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a b s t r a c t

A two-dimensional two-phase mass transport model for liquid-feed direct methanol fuel cells (DMFCs)
is presented in this paper. The fluid flow and mass transport across the membrane electrode assembly
(MEA) is formulated based on the classical multiphase flow theory in the porous media. The modeling of
mass transport in the catalyst layers (CLs) and membrane is given more attentions. The effect of the two-
dimensional migration of protons in the electrolyte phase on the liquid flow behavior is considered. Water
and methanol crossovers through the membrane are implicitly calculated in the governing equations of
momentum and methanol concentration. A modified agglomerate model is developed to characterize the
microstructure of the CLs. A self-written computer code is used to solve the inherently coupled differential
Agglomerate model
Methanol crossover
E

governing equations. Then this model is applied to investigate the mechanisms of species transport and
the distributions of the species concentrations, overpotential and the electrochemical reaction rates in
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this work.

. Introduction

The liquid-feed direct methanol fuel cell (DMFC) is presently
egarded as one of the most promising candidates to replace the
onventional batteries, especially those used for portable elec-
ronic devices [1]. However, the commercialization of DMFCs is
till hindered by several technological problems [2], such as low
lectro-activity of methanol oxidation on the surface of anode cat-
lyst particles, substantial methanol crossover through the proton
xchange membrane (MEM) from the anode to the cathode and the
ater management to prevent severe cathode flooding. Extensive

fforts have been made to solve these problems and also much work
as been focused on the fundamentals of the DMFC system, among
hich the computational modeling of DMFCs played an important

ole. Modeling was regarded as a powerful and economical tool to
nvestigate the intrinsically coupled processes in a DMFC which are
ifficult to be studied by experiments.

Over the past decade, many mathematical models have been

eveloped [3–19], which include single-phase models [3–11] and
wo-phase models [12–19]. Most of the previous published mod-
ls for DMFCs are based on the single-phase flow assumption and
everal significant conclusions have been obtained according to
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erlapping angle of agglomerates on cell performance are also explored in

© 2008 Elsevier B.V. All rights reserved.

he analysis of the distribution of species concentration, the effect
f operation conditions on cell performance and so on. However,
he in situ visualization research of DMFC [20–23] revealed that
he fluid flow in the DMFC is not a simple single-phase process,
here is coexisting liquid and gas two-phase flow behavior in the
ow channel because of the generation of gaseous carbon dioxide

n the anode catalyst layer (ACL) and formation of liquid water in
he cathode catalyst layer (CCL). The significant effects of the two-
hase flow behavior on the mass transport processes and on the
ell performance [12,17,19] demand the development of two-phase
athematical models.
Most of the published two-phase models are based on the clas-

ical multiphase flow theory with assumptions and simplifications.
ang and Wang [12] developed a two-phase model for DMFCs

ased on the mixture multiphase flow approach for the porous
egions and the drift flux model for the two-phase flow in channels
f the flow-field plates. The liquid and gas mixture is assumed to be
homogeneous fluid at the thermodynamic equilibrium condition,
nd its properties can be derived from the parameters of each indi-
idual phase based on certain mixing rules. The CLs in this model
re treated as infinitely thin interfaces. Ge and Liu [13] presented a
hree-dimensional, two-phase mathematical model adopting the

eneral momentum conservation equations with a source term
ccounting for the forces exerted on the fluid by the solid matrix of
he porous media. The CLs are treated as porous regions with finite
idth. Differential equations are solved by the CFD technique on

he single computational domain consisting of seven layers: flow

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:yalinghe@mail.xjtu.edu.cn
dx.doi.org/10.1016/j.jpowsour.2008.06.007
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∇ · (�s∇ϕs) = is (4)

where �m and �s denote the conductivity of electrolyte and car-
bon phases; im and is represent the generation rates of protons and
electrons respectively. In this model, the ACL, MEM and CCL are
234 Z. Miao et al. / Journal of Pow

hannels, diffusion layers (DLs), CLs and the MEM. Divisek et al.
14] developed a two-dimensional, two-phase mathematical model
or a DMFC by regarding the DLs as water-gas systems in the pore
pace with saturation permeability varying according to the cap-
llary effects. A new parameterization of the relationship between
apillary pressure and saturation is introduced in their work. In
articular, the electrochemical reactions are split up into reaction
hains to obtain a more precise expression of the electrochemical
eaction rates.

From the models mentioned above, it can be concluded that
he mass transport processes in the CLs and in the MEM are not
ully explored. Many researchers treated the CLs as either infinitely
hin interfaces or pseudo-homogeneous porous media to simplify
heir models. The microstructure of the CLs is ignored and the
imulations of potential and velocities in electrolyte-phase-region
CLs and MEM) are simplified. Studies of the microstructure of
Ls by high-resolution scanning electron microscopy (HR-SEM)
24] showed that the CLs consist of randomly distributed pores
nd agglomerates of much smaller carbon-based catalyst particles.
omputational model invoking agglomerate approach to model the
ass transport and electrochemical reaction processes in the CLs

s first developed for the alkaline oxygen electrode by Giner and
unter [25] with the concept of “flooded agglomerates”. In the case
f PEM fuel cells, researchers have also studied various phenomena
n the CLs based on the agglomerate model [26–30].

However, only a few literatures adopted the agglomerate model
o characterize the CLs of the DMFCs. Nordlund and Lindbergh [31]

odeled the anode of a DMFC based on an agglomerate model
or the mass transport and electrochemical reaction processes of

ethanol and carbon dioxide in the ACL. Modeling results showed
hat the concentration profiles within the agglomerates on the
node can be neglected so that the model can be simplified. In their
odel, they assumed isobaric condition in the electrode and that

arbon dioxide is dissolved in the water. Yang and Zhao [15] pre-
ented a two-dimensional, two-phase model for liquid-feed DMFCs
ith a micro-agglomerate model developed for the CCL. The oxy-

en transfer processes from the gas pores to the active sites were
odeled by considering the agglomerate covered by a liquid film.
Some simplifications used in the two-phase mass transport

odels above, including models that adopted the agglomerate
pproach, can be collected as follows: (1) The overpotential in
he CLs is always assumed to distribute uniform as the proton

igration process in the electrolyte phase of CLs is not consid-
red. The electrochemical reaction rates are very sensitive to the
verpotential, so it is worth investigating the effect of overpoten-
ial on the distribution of electrochemical reaction rates in the
Ls; (2) Both water and methanol crossover rates are explicitly
alculated by expressions that account for the combination of diffu-
ion, back convection and electro-osmotic drag. Consequently, the
wo-dimensional dispersion of water and methanol in the MEM
s simplified as one-dimensional permeation process through the

EM because only the variables at the two boundaries, interfaces
etween the CLs and the MEM, can be used in these expressions; (3)
he ‘parasitic’ methanol current density is dictated by the methanol
rossover rate. Since the mass transport of methanol in the CCL is
ot considered, the distribution of the ‘parasitic’ current cannot
e obtained; (4) The geometry of the spherical agglomerate with a
afion or water coating is always adopted in the agglomerate mod-
ls. However, the Nafion coating or water film covering outside of
he spherical agglomerate will block the access of electrons, so a
ore realistic geometry of the agglomerate should be developed to
atisfy the common recognition that the CLs should supply access
or all the three phases: reactants, protons and electrons.

