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Abstract

The results of a numerical simulation of a direct methanol fuel cell (DMFC) with liquid methanol feed are
presented. A two-dimensional numerical model of a DMFC is developed based on mass and current conservation
equations. The velocity of the liquid is governed by gradients of membrane phase potential (electroosmotic e�ect)
and pressure. The results show that, near the fuel channel, transport of methanol is determined mainly by the
pressure gradient, whereas in the active layers, and in the membrane, di�usion transport dominates. `Shaded' zones,
where there is a lack of methanol, are formed in front of the current collectors. The results reveal a strong in¯uence
of the hydraulic permeability of the backing layer KBL

p on methanol crossover through the membrane. If the value of
KBL

p is comparable to that of the membrane and active layers, electroosmotic e�ects lead to the formation of an
inverse pressure gradient. The ¯ux of liquid driven by this pressure gradient is directed towards the anode and
reduces methanol crossover.

1. Introduction

The direct methanol fuel cell (DMFC) is an attractive
source of power for applications such as vehicles.
Although classical hydrogen±oxygen fuel cells exhibit
superior performance, methanol has a much higher
energy density and is much easier to store and transport.
At the anode of a DMFC methanol ionization occurs

on the catalyst surface according to

CH3OH�H2O! CO2 � 6 H� � 6 eÿ �1�
Protons then move to the cathode, where they react with
oxygen:

3

2
O2 � 6H� � 6 eÿ � 3H2O �2�

The overall reaction in the cell is

CH3OH� 3

2
O2 ! CO2 � 2H2O �3�

that is the byproducts are ecologically harmless CO2 and
water. This is another reason why DMFC has received
so much attention during the past decade.
To our knowledge two models of a DMFC have been

published: by Wang and Savinell [1] and by Scott et al.
[2, 3]. These models stem from the models of the
conventional, hydrogen±oxygen polymer electrolyte fuel

cell (PEFC) [4, 5]. All these models are one-dimensional;
that is the transport processes are considered across the
cell only. However, the presence of fuel and gas channels
on both sides of the cell leads to the formation of
complex two-dimensional ®elds of electrical potential
and reactant concentration. This has been shown in [6]
for the DMFC with gas methanol feed.
Two types of DMFC are under investigation. In one

of these methanol is supplied to the anode under
elevated temperature (typically 110±130 �C) in gaseous
form. The other type of cell works at low temperature
(typically 80 �C) with liquid methanol as fuel. Both
types have advantages and disadvantages. Methanol
ionization proceeds better in the high temperature cell.
At high current densities, however, this cell su�ers from
membrane drying, which leads to degradation in cell
performance. The low temperature cell exhibits lower
anode activity, but is fully hydrated and hence has no
limitations related to membrane drying.
One of the most essential problems in the creation of

low-cost and e�ective DMFCs is methanol permeation
through the membrane. This process leads to `parasitic'
methanol ionization in the cathode catalyst layer. Ions
and electrons produced in this reaction do not contrib-
ute to current generation. Instead, when they recombine,
they consume oxygen in Reaction 2.
A two-dimensional numerical model of a high tem-

perature DMFC with gas feed was developed earlier [6].
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In the present work a two-dimensional model of a
DMFC with liquid methanol feed is described. The aim
of this work is to elucidate the mechanism of liquid
methanol transport in the cell and to ®nd ways of
reducing methanol crossover.

2. The model

2.1. General assumptions

The model is based on the following assumptions:
(i) There are two di�erent types of pores in the catalyst

and backing layers: `gas' (hydrophobic) pores and
`liquid' (hydrophilic) pores and there are no con-
nections between the di�erent pore types. At the
anode side CO2 is created in the gas phase and is
removed via hydrophobic pores, whereas liquid
moves in the hydrophilic pores. At the cathode side
the components supplied from the air channel (N2,
O2 and water vapour) are transported in the
hydrophobic pores.

(ii) In practice methanol is mixed with water in the
proportion 1 M:55 M. The large amount of excess
water allows variations in liquid density caused by
the reaction at the anode to be neglected.

