MeOH @26#

Hence, the methanol mass fraction in the gas phase is given b

Cg
MeOH 5

MMeOHpv
MeOH

rgRT
@27#

The mass fractions of carbon dioxide in gas and liquid phases
simply given by

Cg
CO2 5

MCO2~p 2 pv,T
H2O

2 pv
MeOH!

rgRT
and Cl

CO2 5 Cl,sat
CO2 @28#

Finally, the liquid saturation in the anode backing layer can be
culated from

s 5
rg~CCO2 2 Cg

CO2!

r l~Cl,sat
CO2 2 CCO2! 1 rg~CCO2 2 Cg

CO2!
@29#

if CCO2 > Cl,sat
CO2. WhenCCO2 , Cl,sat

CO2, s 5 1.
Liquid water appears in the cathode backing layer when the

ter vapor pressure reaches its saturated value corresponding t
operating cell temperature. Inside the two-phase zone, therm
namic equilibrium is assumed to hold true similarly for the ano
and thus the mass fractions of water in gas and liquid phases
given by their equilibrium values, respectively. That is

Cg,sat
H2O

5
MH2Opv,T

H2O

rgRT
and Cl,sat

H2O
5 1 @30#

The liquid saturation in the cathode is therefore determined from
mixture concentration of water via the following relation

s 5
rg~CH2O 2 Cg,sat

H2O
!

r l~Cl,sat
H2O

2 CH2O! 1 rg~CH2O 2 Cg,sat
H2O

!
@31#

Similarly, oxygen and carbon dioxide mass concentrations in b
phases on the cathode side are calculated from

Cl,sat
O2 5 0 and Cg,sat

O2 5 F r ls

rg~1 2 s!
1 1GCO2 @32#

Cl,sat
CO2 5 0 and Cg,sat

CO2 5 F r ls

rg~1 2 s!
1 1GCCO2 @33#

It is assumed that oxygen and carbon dioxide are insoluble in
liquid phase on the cathode side.

Within the PEM separator, the membrane is assumed to be
hydrated with liquid, thus

s 5 1 for Hcm < y < Hma @34#

The complicated two-phase hydrodynamics at the chan
backing interface makes the liquid saturation at this interface d
cult to determine theoretically so that an empirical approach is ta
in this paper. In principle, the interface saturation is equal to unit
zero current density but zero at an infinitely large current densit
follows that

suy5Haf
5

1

1 1 aI
@35#
-
t,

re

l-

-
the
y-
,
re

e

h

e

y

l/
-
n
t
t

wherea is a coefficient to be calibrated by flow visualization expe
ments. According to the most recent flow visualization,50 the inter-
facial saturation is estimated to be about 0.9 at a current densit
0.2 A/cm2. This results ina 5 0.556 (A/cm2)21.

Fluid channels

Governing equations.—Continuity: The most recent flow visualiza
tion study revealed that the two-phase flow pattern in the an
channel ranges from homogeneous to slug flow depending on
backing layer material,i.e., whether carbon cloth or carbon paper.51

For both flow patterns, it is more appropriate to consider a o
dimensional flow and transport model along the flow direction t
is averaged over the cross section of the channel. In addition, it
be assumed that there is thermodynamic equilibrium and the ph
change effects on two-phase flow are negligible in the channel
drift-flux model is thus used in the present work to describe
significant gas-liquid two-phase flow in the anode channel. Det
are presented below.

For the anode channel, the continuity equations for both pha
can be written as

d

dx
@r lU l~1 2 a!# 5 2

Nl

HcA
@36#

d

dx
@rgUga# 5 2

Ng

HcA
@37#

where U l and Ug are phase velocities of liquid and gas averag
across the flow channel, respectively, anda is the void fraction~i.e.,
the gas volume fraction!. The termsNl and Ng stand for mass ex-
change fluxes of liquid and gas between the channel and bac
layer. Based on the drift flux model for the two-phase flow in
channel,39,40one has the following relationship between the gas a
liquid phase velocities