The objective of this work is to develop a two-dimensional,
wo-phase mass transport model for a liquid feed DMFC which
rces 185 (2008) 1233–1246

an provide a useful insight into the mechanisms of species trans-
ort and more realistic distributions of variable fields in the CLs.

n this model, the local overpotential in the CLs are derived from
he current conservation equations by considering the transport of
lectrons in the carbon phase and protons in the electrolyte phase.
ater and methanol crossovers through the MEM are taken into

ccount by incorporating the MEM into the computational domains
f the momentum conservation equations and the species equation
or methanol. The ‘parasitic’ current density in the CCL is calculated
y a Tafel-like expression similar to that in the anode side and a
odified agglomerate model is applied for the CCL.

. Mathematical model

The two-dimensional computational domain, as enclosed by the
ashed lines in Fig. 1, represents the geometry of a complete MEA,
hich consists of anode diffusion layer (ADL), ACL, MEM, CCL and

athode diffusion layer (CDL). Since the parallel flow-field plates are
sed in the DMFC, only a periodic unit: part of the MEA sandwiched
y a flow channel and two hemi-ribs is considered in this model.
overning equations are elaborated below.

.1. Potential governing equations

In a DMFC, protons and electrons are generated in the ACL and
ombined in the CCL. The motion of protons and electrons obeys
he Ohm’s law and the current conservation equation:

= ∇(�ϕ) (1)

· I = i (2)

here I is the current vector and i is the generation rate of cur-
ent; � is the electric conductivity of materials and ϕ is the electric
otential.

Following the concept of electric potential of the membrane
hase ϕm (or electrolyte phase) and solid phases ϕs (or carbon
hase) introduced by Kulikovsky [6], we can obtain potential gov-
rning equations by substituting Eq. (1) into Eq. (2):

· (�m∇ϕm) = im (3)
Fig. 1. Schematic of the computational domain of a liquid-feed DMFC.
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pecified as the electrolyte-phase-region, which means the com-
utational domain of electrolyte phase potential.

.2. Velocity and pressure equations for gas and liquid phases

In the classical two-phase flow theory in a porous media, the
ass conservation equations can be given as follows:

· (�gug) = ṁg (5)

· (�lul) = ṁl (6)

here �, u and ṁ represent the density, the superficial velocity
ector and the mass generation rate.

.2.1. Velocity and pressure of the gas phase
Gas phase in the DMFC is a multi-component mixture, includ-

ng carbon dioxide, water vapor, methanol vapor and oxygen when
ure oxygen is supplied in the cathode flow channel (CFC). In order
o simplify the model, the commonly used assumptions are also
dopted in the present model that the transport of methanol in
as phase is neglected [13,15,18] and carbon dioxide produced by
he methanol oxidation reaction (MOR) on the anode and methanol
irect oxidation reaction (MDOR) on the cathode only exists in the
as phase [15–19]. The convective transport of gases is caused by
he pressure gradient of the gas phase, so the expression of gas
elocity is given as [15]:

g = −K
krg

�g
∇pg (7)

here K represents the absolute permeability of the porous media,
rg represents the relative permeability of gas phase, �g and pg are
he viscosity and pressure of the gas phase. By substituting Eq. (7)
nto Eq. (5), the governing equation of gas phase pressure can be
btained in the following form:

·
[(

−K
�gkrg

�g

)
∇pg

]
= ṁg (8)

.2.2. Velocity and pressure of the liquid phase
In a liquid-feed DMFC, the dilute methanol aqueous solution is

upplied in the anode flow channel (AFC). As protons produced on
he anode exist in the form of hydrated ions, the migration of pro-
ons in an electrical field will lead to the bulk motion of liquid phase.
o it can be seen that not only the gradient of liquid pressure but
lso electro-osmotic drag force contributes to the liquid velocity.
he expression of liquid velocity similar to that used in literature
12] is applied:

l = −K
krl

�l
∇pl + ndM

�l

I
F

(9)

here nd represents the electro-osmotic drag coefficient of water. F
s the Faraday’s constant. M is equal to the water molecular weight

W due to the dilute solution assumption. Substituting Eq. (9) into
q. (6), with the aid of Eqs. (1)–(3), we obtain:

·
[(

−K
�lkrl

�l

)
∇pl

]
= ṁl − ndMW

F
im (10)

The relative permeability of gas phase krg and liquid phase krl in
qs. (7)–(10) can be formulated by the liquid saturation alone [12]:
rl = s3 (11)

rg = (1 − s)3 (12)

The mass conservation and momentum conservation in the
MFC can be satisfied by solving Eqs. (7)–(10) iteratively.

u
o
c

i

rces 185 (2008) 1233–1246 1235

.3. Liquid saturation in the porous media

The liquid pressure in the porous media is not equal to the gas
ressure because of the capillary effect. The pressure difference
etween these two phases is defined as capillary pressure. The
everette function [32,33] is adopted to describe the relationship
etween the liquid saturation and the capillary pressure.

c = pg − pl = � cos �c

(
ε

K

)0.5
J(s) (13)

(s) =
{

1.417(1 − s) − 2.12(1 + 1.263(1 0
◦ ≤ �c < 90

◦

1.417s − 2.12s2 + 1.263s3 90
◦ ≤ �c < 180

◦ (14)

here �, �c and ε denote the surface tension of the liquid phase,
he contact angle between the liquid phase and the solid wall, and
he porosity of the porous media respectively. Substituting Eq. (13)
nto Eqs. (8) and (10) yields:

∇ ·
[(

K
�lkrl

�l

)(
dpc

ds

)
∇s
]

= ṁl + ndMW

F
im − �lkrl�g

�gkrg�l
ṁg (ADL, ACL) (15)

∇ ·
[(

−K
�gkrg

�g

)(
dpc

ds

)
∇s

]

= ṁg − �gkrg�l

�lkrl�g

(
ṁl + ndMW

F
im

)
(CDL, CCL) (16)

In order to guarantee the robustness of the self-written code
nd smaller interpolation error, governing equations for liquid
aturation are restricted to the specified computational domains
ndicated in Eqs. (15) and (16).