(iii) At the cathode side electrochemical reaction con-
sumes gaseous oxygen and produces liquid water.
This water is accounted for in the overall liquid
balance in the cell.

(iv) At the cathode side, in the hydrophobic pores water
saturation conditions exist; that is the pressure of
water vapour depends only on temperature.

(v) The pressure of the liquid mixture is kept ®xed in
the channels.

(iv) The pressure of gas at the cathode side is constant.
These assumptions mean that, to a ®rst approximation,
mass transfer between liquid and gas phases is neglected.
A sketch of the cell is shown in Figure 1. The fuel and

oxygen are supplied to the electrodes through the

channels made in the highly conductive current collec-
tors. Usually a DMFC assembly has many parallel
channels on both sides, so the sketch in Figure 1
represents an elementary part of the cell. The methanol
and oxygen are transported through the backing (or gas
di�usion) layers (DA and DC, respectively) to the active
layers (RA and RC), where electrochemical reactions
occur.
The catalyst layer is usually made by hot pressing of a

liquid polymer electrolyte, loaded with catalyst powder
into the carbon cloth. This gives a thin (about 10 lm)
catalyst layer on one side of the cloth. The rest of the
cloth volume serves as a backing (di�usion) layer.
Reactions 1 and 2 occur at the surface of catalyst
particles and involve protons, electrons and neutral
molecules. These three types of species are transported
through di�erent avenues to the reaction sites: protons
move through the electrolyte, electrons through the
carbon threads and molecules through the voids. The
electrode is a tortuous mixture of these avenues. This
structure is usually described as a uniform continuous
medium with some mean transport parameters associ-
ated with the each type of species. In our model we use
this approach.

2.2. Potentials

Following the concept of mean parameters we introduce
the electrical potentials of the membrane and carbon
phases. The ®rst potential governs the motion of
protons and the second that of electrons. Let the
potential of membrane phase be um and the potentials
of the carbon phase at the anode and the cathode be ua
and uc, respectively. The three potentials obey the
following equations:

$ � �rm$um� �
ÿRa xDARA < x O xRAMM

0 xRAMM < x < xMMRC

Rc xMMRC O x < xRCDC

8<: �4�

$ � �rn$ua� �
0 x < xDARA

Ra xDARA O x < xRAMM

�
�5�

$ � �rn$uc� �
ÿRc xMMRC < x O xRCDC

0 xRCDC < x

�
�6�

where rm; rn are the conductivities of membrane and
carbon phases, respectively, and Ra and Rc are rates of
electrochemical reaction at the anode and the cathode
catalyst layers. Explicit expressions for Ra and Rc are
presented in the following Section. The symbols xDARA,
xRAMM , xMMRC , xRCDC denote the position of interfaces
(Figure 1).
It is assumed that the conductivity of the carbon

phase, rn, is constant. Sometimes carbon cloth with
anisotropic conductivity is used: the `in plane' and
`normal to plane' conductivities may di�er signi®cantly.
We do not consider such a situation here. Our numerical

Fig. 1. Sketch of conventional cell. Abbreviations: (DA), (DC) anode,

cathode di�usion layers, resp.; (RA), (RC) anode, cathode catalyst

layers, resp.; (MM) membrane. Notations of positions of interfaces are

shown beneath.
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scheme, however, allows this e�ect to be taken into
account.

2.3. Reactions rates

Methanol ionization (Reaction 1) is a complicated
multistage process, which includes formation of adsor-
bate on the catalyst surface. Under di�erent overpo-
tentials the rate determining step may be di�erent. The
reaction rate also depends on the crystalline structure of
the catalyst. Strictly speaking the reaction rate may not
follow a simple Tafel expression: under di�erent con-
ditions the functional form of this rate can vary. This
issue has been discussed in more detail in [6], where the
relevant references can be found. Similar arguments are
valid for the oxygen side. Nevertheless, Tafel equations
for the rates of both anodic and cathodic reactions were
used. The expressions in this Section are a ®t of
available experimental data, as discussed in [6], and
correspond to certain speci®c methods of catalyst layer
preparation.
The rate of charged particle generation (A cmÿ3) in

Reaction 1 is given as

Ra � i0a ref
pM

pM ref

� �
exp

aaF
RT
�ua ÿ um�

� �
�7�

where F and R are the Faraday number and gas
constant, respectively, aa � 0:5 (Table 1) is the anodic
transfer coe�cient.
The rate of charged particle loss in Reaction 2

(A cmÿ3) is given as

Rc � i0c ref

������������
cO2

cO2 ref

r
exp

acF
RT
�um ÿ uc�

� �
�8�

Following Bernardi and Verbrugge [7] the `square root'
dependence of Rc on oxygen concentration and ac � 2
(Table 1) were adopted.