Ug 5 C0baUg 1 ~1 2 a!U lc 1 Ugj @38#

whereC0 is a distribution parameter andUgj is the drift flux veloc-
ity. According to Wolket al.,39 the distribution parameter and drif
flux velocity for the slug flow through rectangular channels a
given by

C0 5 1.352 0.35Arg

r l
@39#

and

Ugj 5 S 0.231 0.13
Hs

Hw
DA~r l 2 rg!gxHw

r l
@40#

Note that in Eq. 40 the drift flux velocity is caused by buoyan
forces of the gas phase relative to liquid. On the other hand,
study of Triplett et al.41 showed that the homogeneous model
more accurate for the two-phase flow through microcapillary tub
Fukano and Kariyasaki42 also noted that the homogeneous mode
true for two-phase flow because the tube diameter is smaller than
mm. In such a case, the two phase velocities are equal, and
distribution parameter and drift-flux velocity become unity and ze
respectively, in Eq. 38. Therefore, the homogeneous model is a
iting case of the drift flux model. Because two-phase flow pattern
the DMFC anode have yet to be established quantitatively, all
numerical results to be presented in the following are obtained w
the homogeneous flow.

Due to a relatively small fraction of liquid droplets present in t
cathode gas channel~i.e., mist flow!, the two-phase effect is ne
glected therein. Hence only the gas flow is considered as fa
hydrodynamics is concerned.

Species conservation:
For species transport in the anode flow channel, one has
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d

dx
@r lU l~1 2 a!C̄l

k# 1
d

dx
@rgUgaC̄g

k#

5 2
r lv lCl

kuy5Haf
1 hml

k r l~C̄l
k 2 Cl

kuy5Haf
!

HcA

2
rgvgCg

kuv5Haf
1 hmg

k rg~C̄g
k 2 Cg

kuv5Haf
!

HcA
. @41#

where the right side of Eq. 41 describes the species transfer rate
to fluid convection and species diffusion at the channel/backing
terface. Along the channel/backing interface, the cross-sectional
fraction of two-phase interface is much smaller than that of
single-phase fraction,i.e., gas-gas and liquid-liquid phase interfac
therefore, the species transfer between gas and liquid phases
channel/backing interface is neglected in this paper. The m
transfer coefficients used in this equation refer to a permeable
face and therefore are rather complicated. Their expressions
similar situations were developed by Irandoust and Andersson43 for
Taylor flow in a circular capillary tube of monolithic catalyst rea
tors. These correlations are used in the present model for DMF
a first approximation before more relevant and accurate relat
become available. Hence

hml
k 5 Shl

D l,eff
k

HcA
@42#

hmg
k 5 Shg

Dg,eff
k

HcA
@43#

Shl 5 1.5 3 1027Re1.648Sc0.177S dfilm

HcA
D 20.2338

@44#

Shg 5
dfilm

HcA
@45#

where the thickness of the liquid film around a Taylor bubble in
circular capillary channel is given by

dfilm

HcA
5 0.18@1 2 exp~23.1Ca

0.54!# @46#

with the capillary number defined as

Ca 5
m lbaUg 1 ~1 2 a!U lc

s
@47#

The effective diffusion coefficients of gas and liquid phases in
channel are dependent on the gas-phase void fraction and p
distribution in the channel. As a result, the following equations
used to describe these two coefficients

D l,eff
k 5

~1 2 a!D l
k

t l
@48#

Dg,eff
k 5

aDg
k

tg
@49#

wheret l andtg are tortuosity factors for liquid- and gas-phase sp
cies transfer in the channel.

Alternatively, the mass-transfer coefficients between the an
backing and channel can be simply obtained using the effec
diffusion coefficient of each phase with a fully developed flow36 in
which the Sherwood number for both gas and liquid phases in
42 and 43 are given by

Sh 5 2.693 @50#
ue
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As a first step, Eq. 42, 43, and 50 have been used in this work
There is predominant gas flow through the cathode channel

such, the species balance equation for the gas phase can be sim
written as

d

dx
@rgUgC̄g

k# 5 2
rgvgCg

kuy50 1 hmg
k rg~C̄g

k 2 Cg
kuy50!