.4. Concentration of species

We now turn our attention to the mass transport of different
pecies, including methanol, oxygen and water vapor, in the porous
edia. The general species conservation equations [34] can be writ-

en as follows:

· (uiCi) = ∇ · (Deff
i ∇Ci) + Ṙi (17)

here Ci and Ṙi represent the concentration and the molar gen-
ration rate of species i. Deff

i
is the effective diffusion coefficient of

pecies i corrected with the porosity and liquid saturation. ui stands
or the velocity of liquid or gas phase and can be set as the value
elow for different species:

i =
{

ul CH3OH
ug O2, H2O ↑ (18)

here H2O↑ represents the water vapor.

.5. Electrochemical kinetics

As the mechanisms of the complicated multi-step electrochem-
cal reactions occurring in a DMFC have not been completely
nderstood, the Tafel-like expressions [18] are used for the kinetics

f MOR on the anode and oxygen reduction reaction (ORR) on the
athode for simplification.

a = sAairef
M

(
CM�M

Cref
M

)	

exp
[

˛aF

RT
(ϕs,a − ϕm,a)

]
(19)
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current densities at the anode and cathode can be respectively
calculated by:

Ia =
∫ ∫

ACL
ia dx dy

hc + hr
(26)

Table 1
Expressions of correction factor and related correlations for the agglomerate model

Descriptions Expressions

Total correction factor �O2
= 1

kH
�N�agg

Correction factor for Nafion
coating

�N = 1
1+(2/3)(Deff

agg/DN)(
s coth 
s−1) ln (Ragg+ıN)/Ragg

Correction factor for
agglomerate

�agg = 6R2
in

Ragg
s

I′(
s)
I(
s) f (�)

The Thiele modulus 
s = Rin

√
kv/Deff

O2,agg

The volume reaction rate
constant

kv =
√

Ac iref
O2

4F(1−εcc)Deff
O2 ,agg

Cref
O2

exp
[

˛cF
2RT (ϕm − ϕc)

]

Fig. 2. Sketch of the aggl

c = (1 − s)Aciref
O2

(
CO2 �O2

Cref
O2

)
exp

[
˛cF

RT
(ϕm,c − ϕs,c)

]
(20)

here CM and CO2 are the concentrations of methanol and oxygen in
he bulk pores of the CLs; Cref

M and Cref
O2

are reference concentrations;

M and �O2 are correction factors derived from the agglomerate
odel and will be discussed in detail later. The reaction order 	 is

etermined by the methanol concentration at the active sites of the
atalyst particles, CM�M, and can be set as:

=
{

0 CM�M > Cref
M

1 CM�M ≤ Cref
M

(21)

The correction factors, �M and �O2 in Eqs. (19) and (20), consider
ffects of the mass transfer resistance induced by agglomerates
ith a Nafion coating and a overlapping region between two adja-

ent agglomerates as illustrated in Fig. 2. In the ACL, the Thiele
odule is very small so that there is no need to account for the

oncentration difference in the agglomerate [31]. In this model, the
orrection factor �M = 1.0 is adopted for the ACL.

In the CCL, oxygen in the bulk pores should first dissolves into
he Nafion coating. This process can be described by the Henry’s
aw:

O2N = CO2

kH
(22)

here kH is the Henry’s constant and CO2N is the concentration of
issolved oxygen at the outer surface of the Nafion coating. It is
ssumed that the transport of oxygen in the Nafion coating and in
he agglomerate is a diffusion dominating process, so that the mass
ransport of oxygen through the Nafion coating and consumption
f oxygen in the agglomerate can be modeled with:

2
d CO2,N

dr2
+ 1

r

dCO2,N

dr
= 0 (Sub-domain I) (23)

d2CO2,agg

dr2
+ 1

r

dCO2,agg

dr
= kv

Deff
O2,agg

CO2,agg (Sub-domain II) (24)

F

F

te geometry in the CCL.

d2CO2,agg

dr2
+ 2

r

dCO2,agg

dr
= kv

Deff
O2,agg

CO2,agg (Sub-domain III) (25)

here CO2,N and CO2,agg represent, respectively, the concentration
f oxygen in the Nafion coating and in the agglomerate. Deff

O2,agg is
he effective diffusion coefficient of oxygen in the agglomerate and
v is the volumetric reaction rate constant in the agglomerate. The
etailed derivation of Eqs. (23)–(25) is enclosed in Appendix A. The
orrection factor �O2 can be obtained by solving Eqs. (23)–(25). The
xpression of the correction factor and related correlations in detail
re listed in Table 1.

.6. Current balance and cell voltage

In a working fuel cell, which is part of the circuit, the mean
unction related to overlapping
angle

f (�) = cos �

[2−(1−cos �)2(2+cos �)]

unction related to the Thiele
modulus

I(
s) =
∞∑

n=0

[C ′
n(Ragg − Rin)n]
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Fig. 3. Specified computational sub-domains for the solving variables.

c =
∫ ∫

CCL
ic dx dy

hc + hr
(27)

Because part of the oxygen is consumed by the MDOR in the CCL,
he current conservation equation can be expressed as:

Cell = Ia = Ic − Ip (28)

here the ‘parasitic’ current, Ip, is a virtual current and denotes the
uel loss caused by methanol crossover. It is worth to point out that,
nlike the assumptions adopted by many other literatures that the

parasitic’ current is distributed uniformly on the x direction in the
CL, the ‘parasitic’ current in this model is calculated by adopting
Tafel-like expression similar to that used in literature [6].

p = Aciref
M

(
CM�M

Cref
M

)	

exp
[

˛aF

RT
(ϕm,c − ϕs,c)

]
(29)

Finally, the cell voltage can be determined from the expression
s follows:

Cell = V0 − ϕ0
s,a (30)

here V0 is the thermodynamic equilibrium voltage of a DMFC; ϕ0
s,a

epresents the virtual local potential on the ribs of the anode flow-
eld plate. Note that the electric resistance in the electrolyte phase

s implicitly accounted by the potential drop in the electrolyte-
hase-region when solving the potential governing equations.

Up to this point, all the governing equations related to the two-
hase mass transport and electrochemical reactions have been
resented. In order to exhibit the detailed information of the
overning equations, the computational sub-domains for solving
ariables are shown in Fig. 3. The expressions of source terms of
he specific equations and correlations of several coefficients are
isted in Table 2.