Methanol, which penetrates through the membrane to
the cathode catalyst layer, is consumed there in a
parasitic `anodic' reaction (Reaction 1), whose rate is
given by Reaction 7 with the potential di�erence
um ÿ uc:

R�c � i0a ref
pM

pM ref

� �
exp

aaF
RT
�um ÿ uc�

� �
�9�

2.4. Pressure of liquid

The density of the liquid is assumed constant. Moreover,
as methanol is a small fraction of the mixture, changes
in ¯ux of liquid caused by the anodic reaction may be
neglected. However, a signi®cant amount of water is
produced in the cathodic reaction. The velocity of the
liquid mixture, v, is then de®ned by the mass conserva-
tion equation

q$ � v � Rw
c xMMRC O x O xRCDC

0 otherwise

n
�10�

where Rw
c is the rate of water production in the cathodic

reaction and q is the liquid density.
We assume that the velocity of the liquid is related to

the gradients of membrane phase potential um and
pressure p (SchloÈ gl's equation):

v � ÿKu

l
cH F $um ÿ

Kp

l
$p �11�

This equation takes into account the two forces acting
on the ¯uid: drag caused by ion movement under the
electric ®eld (electroosmotic e�ect) and the pressure
gradient (Poiseuille ¯ow in hydrophilic pores). Here l is
¯uid viscosity, Ku and Kp are electrokinetic and hy-
draulic permeabilities, respectively and cH is the proton
concentration in the membrane phase.
The system of equations (Equations 10, 11 and 4)

de®nes three unknown functions v, p and um. The
velocity v can be eliminated by taking the divergence of
Equation 11:

Table 1. Conditions and parameters at the anode and the cathode

Anode

side

Cathode

side

Pressure/atm 3.0 2.0

Oxygen number density fraction in the

channel*

0.77

Water vapour number density fraction

in the channel

0.23

Nitrogen number density fraction

in the channel

0.0

Methanol content in the channel/mol 1 ´ 10)3

Liquid water content in the channel/mol 55 ´ 10)3

cO2 ref /mol cm)3 3.18 ´ 10)5

pM ref /atm 0.97

i0ref /A cm)3 1.0 1.0 ´ 10)5

a 0.5 2.0

*Number density fraction is nx/n, where nx is number density of

species x and n total number density

Table 2. Parameters, common for the anode and the cathode

Cell temperature/°C 80

Mean pore radius in backing layer hri/cm 10)5

Mean pore radius in catalyst layer hri/cm 10)6

Proton di�usion coe�. DH /cm
2 sÿ1 4.5 ´ 10)5

Proton concentration cH /mol cmÿ3 1.2 ´ 10)3

�M in Equation 17 0.2

Hydraulic permeability of backing layer KBL
p /cm2 3.03 ´ 10)12

Hydraulic permeability of membrane KM
p /cm2 1.8 ´ 10)14

Electrokinetic permeability of membrane KM
u /cm2 7.18 ´ 10)16

Correction factor eM in Equations 20 and 21 0.5

� in Equation 22 0.12

w in Equation 23 0.156

Catalyst layer thickness/cm 0.001

Backing layer thickness/cm 0.01

Membrane thickness/cm 0.002

1007



l$ � v � ÿcH F $ � Ku$um

ÿ �ÿ $ � Kp$p
ÿ � � l

q
Rw

c

or

$ � Kp$p
ÿ � � ÿcH F $ � Ku$um

ÿ �ÿ l
q

Rw
c �12�

Equation 12 shows that there are two volume sources of
pressure in the electrode: electroosmotic ¯ux and water
production in the cathode catalyst layer.