HcC
@51#

where

hmg
k 5 Sh

Dg
k

HcC
@52#

and the Sherwood number can be obtained by Eq. 50.

Inlet and outlet boundary conditions.—At the channel inlet, ve-
locity and species concentrations are prescribed as

Ugux50 5 U in,C @53#

C̄ g
kux50 5 Cg,in,C

k @54#

for the gas-feed cathode fluid channel, and

U lux50 5 U in,A @55#

C̄ l
kux50 5 Cl,in,A

k @56#

for the liquid-feed anode fluid channel. As use is made of the o
dimensional flow and transport model averaged over the cha
cross section, no boundary condition is required for the chan
outlets. On all other boundary surfaces, no-flow and no-flux
applied; that is

]p

]xU 5 0
]Ck

]x U 5 0 @57#

Electrochemical kinetics.—According to Renet al.,22 methanol
oxidation is a zero-order reaction when the methanol concentra
is higher than 0.1 M. In this work, a Tafel kinetic equation f
methanol oxidation is developed by fitting the experimental d
from Renet al.9 as follows

I 5 I 0
MeOH expS aaF

RT
haD @58#

As the methanol concentration at the reaction surface is lo
than a threshold value, a first-order reaction is considered in
paper. Therefore, the exchange current density in Eq. 58 is expre
as

I 0
MeOH 5 I 0,ref

MeOHS cl
MeOH

cl, threshold
MeOH D n

@59#

n 5 H 0; ~cl
MeOH > cl,threshold

MeOH !

1; ~cl
MeOH , cl,threshold

MeOH !
@60#

where the threshold methanol concentration,cl,threshold
MeOH , is set at 0.1

M.
Tafel kinetics of the first order is employed to describe the re

tion current of oxygen reduction on the cathode catalyst interfa
namely

I 1 I p 5 I 0,ref
O2

~1 2 s!rgCg
O2uv5Hcm

rg,refCg,ref
O2

expS 2
acF

RT
hcD @61#

where the term (12 s) is used to account for the fraction of surfac
rendered inactive by the presence of liquid water and the para
current density on the left side of Eq. 61 is attributed to oxidation
methanol crossing the membrane as given by Eq. 9. Note tha
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term (1 2 s) is only a simplification to account for the floodin
effect, because it remains unknown exactly how liquid water blo
the triple access~gas reactant, electrons, and protons! to each active
catalyst site and hence reduces the oxygen reduction reaction
face.

Cell voltage.—Once values of the anode and cathode overpo
tial are calculated, the cell voltage can be determined as follow

Vcell 5 Uo
O2 2 Uo

MeOH 2 ha 1 hc 2 I
HmS

k
2 IRcontact @62#

whereUo
O2 andUo

MeOH are the thermodynamic equilibrium potentia
of oxygen reduction and methanol oxidation and their differenc
not equal to the open-circuit voltage because the cathode su
overpotential is nonzero even under open circuit in order to sus
the parasitic current from methanol crossover. The proton cond
tivity k is assumed to be a constant since the membrane is
hydrated in liquid-feed DMFC. The last term in Eq. 62 denotes
ohmic loss due to contact resistances between mating cell com
nents.

Numerical Results

Baseline case.—Using a CFD technique, the present model
numerically solved for a two-dimensional liquid-feed DMFC und
the baseline conditions listed in Table II.

The predicted polarization curve of the baseline case is show
Fig. 2 ~i.e., curve 1!. In this simulation, anode and cathode flow rat
correspond to the stoichiometric current densities of 1 and
A/cm2, respectively. It can be seen that the open-circuit voltag
much lower than the thermodynamic equilibrium cell voltage~i.e.,
1.21 V! as a result of methanol crossover. This prediction is
accordance with experimental observations. In addition, the
voltage drops very fast with increasing current density despite
fact that the ohmic drop in the fully hydrated membrane is qu
small, i.e., 150 mV cm2 for Nafion 117. This is caused by the hig
Tafel slope of the methanol oxidation reaction in the anode cata
layer, i.e., 0.293 V/decade at 80°C in this baseline case. Finally i
shown that the cell current density is limited at 0.529 A/cm2 by mass
transport controlled by the anode feed concentration of meth
and two-phase mass-transport resistance from the anode chan
the anode catalyst layer.