.7. Boundary conditions
Boundary conditions are necessary for each governing equa-
ion restricted to the corresponding computational sub-domains.
onditions at different boundaries marked with Arabic number
ymbols are given as follows:

p
m
c

rces 185 (2008) 1233–1246 1237

(I) Boundaries 1 and 3: These two boundaries are the interfaces
between the ADL and the ribs of the anode flow-field plate.
These interfaces are impermeable for reactants but perme-
able for electrons:

∂pl

∂x
= 0,

∂pg

∂x
= 0,

∂s

∂x
= 0,

∂CM

∂x
= 0,

∂CWV

∂x
= 0, ϕs = ϕ0

s,a (31)

(II) Boundary 2: This boundary is the interface between the ADL
and the AFC, which is the inlet of methanol solution and
outlet of carbon dioxide and water vapor. This boundary is
impermeable for the electrons:

pl = pin
l,a, pg = pin

l,a + pchannel
c,a , s = schannel

a ,

CM = C in
M, CWV = Csat

WV,
∂ϕs

∂x
= 0 (32)

(III) Boundaries 4 and 8: The symmetrical conditions for all
variables are specified at these two boundaries as the com-
putational domain is a periodic unit of the entire cell:

∂pl

∂y
= 0,

∂pg

∂y
= 0,

∂s

∂y
= 0,

∂CM

∂y
= 0,

∂CWV

∂y
= 0,

∂CO2

∂y
= 0,

∂ϕs

∂y
= 0,

∂ϕm

∂y
= 0 (33)

(IV) Boundaries 5 and 7: These two boundaries are the interfaces
between the DL and ribs at the cathode side. Similar to bound-
aries 1 and 3, the conditions at these two boundaries can be
given as:

∂pl

∂x
= 0,

∂pg

∂x
= 0,

∂s

∂x
= 0,

∂CO2

∂x
= 0,

∂CWV

∂x
= 0, ϕs = 0 (34)

(V) Boundary 6: Similar to boundary 2, this boundary represents
the inlet of reactants on the cathode side. The following
boundary conditions at this interface are specified:

pl = pin
g,c + pchannel

c , pg = pin
g,c, s = schannel

c ,

CO2 = C in
O2

, CWV = 0,
∂ϕs

∂x
= 0 (35)

(VI) Boundaries 9 and 12: As the left and right boundaries of the
electrolyte-phase-region, which are impermeable walls for
protons. Accordingly, the flux of protons is zero at these two
boundaries:

NH+ = 0 (36)

where NH+ represents the molar flux of protons.
(VII) Boundary 10: This boundary is the interface between the ACL

and MEM. As the membrane is treated as an impermeable
wall for the electrons and gas phase, the conditions at this
interface can be given as:

Ne− = 0, NWV = 0 (37)

VIII) Boundary 11: Similar to boundary 10, conditions for this inter-
face can be specified as:

Ne− = 0, NWV = 0, NO2 = 0 (38)
The liquid saturation at boundary 2, schannel
a , is one of the key

arameters in the present model. schannel
a depends strongly on both

ass transport through the AFC/ADL interface and the compli-
ated two-phase flow in the AFC. It is a rather challenging work to
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Table 2
Expressions of source terms and coefficients of the governing equations

Parameters, symbols Expressions in sub-domains of computational

ADL ACL CCL CDL

Generation rate of protons, im 0 ia ic−ip 0
Generation rate of electrons, is 0 −ia −(ic−ip) 0
Generation rate of mass in gas phase, ṁg MWṘW MWṘW + MCO2

ṘCO2
MWṘW + MCO2

ṘCO2
+ MO2

ṘO2
MWṘW

Generation rate of mass in liquid phase, ṁl −MWṘW −MWṘW − MCO2
ṘCO2

−MWṘW − MCO2
ṘCO2

− MO2
ṘO2

−MWṘW

Mole generation rate of species
ṘM 0 −ia/(6F) −ip/(6F) 0
ṘO2

0 0 −ic/(4F) 0
ṘWV ṘW ṘW ṘW ṘW
ṘCO2

0 ia/(6F) ip/(6F) 0

Interfacial molar transfer rate of water
between liquid and vapor [38], ṘW

ke
εs�l
2MW

(psat
W − yWVpg)q

+ kc
ε(1−s)yWV

2RT (psat
W

− yWVpg)(1 − q)

Switch factor q =
(

1 + psat
W

−yWVpg∣∣psat
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∣∣
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3.2. Mechanism analysis of species transport

The transport processes of species in a DMFC are very
complicated as they are intrinsically coupled with both the elec-

Table 3
Geometric and operating parameters of the DMFC

Parameters Symbols Value Unit

Structure parameters
Porosity, thickness

ADL εadl, ladl 0.64, 2.6 × 10−4 −, m
ACL εacl, lacl 0.3, 0.2 × 10−4 −, m
MEM εmem, lmem 0.3, 1.3 × 10−4 −, m
CCL εccl, lccl 0.3, 0.2 × 10−4 −, m
CDL εcdl, lcdl 0.64, 2.6 × 10−4 −, m

Height of a half rib hr 0.5 × 10−3 m
Height of channels hc 1 × 10−3 m
Length of channels Lc 3 × 10−2 m
ffective diffusion coefficients of methanol Deff
M = DM,l(εs)1.5

ffective diffusion coefficients of species in gas
phase

Deff
i

= Di,g

[
ε(1−s)−ε0

1−ε0

]2

odel the mass transport in liquid–gas two-phase flow in the AFC.
dditionally, the AFC is perpendicular to and not involved in the
omputational domain, so some simplifications are necessary. In
his situation, many researchers prefer to specify the liquid satura-
ion in the AFC as a constant [17,18]. In order to reflect the saturation
evel in the AFC for various cell current density, the average of liquid
aturation at the inlet and outlet of the AFC is applied in the present
odel instead of a specified value. The mass conservation equation

n the AFC can be given as:

Q in
a
A

− uoutlet
l,a soutlet

a = Vl,afc (39)

outlet
g,a (1 − soutlet

a ) = Vg,afc (40)

here uoutlet
l,a , uoutlet

g,a and soutlet
a represent the liquid velocity, gas

elocity and liquid saturation at the outlet of the AFC. Q in
a is the

olumetric flow rate of methanol solution at the anode inlet. A is
he area of the cross-section of the AFC. V1,afc and Vg,afc stand for
olumetric flow rates of liquid and gas phases at the AFC/ADL inter-
ace. According to the present visualization research [21], the slug
ow rather than the bubble flow is more frequently encountered in
he AFC. In the slug flow, the large difference between gas velocity
nd liquid velocity has significant influences on the mass trans-
ort in the AFC. For more realistic modeling of the AFC, instead
f the homogeneous model, a simplified expression derived from
he drift-flux models [35,36] is applied to describe the relationship
etween the gas velocity and liquid velocity:

outlet
g,a = 1.35 [(1 − soutlet

a )uoutlet
g,a + soutlet

a uoutlet
l,a ] (41)

By solving Eqs. (39)–(41), we can obtain soutlet
a . And then schannel

a
an be calculated from the expression below:

channel
a = 1 + soutlet

a
2

(42)
. Numerical results and discussion

A self-written code based on the finite-volume-method is devel-
ped to solve the governing equations iteratively under the baseline
onditions and parameters given in Tables 3 and 4. Model validation
nd the distributions of several variable fields are present below.