2.5. Methanol transport

Solving Equation 12 under given um gives the pressure
distribution in the cell. Equation 11 then gives the
velocity of liquid methanol. Since the methanol con-
centration in water is small, the methanol ¯ux is
proportional to the concentration gradient (Fick's law)
plus the ¯ux caused by the ¯ow of liquid as a whole.
The continuity equation for the molar concentration
of methanol cM in the anode catalyst layer is,
therefore,

$ � ÿDM$cM � vcM� � � ÿ SM

nF
Ra; xDARA O x O xRAMM

�13�

where DM is the di�usion coe�cient of methanol in the
mixture, Ra is the rate of charged particle production
and SM � 1 is the stoichiometric coe�cient.
Similarly, in the cathode catalyst layer the methanol

concentration is governed by Equation 13, where the
rate of the `parasitic' reaction (Reaction 9) R�c should be
used instead of Ra. In the backing layer and in the
membrane there are no source or loss of methanol.
Therefore, we have

$ � ÿDM$cM � vcM� �

�

0; 0 < x < xDARA

ÿ SM
nF Ra; xDARA O x O xRAMM

0; xRAMM < x < xMMRC

ÿ SM
nF R�c ; xMMRC O x < xRCDC

8>>><>>>: �14�

It is assumed that at x � xRCDC cM � 0.

2.6. Transport of gases on the cathode side

It is assumed that water saturation conditions exist in
the hydrophobic pores on the cathode side. This means
that in these pores there is no ¯ux of water vapour. Since
nitrogen does not participate in the cathodic reaction,
the ¯ux of nitrogen is also zero.
In [8] the model of gas ¯ow in the cathode compart-

ment was developed. When the ¯uxes of water vapour
and nitrogen are zero this model reduces to a single
equation for the relative oxygen concentration, nO2

:

$ � ÿc$nO2

ÿ ��GO2
�$ 1

DK
O2

� nN2

DN2O2

� nw
DO2w

 !

ÿ 1

DK
O2

� nN2

DN2O2

� nw
DO2w

 !
SO2

nF
�Rc�R�c�

�15�

where the ¯ux GO2
is de®ned by

1

DK
O2

� nN2

DN2O2

� nw
DO2w

 !
GO2
� ÿc$nO2

�16�

Here nk � ck=c is the relative molar concentration of the
kth component, c is the total molar concentration of the
mixture and subscripts `N2', `O2' and `w' stand for
oxygen, nitrogen and water vapour, respectively. The
values of nN2

and nw are constant and are de®ned by the
external conditions. The symbols DK stand for Knudsen
di�usion coe�cients; D's without superscript denote
binary di�usion coe�cients.
Oxygen is consumed in Reaction 8 (the term Rc)

and in the parasitic reaction with the products of
methanol ionization in the cathode catalyst layer (the
term R�c).

2.7. Boundary conditions and numerical method

The model consists of six conservation equations.
Equations 4±6 govern potentials, Equation 12 pressure,
Equation 14 methanol concentration and Equation 15
oxygen concentration at the cathode. Boundary condi-
tions for the problem are shown in Figure 2. Below and
above the channels the carbon phase potentials are ®xed
by the highly conductive current collectors. At the
channel surfaces the normal component of electron
current is zero: @ua; c=@x � 0. On both sides of mem-
brane the electronic current densities are also zero.
Equation 4 for membrane phase potential is solved in

the domain xDARA < x < xRCDC , where polymer electro-
lyte exists. On the left and right sides of this domain the
normal component of proton current density is zero
(Figure 2).
Equation 12 governs the distribution of liquid pres-

sure in the cell. Boundary conditions for this equation
are as follows. It is assumed that on both sides of the cell
a ®xed pressure occurs in the channels. At the surfaces
of the current collectors the normal component of ¯uid
velocity is zero, that is @p=@x � 0.
The computational domain covers a part of the cell

assembly. Therefore, at y � 0 and y � H , periodic
boundary conditions for all variables are imposed.
Equations 4±6 and 12 were converted to ®nite

di�erence form using a well-known 5-point approxima-
tion formula. The equation for methanol concentration
Equation 14 is of convection-di�usion type and is
formally analogous to Equation 15. The Scharfetter±
Gummel scheme was used for approximation of
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methanol and oxygen ¯uxes through the surfaces of the
computational cell. The detailed description of numer-
ical aspects can be found in [8].