To elucidate the two-phase mass-transport effect on cell pe
mance, the baseline cell is also simulated by considering the liq
phase transport only in both the anode channel and backing.
hypothetical simulation was carried out using the same comp
code with the liquid saturation in the anode backing and the v
fraction in the anode channel deliberately set to unity and z

Table II. Base case and its operating conditions.

Parameter Symbol Value

Cathode backing thickness HbC 0.03 cm
Anode backing thickness HaA 0.03 cm
PEM thickness HmS 0.0185 cm
Anode channel height HcA 0.2 cm
Cathode channel height HcC 0.2 cm
Cell length L 7 cm
Operating temperature T 80°C
Cathode channel pressure pC 1 atm
Anode channel pressure pA 1 atm
Inlet velocity of cathode channel U in,C 0.2 m/s
Inlet velocity of anode channel U in,A 0.0006 m/s
Inlet relative humidity at cathode RHin 3.43%
Inlet oxygen concentration at cathode Cg,in,C

O2 0.23 kg/kg
~0.21 mol/mol!

Inlet methanol concentration at anode Cl,in,A
MeOH 0.032 kg/kg~1 M!

Contact resistance Rcontact 0 V cm2
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respectively, representative of only liquid-phase transport in the
ode. The polarization curve in this case is shown in Fig. 2 as cu
2 and indicates a limiting current density of only 0.266 A/cm2. The
rather low limited current density due to slow methanol diffusion
liquid can be estimated by considering the feeding methanol c
centration and the anode channel and backing mass transfer
tances using the following equation

I lim 5
6F j max

MeOH

MMeOH 5 6F
cl

MeOH

1

hml,A
MeOH 1

HbA

D l,eff
MeOH

@63#

where the mass-transfer coefficient,hml,A
MeOH, can be calculated by Eq

42 and 50 with a zero void fraction and the effective diffusion c
efficient in the anode backing layer is obtained by Eq. 7 with b
the liquid saturation and tortuosity factor equal to unity. The ma
transfer resistance between the fluid channel and backing layer i
times of that in the backing layer with 2 mm channel width wh
0.6 times with 0.7 mm channel width. Both mass-transfer resistan
are of the same magnitude and not negligible. At the methanol f
concentration of 1 M, the limiting current density is estimated
Eq. 63 to be 0.279 A/cm2 in this baseline case of 2 mm chann
width cell, closely matching the numerically predicted value. T
means that cell current densities higher than 1 A/cm2 that were
reported in the experiments of Renet al.25 is impossible to sustain
by methanol transport through the liquid phase only. Therefore,
gas phase is an important pathway for methanol to be transporte
the reaction surface. The much-facilitated methanol transp
through the gas phase is due to the fact that the diffusion coeffic
in gas phase is nearly four orders of magnitude greater than th
liquid.

Figure 2 also shows that before reaching limiting currents,
cell voltage for the liquid transport case is slightly higher than t
with the two-phase transport effects included. This is because
presence of the gas phase enhances the methanol transport
anode, thereby resulting in more severe methanol crossover
hence voltage loss associated with it. Clearly, gas-phase diffusio
an important mechanism that cannot be neglected in the modelin
species transport in the liquid-feed DMFC anode. Notice also
sharp drop of the cell voltage in the mass-transport controlled
gime shown in Fig. 2, which coincides with the shift of methan

Figure 2. Polarization curves for the baseline cell with and without ma
transport through the gas phase.
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oxidation reaction from zero order to the first order. There is
concentration polarization on the anode until the methanol con
tration at the catalyst site decreases to 0.1 M.