O
O
A

C
A
I
I

.1. Model validation

Cell performance predicted by the present model for the DMFC
ed with 0.25 M and 0.5 M methanol solution is compared with the
xperimental data [37] in Fig. 4 under the same operation condi-
ions, including the anode flow rate of 1.0 ml min−1 for 15 channels,
he cathode flow rate of 1000 ml min−1 and the cell temperature at
5 ◦C. In order to validate the reliability of the present model, the
ame set of parameters are used to predict the polarization behav-
or for different methanol feeding concentrations. As can be seen
rom Fig. 4, the predicted polarization curves are generally in good
greement with the experimental data. The deviations of the pre-
icted data from the experimental data in the low current density
egion are probably caused by the simplifications used in the mod-
ling of the two-phase flow in the AFC. It can also be found from the
ower density curves that the highest power density is achieved at
he front-end of the concentration polarization region, so it is a wise
hoice to let the DMFC work in the Ohm polarization region.
peration conditions
peration temperature T 348.15 K
node channel inlet pressure pin

l,a
101325 Pa

athode channel inlet pressure pin
g,c 101325 Pa

node flow rate Qa,in 1 ml min−1

nlet methanol concentration at anode Cin
M 250-500 mol m−3

nlet oxygen concentration at cathode Cin
O2

35 mol m−3
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Table 4
Physicochemical properties and electrochemical kinetics parameters used in simulation

Parameters Symbols Value Unit References

Physicochemical properties
Nafion volume fraction in ACL and CCL εN,acl, εN,ccl 0.4, 0.4
Conductivity in membrane phase �m 7.3e[1268(1/298−1/T)] �−1 m−1 [3]
Conductivity in solid phase �s 1.2 × 104 �−1 m−1

Permeability
ADL Kadl 2 × 10−12 m2 [15]
ACL Kacl 1 × 10−14 m2 [15]
MEM Kmem 5 × 10−18 m2

CCL Kccl 1 × 10−14 m2 [15]
CDL Kcdl 2 × 10−12 m2 [15]

Viscosity of gas phase �g 2.03 × 10−5 kg m−1 s−1 [38]
Viscosity of liquid phase �l 4.06 × 10−4 kg m−1 s−1 [15]
Electro-osmotic coefficients of water nd 2.5 [17]

Diffusivities
Methanol in liquid water DM,l 10−5.4163−999.778/T m2 s-1 [12]
Methanol in Nafion DM,N 4.9 × 10−10e[2436(1/333−1/T)] m2 s-1 [3]
Oxygen in gas phase DO2,g 1.775 × 10−5(T/273.15)1.823 m2 s-1 [12]
Oxygen in Nafion DO2,N 1.844 × 10−10 m2 s-1 [39]
Vapor in gas DWV,g 2.56 × 10−5(T/307.15)2.334 m2 s-1 [12]

Henry law constant kH 0.3125 × 101325/(RT) [27]
−2.1794 + 0.02953 (T − 273)

Saturation pressure of vapor log10 psat
W −9.1837 × 10−5 (T − 273)2 atm [15]

+1.4454 × 10−7 (T − 273)3

Evaporation rate constant of water ke 5 × 10−3 atm−1 s−1 [40]
Condensation rate constant of water kc 50 s−1 [40]

Electrochemical kinetics parameters
Exchange current density

Anode Aairef
M 5.8 × 104 A m−3

Cathode Aciref
O2

2.35 × 102 A m−3

Methanol crossover Aciref
M 1 × 105 A m−3

Reference concentration of methanol Cref
M 100 mol m−3 [12]

Reference concentration of oxygen Cref 0.52 mol m−3 [15]

0.5
1.0
1.2

t
g
p
c

F
i

O2
Transfer coefficient of anode ˛a
Transfer coefficient of cathode ˛c
Thermodynamic voltage V0

rochemical reactions and the mass transport between liquid and

as phases. So better understanding of fundamental species trans-
ort mechanisms in a DMFC is essential to the optimization of the
ell design.

ig. 4. Comparison of cell performance predicted by the present model and exper-
mental data [37].
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[40]
[15]

1 V [12]

The concentration distributions of methanol and oxygen are
iven in Fig. 5(a) and (b) respectively. A sharp decrease in methanol
oncentration can be seen from the AFC to the ACL due to the con-
umption in the MOR. The methanol concentration also decreases
rom the under-channel region to the under-rib region because ribs
f the flow-field plate limit the access of methanol solution to the
CL. As a contrast, the distribution of oxygen concentration in the
DL and CCL is nearly uniform, which can be observed from Fig. 5(b).
he largest relative difference of oxygen concentration is 0.63%. This
s because the diffusion coefficient of oxygen is several orders of

agnitude higher than that of methanol and the density of the gas
hase is very low. Fig. 5 indicates that the degradation of cell perfor-
ance caused by the concentration polarization on the electrodes

s mainly due to the mass transport limitation of methanol. In sec-
ion 3.4, the non-uniform distribution of MOR rate mainly caused
y the non-uniform distribution of methanol concentration in the
CL will also be observed.

The total flux of methanol transport consists of two contribu-
ions with different transport mechanisms: diffusion caused by the
radient of methanol concentration as can be seen from Fig. 5(a)
nd convection caused by the bulk motion of the liquid phase. The
iquid motion in the MEA is driven by the gradient of liquid pres-
ure and the electro-osmotic drag force. Noteworthy is that most

f the previous models for DMFCs mainly focus on the transport
henomena in the anodic or cathodic porous media. The present
odel also provides a modeling of the simultaneous methanol and
ater transport across the MEM. Fig. 6 shows the distributions of
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Fig. 5. Distribution of (a) methanol concentration in four layers: ADL, AC

elocity fields of liquid and gas phases in the upper half of the com-
utational domain. Apparently, the complex liquid–gas two-phase
ounter-flow behaviour can be seen in the porous MEA. As shown
n Fig. 6(a), the methanol solution moves from the AFC to the ACL in
wo directions: directly to the under-channel region of the ACL and
naking through the ADL to the under-rib region of the ACL. And

hen, the excess water and methanol in the ACL permeate through
he MEM to the CCL, where methanol is totally oxidized and the
RR takes place to form water. The produced water, along with

he water crossing over from the anode, transfers through the CDL

m
r
a
a

Fig. 6. Distribution of velocity vector of (a) liquid phase and (b) gas phase
and CCL, (b) oxygen concentration in the cathode (Cell voltage: 0.11 V).

o the CFC. By contrast, the gas phase movement in the opposite
irection can be seen from Fig. 6(b), as oxygen is consumed in the
CL while carbon dioxide is simultaneously generated in the ACL.
ecause the MEM is regarded as a gas insulator, there is a blank of
he gas velocity field in this region.