3. Results and discussion

Unless stated otherwise, the parameters listed in Table 1
(base case) were used. The transport coe�cients are
given in the Appendix.

3.1. Cell with conventional electrodes

Figure 3 shows the distributions of concentrations,
reactions rates and proton current density (mean current

density is 0.4 A cmÿ2). A peculiarity of the cell with
liquid methanol feed is the very low methanol concen-
tration in the catalyst layers in front of the current
collectors (in the `shaded' regions) (Figure 3(a)). The
reaction rate in the shaded regions of the anode catalyst
layer is ®ve times lower than in front of the fuel channel
(Figure 3(b)). Proton current ¯ows mainly in front of the
fuel channel (Figure 3(c)). Clearly, one can safely
remove catalyst from the shaded regions of the catalyst
layer.
Most of the current is generated in front of the fuel

channel. This leads to formation of intensive `torches' of
electronic current near the edges of the current collectors
(Figure 4). Similar e�ects have been found in DMFCs
with gaseous methanol feed [8]. Physically, the electrons

Fig. 3. Contour maps of (a) methanol concentration (10ÿ3 mol cmÿ3), (b) reaction rate in the anode catalyst layer (A cmÿ3), (c) proton current

density (mA cmÿ2), (d) reaction rate in the cathode catalyst layer (A cmÿ3) and (e) oxygen relative number density (see Table 1 caption).

Fig. 2. Boundary conditions for cell with conventional current collectors. Fuel and oxygen channels are depicted by dashed boxes on both sides.
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produced in front of the fuel channel ¯ow to the nearest
point of the current collector (i.e., to the edge). The
current density at the edges is more than ten times
greater than the mean current density which may lead to
local overheat.
According to Equation 14, the methanol ¯ux is

supported by two processes: convection and di�usion.
Figure 5 shows both components of the ¯ux. It is seen
that the convective term, vcM, dominates near the edges
of the current collector. In the catalyst layer
(x > 0:01 cm) the di�usion transport of methanol dom-
inates. The gradient of methanol concentration here is
very high and the di�usion ¯ux exceeds the convective
¯ux.
The distribution of pressure in the cell is shown in

Figure 6. Due to the electroosmotic ¯ux a `stair' is
formed in the region which includes both catalyst layers
and membrane (0:01O x O 0:014 cm). The electro-
osmotic ¯ux tends to invert the sign of the pressure
gradient. The inversions, however, do not occur due to
the high value of hydraulic permeability of the backing
layer KBL

p . In other words, the high value of KBL
p

`transports' the channel boundary conditions for pres-
sure to the boundaries of the catalyst layers. All the
pressure gradient is concentrated in the catalyst layers
and membrane.
What happens if the hydraulic permeability of

backing layer and the permeabilities of catalyst layers
and membrane are of the same order? The results of
this numerical experiment are described in the next
section.

Fig. 4. Contour maps of electron current density (mA cmÿ2): (a) in

anode compartment (backing and catalyst layers) and (b) in cathode

compartment.

Fig. 5. Absolute values of (a) di�usion fD � jDM$cMj and (b) convective fc � jvcMj components of methanol ¯ux (¯ux/10ÿ6 mol cmÿ2); (c) log of
their ratio, log�fD=fc�.
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3.2. Quasi one-dimensional cell