In practical DMFC systems, the anode liquid is recover
through a gas-liquid separator. As such, the inlet methanol solu
is saturated with dissolved CO2 , and gas bubbles would appe
immediately in the anode channel as soon as current is drawn o
cell. Figure 3 shows the axial distributions of several flow para
eters in the anode channel for the cell current density of 0.45 A/c2.
According to Fukano and Kariyasaki,42 the gravitational effect on
the two-phase flow in a minichannel is negligible as compared to
surface tension, implying that the homogeneous model for the an
channel flow is more appropriate, which is used in the present si
lation. Thus, the liquid-phase velocity shown in Fig. 3 also rep
sents the gas-phase velocity. The velocity increases along the
direction due to volume expansion of the two-phase mixture. T
nearly uniform current density distribution, as discussed bel
leads to a linear increase of phase velocity. At the channel outlet
phase velocity reaches 0.015 m/s, 25 times the inlet velocity
3 1024 m/s.

The void fraction in the anode channel increases rapidly al
the flow direction, especially in the region near the inlet as show
Fig. 3. The void fraction increases from 0% at the inlet to 80
within one-seventh of the length into the channel and roughly 9
at the outlet. The void fraction greatly affects the overall mass tra
fer between the channel and backing layer according to Eq. 41
43, 48, and 49 since the gas-phase diffusion coefficient is four or
of magnitude higher than the liquid. With the increase in void fr
tion, the mass transfer between the anode channel and backi
significantly augmented. As a result, the overall mass-transfer re
tance from the anode channel to the backing layer decreases
the flow direction, which influences the methanol supply from
anode channel to the backing and then the methanol concentr
distribution discussed in the following figure.

Figure 3 also shows the average methanol concentration d
bution in the liquid phase of the anode channel. It decreases al
linearly from 1 to 0.55 M along the flow direction due to the ele
trochemical consumption at the anode catalyst layer and the me
nol crossover to the cathode. Hence, the stoichiometric flow rati
methanol supply is 2.2 at the anode in this case. At this high cur
density, most of the methanol lost from the anode solution is c
sumed for producing the cell current, and there is minimal metha
crossover occurring. It should be also noted that the gas phase
anode outlet contains a quite bit of methanol due to the combina
of relatively high methanol concentration in the gas phase, h
gas-phase velocity, and high void fraction. Thus recycling the g

Figure 3. Axial profiles of the liquid-phase velocity, void fraction, and a
erage methanol concentration in the anode channel at 0.45 A/cm2.
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phase methanol seems to be necessary for high fuel utilization.
Figure 4 shows the methanol concentration contours in the an

and cathode backing layers and the PEM under the same oper
conditions as in Fig. 3. Near the inlet, the overall mass-trans
coefficient increases steeply due to the rapid increase in the
phase volume fraction, causing a quick increase of the meth
concentration at the channel/backing interface. In the remaining
tion of the cell, the overall mass-transfer coefficient varies sligh
due to a relatively slow change in the void fraction within the ano
channel. Thus the methanol depletion along the axial direction of
channel dominates the variation of the methanol concentration a
the anode channel/backing interface. In the middle portion of
anode, the methanol concentration at the anode catalytic surfa
higher than 0.1 M so that a zero-order reaction of methanol ox
tion occurs, while in portions near the inlet and outlet, the metha
concentration is lower than the threshold concentration, 0.1 M,
plying a first-order reaction at the anode catalyst. In the first-or
reaction region as illustrated in Fig. 4, there is a limitation in met
nol transport and minimal methanol crossover results. The meth
concentration distribution in the membrane is the result of metha
transport by diffusion, electro-osmotic drag, and convection. T
methanol concentration in the cathode is essentially equal to
because any methanol crossed over through the membrane is im
diately oxidized into CO2 .

Figure 5 displays the current density distribution along the fl
direction under the same base conditions. In accordance with Fi
the local current density profile features two mass-transport-lim
regions close to the inlet and outlet, respectively, where the lo
current density is lower than that in the middle region.