In order to quantify the effects of diffusion and convection on the

ethanol transport in the ACL, their contributions to the mean cur-

ent density for 0.25 M and 0.5 M methanol feeding concentrations
re compared in Fig. 7. It can be clearly seen that convection only
ccounts for a small fraction of the total flux of methanol. More than

in the upper half of the computational domain (Cell voltage: 0.11 V).
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in the CCL can also be seen from the detailed view of liquid pressure
in the CCL. This pressure profile indicates that the water flux in the
under-channel region of the CCL is heavier than that in the under-
rib region. The water flux in the CCL includes water generated by
ig. 7. Share of contributions of diffusive and convective transport to the cell current
ensity for various cell voltage.

0% of the mean current density results from methanol diffusive
ransport, which indicates that the mass transport of methanol in
he ACL is dominated by diffusion mechanism. Besides that, another
rend can be observed that the percentage of convection for a given

ethanol feeding concentration, 0.25 M or 0.5 M, decreases with
n increase in cell current density. This phenomena result from
he combined effects of liquid velocity and methanol concentration
n methanol transport. When the current density becomes larger,
ore methanol and water will be consumed in the ACL, and this
ill lead to an increase in the liquid velocity and a decrease in the
ethanol concentration. Accordingly, it is easy to conceive that the

ontribution of the increased liquid velocity to the methanol con-
ection is weakened or even submerged by the decreased methanol
oncentration while the diffusive transport contributes more sig-
ificantly to the total methanol flux due to the increase in the
oncentration gradient of methanol. According to the above anal-
sis, it can be seen that convection is a weak point in methanol
ransport processes. Efforts on enhancing the convective methanol
ransport can significantly improve the cell performance.

.3. Analysis of water and methanol crossovers through the MEM

Water and methanol crossovers through the MEM from the
node to the cathode are two of the key technological challenges
n the research of DMFCs. The total flux of methanol crossover is
omprised of three contributions, namely: diffusion due to the con-
entration gradient of methanol, back convection due to the bulk
otion under adverse pressure gradient and electro-osmotic drag

ow due to the transport of protons in the electrolyte phase. As it
s assumed that the MEM is fully hydrated and no water diffusion
ccurs, water crossover mainly rests with the back convection and
lectro-osmotic drag flow.

Fig. 8 shows the liquid pressure profiles along x direction of the
omputational domain at three different locations on y direction. It
an be seen that the liquid pressure increases rapidly in the MEM.
his huge adverse pressure gradient causes the back convection of
ethanol solution from the cathode to the anode, which can reduce
ethanol crossover, and is beneficial to the cell performance. In
his model, we considered the contribution of electro-osmotic drag
o liquid velocity not only in the MEM but also in CLs. It can be
bserved from the detailed view of the liquid pressure profiles that
he driving force of liquid velocity is transferred gradually from
ressure gradient to electro-osmotic drag force, exhibited as the

F
i

ig. 8. Liquid pressure along x direction for different locations on y direction (Cell
oltage: 0.11 V).

inimum and maximum points of the liquid pressure profiles. This
roves that it is necessary to consider the electro-osmotic drag flow

n CLs in order to avoid the overestimate of the contribution of
ressure gradient to the liquid velocity, especially on the cathode
ide. Also in Fig. 8, the liquid pressure in the under-rib region of
he CDL is higher than that in the under-channel region. This trend
grees well with the results reported in [15,17] as the liquid water
s prone to accumulate in the corner under ribs. However, a higher
nd sharply decreasing liquid pressure in the under-channel region
ig. 9. Distribution of potential of electrolyte phase and the local current of protons
n the electrolyte-phase-region (Cell voltage: 0.11 V).
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the methanol concentration and electrochemical reaction rates
vary within several orders of magnitude. Values of variables at point
(x = 0.00026 m, y = 0.001 m) are set as the reference values in the
ACL, and values of variables at point (x = 0.00041 m, y = 0.001 m)
are set as the reference values in the CCL.
ig. 10. Percentage of contributions resulting from different methanol transport
echanisms to the total methanol crossover flux for various cell voltage.

he ORR and more importantly, flux of water crossover through the
EM, which is the larger part of the total water amount.
The distributions of potential and the local current of protons in

lectrolyte-phase-region are shown in Fig. 9. Similar to the distri-
ution of methanol concentration, the electrolyte phase potential
ecreases from the ACL to the CCL and from the under-channel
egion to the under-rib region. This is a result of the higher proton
eneration rate in the under-channel region of the ACL as protons
ove from the ACL to the CCL driven by the electrical field force. The

eneration and consumption of protons in terms of the increase and
ecrease in the local current vector can also be observed from the
ub-regions: x = 0.00026–0.00028 m and x = 0.00041–0.00043 m.

Figs. 8 and 9 provide a detailed description of water crossover
hrough the MEM. A common feature of these two figures is that
oth the liquid pressure gradient and electro-osmotic drag force
romote the migration of protons, methanol and water from the
nder-channel region to the under-rib region in the electrolyte-
hase-region, which can also be clearly seen in Fig. 6(a). This
igration process can reduce the non-uniformity of the DMFC,
ake better usage of the catalyst in the CCL and thus is beneficial

o the cell performance.
In order to graphically show the effects of each methanol trans-

ort mechanism on the methanol crossover, the percentage of their
ontributions to the total flux of methanol crossover are calcu-
ated. As can be seen in Fig. 10, the scale of the percentage is set
o begin with 60% to give prominence to the difference between
ases for various cell voltages. Clearly, the diffusive transport dom-
nates methanol crossover with a share of more than 85%. The back
onvection of methanol solution can reduce methanol crossover
ux by approximately 2%. So carefully adjusting the inlet pressure
f the AFC and CFC or making some structure improvements, such
s adding a micro-pore layer between the CCL and CDL will sup-
ress methanol crossover by increasing the back convection flux of
ethanol solution.