To investigate the role of the hydraulic permeability it is
convenient to consider a cell with `embedded' current
collectors, shown in Figure 7. These collectors, described
in [6] allow avoidance of the formation of shaded zones.
In brief, the idea is to embed current collectors into the
backing and catalyst layers thus making collectors on
both sides of the cell parallel to the fuel/oxygen ¯ow.
This provides uniform (along the y-axis) transport of
reactants to the active layers (Figure 7). In this geometry
only electrons move along the y-axis, whereas protons,
fuel and oxygen move along the x-axis. This type of cell
can be called `quasi one-dimensional'. One-dimensional
theories can be veri®ed experimentally using cells of this
type.
To accelerate calculations the distance between col-

lectors was taken to be 0.005 cm. This distance is limited
by the conductivity of the carbon phase. If the latter is
low in the y-direction, there would be ohmic losses
associated with the electron transport to the current

collectors. In practice this distance may be about 1 cm
or more.
Hydraulic permeabilities of the backing layer, catalyst

layers and membrane are di�erent, as described in the
Appendix. Only the permeability of the backing layer
KBL

p was changed. Typically, the carbon cloth has KBL
p of

order 10ÿ12 cm2. We reduce this value by two orders
of magnitude (Figure 8). The value of KBL

p �
3:03� 10ÿ14 cm2 is comparable to permeabilities of the
catalyst layer and membrane (Figure 8).
Figure 9 shows the results of this experiment. The

curve for 400 mA cmÿ2 in Figure 9(a) displays the
formation of the `stair' on the pressure pro®le in case
when KBL

p is high (3:03� 10ÿ12 cm2) (cf. Figure 6).
The situation changes dramatically when KBL

p is low
(3:03� 10ÿ14 cm2, Figure 9(b)). In this case, at low
current density, the pressure gradient caused by the
boundary conditions is distributed uniformly across the
cell thickness. Therefore, the pressure gradient across
the membrane and catalyst layers is essentially lower
than in the case of high KBL

p . The electroosmotic ¯ux is
now able to change the sign of the pressure gradient.
Even at low current density, due to that ¯ux, the
pressure in the cathode catalyst layer becomes higher
than the pressure in the anode catalyst layer and an
inverse pressure gradient arises (Figure 9(b)). The higher
the current density, the more pronounced is the e�ect.
The inverse pressure gradient reduces the methanol

crossover. This gradient forces liquid to move in the
opposite direction, towards the anode. The convective
¯ux of methanol vcM is, therefore, directed opposite to
the di�usion ¯ux and the overall ¯ux of methanol
through the membrane diminishes.
Figure 10(a) shows a comparison of methanol ¯uxes

through the membrane for cases of high and low
hydraulic permeability. With low KBL

p the methanol
crossover decreases when the mean current density in

Fig. 6. Pressure distribution in the cell.

Fig. 7. Sketch of cell with embedded current collectors. Notations

same as Figure 1.
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the cell increases. The e�ect is clear: with higher
current density the electroosmotic ¯ux increases, the
pressure of liquid in the cathode catalyst layer increases
and this leads to a growth of inverse convective ¯ux of
methanol.

Figure 10(b) shows the voltage±current curves for
both permeabilities KBL

p . The two curves are almost
identical. In the case of low KBL

p the voltage loss due to
deterioration of liquid transport through the cell is
compensated by reduction in methanol crossover.
Nevertheless, because of the smaller losses of methanol
the low KBL

p is bene®cial.
Figure 11 shows the dependence of methanol cross-

over ¯ux on current density for various methanol
concentrations under constant (low) KBL

p value. The
model predicts that for cMO2 M the crossover decreases
with increase in current density. For cM > 2, however,
the crossover increases with increase in current density.
At high cM the diffusion ¯ux of methanol cannot be
compensated by the inverse pressure gradient for a

Fig. 9. Pressure pro®les along x-axis for the two indicated values of

hydraulic permeability of backing layers. Curves are plotted for the

three values of mean current density in cell: 100, 200 and

400 mA cmÿ2.

Fig. 10. (a) Methanol ¯ux (mA cmÿ2), which permeates through

membrane for the two indicated values of hydraulic permeability of

backing layer (cm2), (b) voltage±current curves for same values of

hydraulic permeability.

Fig. 11. Dependence of methanol crossover ¯ux on current density in

cell for the three indicated values of methanol concentration (M). In all

cases KBL
p � 3:03� 10ÿ14 cm2.

Fig. 8. Pro®les of dydraulic permeability along x-axis. Plotted values

normalized to permeability in backing layer (shown above each curve).