Methanol crossover.—Methanol crossover is driven by diffusion
pressure gradient caused convection, and electro-osmosis. The
contributors manifest differently under different operating con
tions. Figures 6a and b show the axial distributions of the to
methanol crossover flux and its individual contributors for cases
high and a low current densities, respectively. Figure 6a correspo
to the baseline cell operation with the current density of 0.45 A/c2.
In this high cell current density case, methanol crossover occ
only in the middle portion of the cell, where the contributions
diffusion and electro-osmosis equally dominate while the convec
contribution is absent due to no pressure gradient between the a
and cathode chambers. The variation of the net methanol cross
flux along the flow direction in this figure explains the current de
sity distribution shown in Fig. 5.

Figure 6b shows the various contributions to methanol crosso
at the cell current density of 0.18 A/cm2. In this low current density
case, diffusion dominates the net methanol crossover at all locat
The contribution of electro-osmosis accounts for 15% of the
crossover flux. Compared to Fig. 6a, the maximum diffusion flux
increased from about 0.037 to 0.09 A/cm2 due to the significant rise
of methanol concentration at the anode catalyst layer.

Figure 4. Methanol concentration contours in the membrane-electrode
sembly for 0.45 A/cm2.
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At open circuit, no current is drawn from the anode and
anode fluid is in the liquid state. Hence methanol transport occ
only by liquid diffusion from the anode channel, to the anode ba
ing layer, then through the membrane separator to the cathode
lyst layer. The methanol crossover flux can thus be estimated by
following equation

I p,oc 5
6F j max

MeOH

MMeOH 5 6F
cl

MeOH

1

hml,A
MeOH 1

HbA

D l,eff,bA
MeOH 1

HmS

D l,eff,mS
MeOH

@64#

Using the membrane tortuosity factor of 1.8 and the backing la
tortuosity factor and liquid saturation of unity, Eq. 64 gives a met
nol crossover current density of 0.116 A/cm2 at 80°C and open
circuit.

The detrimental effect of methanol crossover on cell perf
mance can be seen from Fig. 7 that shows the polarization cu
with and without methanol crossover. At small current densities,
cell voltage difference can be as high as 0.1 V. This voltage
diminishes with the current density and becomes zero when re
ing its mass-transport limiting current density. At this point
methanol crosses through the membrane and nearly all the meth
is consumed by anode oxidation. It is noted, however, that the
dicted cell voltage loss due to methanol crossover appears to be
significant than that observed experimentally. Further work
needed to fully explain this.

Figure 8 shows the effects of cell temperature on the metha
crossover flux at different cell current densities. The methanol cr
over current increases greatly with the cell temperature at the s
operating current density. The maximum methanol crossover flu
about 0.05 A/cm2 at 40°C but 0.15 A/cm2 at 90°C. This is due to the
increase in the methanol diffusion coefficient of the liquid phase
listed in Table I. It is interesting to note that the maximum crosso
flux occurs at open circuit for temperatures between 40 and 8
but at about 0.1 A/cm2 at 90°C. This is due to the gas-phase tran
port contribution to methanol supply from the anode channel to
anode catalyst layer. For each case, methanol crossover flux
creases almost linearly with cell operating current density. At
mass-transport-limited current density, the methanol crossover
is reduced to zero. The slope of each curve in Fig. 8 is dependen

Figure 5. Local current density distribution in the flow direction for th
average cell current density of 0.45 A/cm2.
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the two-phase transport properties of methanol from the anode c
nel through the anode backing layer to the anode catalyst layer

Effects of methanol feed concentration.—Figure 9 shows the ef-
fects of methanol feed concentration on the polarization curves
der the operating conditions listed in Table II. The anode stoich
metric flow rate corresponds to 13 n A/cm2, where n is the
methanol feed concentration in the unit of M~mol/L!. Better cell
performance is achieved with low feed concentrations for small c
rent densities because the rate of methanol crossover is minim
However, operating with small feed concentrations suffers from l
limiting current densities. Operation in the medium current dens
range requires a high methanol feed concentration, although its
voltage is low at open circuit or low current densities because
excessive methanol crossover. The polarization curves for meth