.4. Analysis of the distributions of electrochemical reaction rates
n CLs

Electrochemical reactions occurring in CLs of the DMFC are

ery complicated multi-step processes which are always described
y empirical expressions like Eqs. (19) and (20). Because the
verpotential is at the power position of the Euler’s constant
approximately 2.7183), it has significant impact on the electro-
hemical reaction rates. In the present model, we calculated the

F
i

ig. 11. Distribution of overpotential, MOR rate and methanol concentration in the
CL (Cell voltage: 0.31 V).

istribution of overpotential and the effect of overpotential on elec-
rochemical reaction rates, as shown in Figs. 11–13. It should be
oted that the non-dimensional relative scale is adopted for the

nvestigated variables to clearly show their distributions because
ig. 12. Distribution of oxygen concentration, overpotential, ORR rate and PCR rate
n the CCL (Cell voltage: 0.31 V).



er Sources 185 (2008) 1233–1246 1243

m
A
u
d
r
o
t
d
t
r
t
c
a
b
d

t
w
i
e
t
i
b
d
t
p
n
g
r
a
c
t
D
m
a

F
t

s
C
s
b
o
a
m
a
c

3

Z. Miao et al. / Journal of Pow

The distributions of anode overpotential, MOR rate and
ethanol concentration in the ACL are presented in Fig. 11.
pparently, methanol concentration decreases sharply from the
nder-channel region to the under-rib region and gently along x
irection, while the distribution of anode overpotential displays a
everse but more gradual trend. As a result of the combined effects
f methanol concentration and anode overpotential, the distribu-
ion of MOR rate appears in the shape of a saddle, similar to the
istribution of methanol concentration but having an uprising in
he region close to the MEM. So it can be concluded that the MOR
ate in the ACL is mainly dominated by the methanol concentra-
ion while the work point of the cell is within the mass transport
ontrolled region. Also in Fig. 11, the anode overpotential exhibits
self-regulation characterize to the effect of non-uniform distri-

ution of methanol concentration on the MOR rate by making the
istribution of MOR rate more uniform throughout the ACL.

It has been mentioned about the results in Fig. 5 that the dis-
ribution of oxygen concentration in the CCL is almost uniform,
hich can also be seen in Fig. 12. If the overpotential in the CCL

s set as a constant, the uniform distribution of ORR rate will be
xpected logically. However, an extremely non-uniform distribu-
ion of ORR rate can be seen in Fig. 12 due to the slightly decrease
n the cathode overpotential in the under-rib region. These distri-
utions indicate that the non-uniformity of the ORR rate in the CCL
epends highly on the cathode overpotential. As mentioned above,
he total amount of oxygen consumed in the ORR includes two
arts: oxygen reacted with protons transported from the anode,
amed proton consumption reaction (PCR) in this paper, and oxy-
en consumed in the MDOR. In Fig. 12, a large gap between the PCR
ate and the ORR rate in the region near the MEM can be observed,
nd this indicates that although most of the oxygen in the CCL is
onsumed in the region near the MEM, only part of the oxygen par-

icipates in the PCR. And this situation will get worse when the
MFC works at a lower current density as more methanol will per-
eate through the MEM. On the other hand, Fig. 12 also predicts
non-uniform distribution of the MDOR rate which can be clearly

ig. 13. Distribution of overpotential, methanol concentration and MDOR rate in
he CCL (Cell voltage: 0.31 V).
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Fig. 14. Effect of the agglomerate radius on the cell performance.

een in Fig. 13. The distribution of methanol concentration in the
CL is extremely non-uniform and the MDOR rate decreases more
harply than methanol concentration along both x and y directions
ecause of the effect of the slight non-uniform distribution of cath-
de overpotential. The results showed in Figs. 11–13 indicate that
ccounting for the simultaneous transport processes of protons,
ethanol and water in the electrolyte-phase-region is helpful in

chieving a more realistic prediction of the distribution of electro-
hemical reaction rates in CLs.

.5. Effect of the agglomerate radius and overlapping angle

A modified agglomerate model is introduced in this work to
onsider the effect of microstructure of the CLs on cell perfor-
ance. Fig. 14 presents the effect of the agglomerate radius on

olarization curves. The Ragg = 0 case corresponds to the homoge-
eous model in which the transport resistance in the agglomerates
s not taken into account. It can be seen that the homogeneous
odel overestimates the cell performance due to neglect of the
ass transfer resistance induced by agglomerates. Fig. 14 also

hows that the cell voltage decreases with an increase in the
gglomerate radius because of the higher mass transfer resistance

ig. 15. Effect of the overlapping angle of agglomerates on the cell performance.
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n larger agglomerate. Results in Fig. 14 indicate that fully dis-
ersion of catalyst particles in the fabrication processes of the
lectrodes to achieve smaller size can lead to a better cell perfor-
ance.
Besides that, the overlapping angle, another key parameter of

he agglomerate, can reflect the topological of the agglomerates
o a certain extent. The effect of the overlapping angle on cell
erformance is shown in Fig. 15. Note that agglomerates with
verlapping angles equal to 0 and 90 degrees correspond to the
pherical and cylindrical agglomerate geometry respectively.
nd our modified model can predict the general microstructure
f agglomerate with an overlapping angle between 0 and 60
egrees. An increase in the overlapping angle only leads to a slight
ecrease in the cell voltage, implying that the overlapping angle

n the present agglomerate model has a rather little effect on the
olarization curve. This little effect is probably attributed to the
ecrease in the specific surface area of the agglomerates when the
verlapping angle becomes larger.

. Conclusions

A two-dimensional, two-phase mass transport model adopting
modified agglomerate model has been developed to investigate

he mechanisms of species transport processes and the distribu-
ions of several key variables in the DMFC. The microstructure of
he CLs and the effect of electro-osmotic drag on the liquid motion
n the electrolyte-phase-region are considered. The electrons and
rotons transport processes are also taken into account to numer-

cally calculate the distribution of overpotential in both ACL and
CL. Based on the analysis of the numerical results, conclusions are
ummarized as follows:

1) The distribution of methanol concentration is significantly non-
uniform along both x and y directions in the computational
domain. As a contrast, almost uniform distribution of oxy-
gen concentration appears in the cathodic porous region due
to the lower transport resistance for gas phase in the CDL.
Compared with convection, diffusive transport dominates the
methanol transport and has major effect on the working current
density.

2) Methanol crossover mainly results from the diffusive transport
while water crossover mainly rests with the electro-osmotic
drag flow. In the electrolyte-phase-region, methanol and water
is prone to transfer from the under-channel region to the
under-rib region in addition to the main transport processes
along x direction. Numerical results also show that it is nec-
essary to consider the migration process of protons in the
electrolyte phase to achieve a detailed description of the trans-
port processes of protons, methanol and water throughout the
electrolyte-phase-region.