(a) Base case, (b) KBL
p is two orders of magnitude lower than the base

case.
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realistic range of current densities. This behaviour
corresponds to experimental observations [9].
Scott et al. [3] demonstrated an essential improvement

in cell performance under elevated gas pressure on the
cathode side. The e�ect was attributed in [3] to the
reduction of methanol crossover. In more exact terms,
the e�ect can be attributed to the role of the inverse
pressure gradient.

4. Conclusions

A two-dimensional simulation of a direct methanol fuel
cell with liquid methanol feed was performed. The
results show the following:
(i) Methanol-depleted (shaded) regions are formed in

the catalyst layer in front of the current collectors.
Most of the current is produced opposite the fuel
channel.

(ii) `Torches' of high electron current density are
formed near the edges of the current collectors. The
current density in these torches exceeds the mean
current density in the cell by more than a factor of
ten. This may lead to local overheat.

(iii) Under high hydraulic permeability of the backing
layer the main mechanism of methanol transport
through the catalyst layers and membrane is di�u-
sion.

(iv) If the hydraulic permeability of the backing layer is
comparable to that of the catalyst layer and mem-
brane, the electroosmotic e�ect produces an inverse
pressure gradient across the membrane and active
layers. This inverse gradient reduces methanol
crossover through the membrane. At low concen-
trations of methanol increase in current density
reduces the crossover. This behavior is in
qualitative agreement with recent experimental
observations [9].
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Appendix: Transport coe�cients

The conductivity of the membrane phase was estimated
using the Einstein relation

rm � �M
F 2

RT
DH cH �17�

where DH is proton di�usion coe�cient, cH proton
concentration in the membrane and �M a correction
factor. With the parameters listed in Table 1 this gives

rm ' 0:034Xÿ1 cmÿ1. The conductivities of membrane
phase in the catalyst layer and in the bulk membrane
were taken to be the same.
Equation 14 contains the di�usion coe�cient of

methanol in water. The water ®lls the hydrophilic pores
in the backing and catalyst layers and exists in the
membrane. The process of methanol di�usion transport
through the water-®lled membrane involves complicated
and still poorly understood physics. In simulations the
experimental data of [9] were used. These data were
approximated by a function

DM
M � 4:012� 10ÿ9 exp�0:024312T � �18�

where T is temperature in Kelvin. Here DM
M �in cm2 sÿ1�

is the di�usion coe�cient of methanol in the mem-
brane.
The reference value of methanol di�usion coe�cient

in water in the void pores was taken to be 1:58 �
10ÿ5 cm2 sÿ1 at Tref � 298 K. This value was corrected
to the actual temperature using an exponential depen-
dence:

Dw
M � 1:58� 10ÿ5 exp 0:026 236�T ÿ Tref�� � �19�

where Dw
M �in cm2 sÿ1) is the di�usion coe�cient of

methanol in water.
The pro®le of hydraulic permeability Kp�x� is described

in the following manner. KBL
p is the hydraulic perme-

ability of the backing layers and KM
p is that of the

membrane. We introduce a correction factor eM which is
a volume fraction of membrane in the catalyst layer.
Then

Kp �
KBL

p in backing layers

KM
p eM in catalyst layers

KM
p in membrane

8><>: �20�

The steps in the function (Equations 20) were smoothed
to prevent formation of in®nite gradients in the numer-
ical algorithm.
The electrokinetic permeability of the membrane is

KM
u . According to [7] this value in the catalyst layers

should be corrected by multiplying by the volume
fraction of membrane phase in these layers. We,
therefore, have

Ku �
KM

u eM in catalyst layers

KM
u in membrane

(
�21�

As in the case of Kp, the steps in Equations 21 were
smoothed.
Binary di�usion coe�cients were calculated using the

approximation [10] with the correction for porosity �:

Dkl ! �1:5Dkl �22�
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The Knudsen di�usion coe�cient was calculated using

DK
k � whri

���������
8RT
pMk

s
�23�

where T is absolute temperature, Mk molecular weight of
kth component, hri the mean pore radius and w a
correction factor.
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