Figure 6. Axial distributions of methanol crossover flux and its contributo
for ~a! the high current density case and~b! the low current density case.
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feed concentrations higher than 1 M exhibit a different shape. In the
presence of substantial methanol crossover experienced in
methanol feed concentration cases, say 6 M, a significant amou
oxygen in the cathode is consumed by methanol oxidation. Whe
the cell current density is limited by methanol mass transport wi
smaller methanol feed concentration, the cell current density is
ited by oxygen supply at a higher methanol feed concentrat
While a stoichiometric flow ratio of the oxidant is traditionally d
fined on the basis of the net current density of the cell for con
nience, it must be noted that the intrinsic stoichiometry of O2 should
be defined based on (I 1 I p). Under high current densities, th
former stoichiometry is typically around 3 and 4, while the lat
stoichiometry can be close to unity, meaning that the oxygen c
centration at the outlet of the cathode is nearly zero.

Model validation.—The present model is validated by the expe

Figure 7. Methanol crossover effect on the polarization curve.

Figure 8. Methanol crossover flux as a function of cell current density a
temperature.
h
of
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mental data of a 50 cm2 stainless steel cell and a 5 cm2 graphite cell.
Figure 10 shows the polarization curves under two experime
conditions of the 50 cm2 cell carried out by Menchet al.23 In order
to fit the experimental data, the reference anode exchange cu
density at 80°C and contact resistance used in the above simul
are adjusted in this part of the paper. The figure shows that
numerical results agree well if the contact resistance is 0.35V cm2

and the reference anode exchange current density is 28.3 A/m2 for
80°C. The exchange current density in the present paper is de
on the basis of the electrode cross-sectional area.

The model is also validated against the experimental data of
cm2 graphite DMFC.51 No contact resistance is assumed in this va
dation exercise and the anode exchange current density is chos
be the same as listed in Table I. Figure 11 shows the polariza
curves at two cell temperatures. Note that the anode kinetics of
cell was measured with the specific membrane-electrode asse

Figure 9. Polarization curves with different methanol feed concentration

Figure 10. Validation of the present DMFC model against the experimen
data of a 50 cm2 stainless steel cell at two different temperatures.
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and fitted by the experimental data. The figure shows that the m
predictions agree well with the experimentalI -V curves. A lower
mass-transport limited current density at 50°C is caused by
lower diffusion coefficients in both liquid and gas phases and
lower saturated methanol concentration in the gas phase at l
temperatures, which is due to a lower Henry’s law constant as li
in Table II.

Figure 12 shows the predicted and experimental polariza
curves for the 5 cm2 cell at different methanol feed concentration
In agreement with the experiments, the model prediction for the
case shows a lower performance, due primarily to higher meth
crossover. No mass-transport limitation was found in either exp
ments and numerical calculations at this high methanol feed con
tration condition.

Conclusions

A two-phase multicomponent model with mixed potential effe
has been developed for the liquid-feed DMFC. Diffusion and c
vection of both gas and liquid phases are considered to more a
rately predict methanol crossover through the membrane cause
diffusion, convection, and electro-osmosis. The model is solved
merically using computational fluid dynamics and validated aga
available experimental data. The interactive transport phenom
and electrochemical kinetics in liquid-feed DMFC are studied ba
on the simulation results, and the effects of methanol feed con
trations on cell performance are discussed. Gas-phase transp
important in delivering methanol to the reaction site due to its m
higher diffusion coefficient. The void fraction at the outlet can be
high as 95% and the gas and liquid phase velocities in the anode
be increased by an order of magnitude from the inlet to the ou
due to significant volume expansion. The increase in methanol
concentration leads to a slight decrease in cell voltage and a pro
tional increase in the maximum current density, when the metha
concentration is smaller than 1 M. At methanol concentratio
greater than 2 M, the cell voltage is greatly reduced due to exces
methanol crossover and the maximum cell current density may
limited by oxygen transport on the cathode because the para
reaction of crossed methanol consumes oxygen as well. This
implies that the cathode stoichiometric flow ratio cannot be a
similarly low level to the hydrogen fuel cell not only because of t
need to prevent cathode flooding but also the competing consu
tion of oxygen between parasitic and main cathode reactions.