3) The distributions of different variables interact with each other
and this convoluted relationship can be mainly understood
as that non-uniform distribution of methanol concentration
results in non-uniform distribution of MOR rate, and the lat-
ter will lead to a non-uniform distribution of overpotential in
the CCL. An extremely non-uniform distribution of ORR rate
appears in the CCL because of the significant effect of cathode
overpotential on the ORR rate even though the distribution of
oxygen is nearly uniform.
4) The numerical results indicate that the modified agglomerate
model in this paper can reflect a more reasonable and realistic
microstructure of the CCL as well as the effect of this microstruc-
ture on the cell performance. The results also suggest that a
smaller agglomerate size is beneficial to the cell performance.
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ppendix A. Derivation of the correction factor �O2 based
n the modified agglomerate model

It can be seen from Fig. 2 that in order to supply access
or the electrons, the neighboring agglomerates should share an
verlapped region with each other. So a segmental spherical
gglomerate geometry is adopted in this model with a simplifi-
ation that only the transfer resistance on the radial direction is
onsidered. The conservation equation of oxygen concentration in
ub-domain I: the Nafion coating region, can be given as

Ragg cos �

r + dr
4
(r + dr)2DN

d

dr

(
CO2,N + dCO2,N

dr
dr

)

−Ragg cos �

r
4
r2DN

dCO2,N

dr
= 0 (A.1)

By simplifying Eq. (A.1), Eq. (23) can be obtained

d2CO2,N

dr2
+ 1

r

dCO2,N

dr
= 0 (23)

In sub-domain II, the conservation equation can be written in
he form similar to Eq. (23) with a non-zero source term:

d2CO2,agg

dr2
+ 1

r

dCO2,agg

dr
= kv

Deff
O2,agg

CO2,agg (24)

The geometry of sub-domain III is the same as the spheri-
al agglomerate, so Eq. (25) with the same form as the standard
oncentration conservation equation in a spherical coordinate is
uitable to formulate the mass transfer process in this region:

d2CO2,agg

dr2
+ 2

r

dCO2,agg

dr
= kv

Deff
O2,agg

CO2,agg (25)

Three variables: CO2,I, CO2,II and CO2,III are defined in this model
o represent the oxygen concentration at the outer surfaces of sub-
omains I–III. According to the spherical agglomerate model, we
an obtain:

CO2,agg

∣∣
r=Rin

= CO2,I (A.2)

dCO2,agg

dr

∣∣∣∣
r=Rin

= CO2,I

Rin
(
s coth 
s − 1) (A.3)

here the Thiele modulus is defined as

s = Rin

√
kv/Deff

O2,agg (A.4)

v =
√

Aciref
O2

4F (1 − εcc) Deff
O2,aggCref

O2

exp
[

˛cF

2RT
(ϕm − ϕc)

]
(A.5)

Eqs. (A.4) and (A.5) is used as the boundary condition of Eq.

24), which is a Bessel function and has a power series solution as
ollows:

O2,agg(r) = CO2,I

∞∑
n=0

C ′
n(r − Rin)n Rin ≤ r ≤ Ragg (A.6)
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here the coefficients can be given as

′
0 = 1, C ′

1 = 1
Rin

(
s coth 
s − 1) (A.7)

′
n =

∑n
k=0[(k + 1)an−kC ′

k+1] + b0C ′
k

(n + 1)(n + 2)
n = 0, 1, 2, . . . (A.8)

k = (−1)k

Rk+1
in

k = 0, 1, 2, . . . (A.9)

0 =
(


s

Rin

)2

(A.10)

The information at the outer interface of sub-domain II which
an be obtained from Eq. (A.6) is as follows:

O2,II = CO2,agg

∣∣
r=Ragg

= CO2,I

∞∑
n=0

C ′
n(Ragg − Rin)n (A.11)

dCO2,agg

dr

∣∣∣∣
r=Ragg

= CO2,I

∞∑
n=1

[nC ′
n(Ragg − Rin)n−1] (A.12)

The correction factor �agg in view of the transfer resistance in
he agglomerate is defined as

agg =
SaggDeff

O2,agg(dCO2,agg/dr)
∣∣
r=Ragg

VaggkvCO2,II
(A.13)

here Sagg and Vagg represent the surface area and the volume of the
gglomerate. By substituting Eqs. (A.11) and (A.12) into Eq. (A.13),
he expression of �agg is rewritten as

agg = 6R2
in

Ragg
s

I′(
s)
I(
s)

f (�) (A.14)

(
s) =
∞∑

n=0

[C ′
n(Ragg − Rin)n] (A.15)

(�) = cos �

[2 − (1 − cos �)2(2 + cos �)]
0◦ < � ≤ 60◦ (A.16)

For sub-domain I, the solution of Eq. (23) can be expressed as:

O2,N(r) = a ln r + b (A.17)

here a and b are the coefficients related to the boundary con-
itions at the interface between sub-domains I and II and can be
erived by considering Eqs. (A.11) and (A.12). So the correction fac-
or �N in view of the transfer resistance in the Nafion coating can
e given as

N = 1

1 + (2/3)(Deff
agg/DN)(
s coth 
s − 1) ln (Ragg + ıN)/Ragg

(A.18)

Finally, the general correction factor �O2 concerning the overall
ass transport processes of oxygen from the gas pore to the active

ites of catalyst particles can be calculated by the expression below:

O2 = 1
kH

�N�agg (A.19)

ppendix B. Nomenclature
ist of symbols
specific area in the catalyst layer (m2 m−3)
concentration (mol m−3)
diffusivity (m2 s−1)
Faraday constant (96485 C mol−1)

l
m
m
N
O

rces 185 (2008) 1233–1246 1245

height of channel or rib (m)
electrochemical reaction rate (A m−3)
current density (A m−2)
current vector (A m−2)

c condensation rate of water (s−1)
e evaporation rate of water (atm−1 s−1)
H Henry’s law constant
rg relative permeability of gas phase
rl relative permeability of liquid phase

absolute permeability of porous media (m2)
length of the channel (m)

˙ source terms in mass conservation equations (kg m−3 s−1)
molecular weight (kg mol−1)

d electro-osmotic drag coefficient
molar flux (mol m2 s−1)
pressure (Pa)

c capillary pressure (Pa)
switch factor
volume flow rate (ml min−1)
gas constant (J mol−1 K−1)

˙ source term in species conservation equations
(mol m−3 s−1)

W interfacial transfer rate of water (mol m−3 s−1)
liquid saturation
temperature (K)
superficial velocity vector (m s−1)

0 thermodynamic equilibrium voltage (V)
cell cell voltage (V)

reek symbols
transfer coefficient
reaction order

N thickness of Nafion coating (m)
porosity of the porous media
conductivity of membrane phase (�−1 m−1)
viscosity (kg m−1 s−1)
overlapping angle (◦)

c contact angle (◦)
density (kg m−3)
interfacial tension (N m−1)

uperscripts
hannel the flow channel
ff effective value
n inlet of the flow channel
ef reference value
at saturated

ubscripts
anode

cl anode catalyst layer
dl anode diffusion layer
gg the agglomerate

cathode
cl cathode catalyst layer
dl cathode diffusion layer
− electrons

gas phase
+ protons

n the inner sphere

liquid phase
the membrane phase

em membrane
Nafion phase

2 oxygen
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the solid phase
V water vapor
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