Figure 11. Validation of the present DMFC model against the experimen
data of a 5 cm2 cell at different temperatures.
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Methanol crossover is dominated by molecular diffusion at z
and small current densities, and its flux distribution is nearly u
form along the flow direction. At high current densities, the meth
nol crossover flux becomes small and both the diffusion and elec
osmosis equally contribute to methanol crossover. The cell volt
can be reduced by 0.1 V with methanol crossover at a small cur
density, but the effect diminishes with the cell current density. W
the increase of cell temperature, the methanol crossover flux
creases greatly.
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List of Symbols

c molar concentration, M
C mass fraction, kg/kg

Ca capillary number
C0 distribution parameter
D diffusivity, cm2/s
F Faraday constant, 96,487 C/mol
g gravitational acceleration, cm/s2

Haf location of anode backing/channel interface, cm
HbA thickness of anode backing layer, cm
HbC thickness of cathode backing layer, cm
HcA anode channel height, cm
HcC cathode channel height, cm
Hcm location of cathode backing/membrane interface~cathode catalyst layer!, cm
hm mass-transfer coefficient between porous electrode and gas channel, c

Hma location of membrane and anode backing interface~anode catalyst layer!, cm
HmS membrane separator thickness, cm

Hs length of shorter side of rectangular channel cross section, cm
Hw length of wider side of rectangular channel cross section, cm

I current density, A/cm2

I 0 effective exchange current density, A/cm2

I p parasitic current density at cathode resulting from methanol crossover, A2

Ie ionic current density vector, A/cm2

j species mass flux, kg/cm2 s
K permeability of porous material, cm2

kH Henry’s law constant, Pa
krg relative permeability of gas phase

l Figure 12. Validation of the present DMFC model against the experimen
data of a 5 cm2 cell at different methanol feed concentrations.



pert,

tro-

e,
Pen-

tro-

am-
y

The

s
hers,

y
r,
Pen-

c-

iv-

Journal of The Electrochemical Society, 150 ~4! A508-A519 ~2003! A519
krl relative permeability of liquid phase
L cell length, cm
ṁ source term in species conservation equation, kg/cm3 s
M molecular weight, kg/mol

M k formula of species k
N mass flow rate, kg/cm2 s

nRi net electrode output of electrode reaction Ri
nd electro-osmotic drag coefficient
p pressure, Pa

pA anode pressure, Pa
pc capillary pressure, Pa
pC cathode pressure, Pa
pv saturated vapor pressure, Pa
R gas constant, J/~mol•K!

Rcontact ohmic contact resistance,V cm2

Re Reynolds number,ruH/m
RH relative humidity
SRi

k stoichiometric coefficient of species k in reaction Ri
Sc Schmidt number,v/D
Sh Sherwood number,hmH/D

s liquid saturation
t time, s
T temperature, K
U phase velocity in channel, cm/s, or potential, V

Ug,j drift velocity, cm/s
u superficial velocity vector, cm/s
u velocity in x direction, cm/s
v velocity in y direction, cm/s

Vcell cell voltage, V
x coordinate, cm, or mole fraction in liquid solution, mol/mol
y coordinate, cm

Greek

a void fraction in channel
aa anodic transfer coefficient at anode
ac cathodic transfer coefficient at cathode
gc two-phase convection correction coefficient

dfilm liquid film thickness of Taylor flow, cm
« porosity
h overpotential, V
k ionic conductivity of membrane, cm/V
l relative mobility
m viscosity, kg/~cm•s!
n kinetic viscosity, cm2/s
u contact angle, °
r density, kg/cm3

rk kinetic density, kg/cm3

s interfacial tension, N/cm
t tortuosity factor in the anode channel

Superscripts

CO2 carbon dioxide
H2O water

k species k
MeOH methanol

n reaction order
O2 oxygen
tg tortuosity factor of gas-phase diffusion in porous region
t l tortuosity factor of liquid phase diffusion in porous region
- average value in channel

Subscripts

A anode
bA anode backing layer
bC cathode backing layer
C cathode

cA anode channel
cC cathode channel
eff effective value
eq equilibrium value
g gas phase

in inlet
l liquid phase

mS membrane separator
oc open circuit
ref reference value
sat saturated
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