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Abstract

A two-phase flow model was developed for liquid-feed methanol fuel cells (DMFC) to evaluate the effects of various operating param-
eters on the DMFC performance. In this study, a general homogenous two-dimensional model is described in details for both porous
layers and fluid channels. This two-dimensional general model accounts for fluid flow, electrochemical kinetics, current density distribu-
tion, hydrodynamics, multi-component transport, and methanol crossover. It starts from basic transport equations including mass con-
servation, momentum transport, energy balance, and species concentration conservation in different elements of the fuel cell sandwich, as
well as the equations for the phase potential in the membrane and the catalyst layers. These governing equations are coupled with chem-
ical reaction kinetics by introducing various source terms. It is found that all these equations are in a very similar form except the source
terms. Based on this observation, all the governing equations can be solved using the same numerical formulation in the single domain
without prescribing the boundary conditions at the various interfaces between the different elements of the fuel cell. The numerical sim-
ulation results, such as velocity field, local current density distribution, and species concentration variation along the flow channel, under
various operation conditions are computed. The performance of the DMFC affected by various parameters such as temperature, pres-
sure, and methanol concentration is investigated in this paper. The numerical results are further validated with available experimental
data from the published literatures.
� 2007 Published by Elsevier Ltd.
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1. Introduction

Direct methanol fuel cells (DMFCs) using polymer elec-
trolyte membrane (PEM), have demonstrated improved
performance and received increased attention [1,2]. Com-
pared with conventional proton exchange membrane fuel
cells (PEMFCs) (using H2), DMFCs have the following
advantages; easy fuel delivery and storage, no need for
cooling or humidification, and simpler system design [3].
And they may even achieve higher overall energy efficiency
than PEMFCs with further development [4].

Currently, two types of DMFC have been developed. In
one of them methanol is supplied to the anode under ele-
vated temperature (typically 110–130 �C) in gaseous form.
The other type of cell works at low temperature (typically
0017-9310/$ - see front matter � 2007 Published by Elsevier Ltd.
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80 �C) with liquid methanol as fuel. Both types have advan-
tages and disadvantages. Methanol ionization proceeds
better in the high temperature cell. At high current densi-
ties, however, this cell suffers from membrane drying,
which leads to degradation in cell performance. The low
temperature cell exhibits lower electrochemical activity,
but is fully hydrated and hence has no limitations related
to membrane drying.

Although DMFC technology is quite promising, two
technological obstacles still hinder its wider application,
they are: low electro-activity of methanol oxidation on
the anode, and substantial methanol crossover (‘‘chemical
short”) through the polymer membrane from the anode
to cathode. Much work has focused on the two above-men-
tioned problems. Many researches tried to develop more
active methanol electro-oxidation catalysts [5,6] and
improve understanding of the methanol electro-oxidation
mechanism [7], including studies on well-defined catalyst

https://core.ac.uk/display/43595725?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:jent@uwm.edu


Nomenclature

a vapor activity
Ck the mass fraction of species k
CMeOH

ref and CO2

ref reference concentration of MeOH and
oxygen

c0 the reference concentration
D diffusivity
Ecell the difference between the half-cell potentials of

the anode and cathode, at the reference current
density i0

F Faraday’s constant
I cell current density
Ie ionic current density in membrane
Ip parasitic current density
iðzÞ local current density at the location z

i0 the exchange current density at the reference
concentration

i0a;ref and i0c;ref reference exchange current density at
anode and cathode catalyst layer

jMeOH the flux of methanol crossover through the
membrane

K permeability, cm2

M the molecular weight of the fluid
Mk the molecular weight of species k
_mk source/sink term for species equations
n the number of electrons involved in the reaction
nk

d drag coefficient of species k in porous media
nRi net electrode output of electrode reaction Ri
ndrag drag factor
nd the fluid drag coefficient
p pressure, Pa
pc the capillary pressure, Pa
R gas constant
Re Reynolds number
s the liquid saturation
Sk

Ri stoichiometric coefficient of species k in reaction
Ri

Su, Sv source terms for u and v momentum equations
T temperature, K
tm the membrane thickness
tl and tg tortuosity for liquid and gas phase, respec-

tively

U Internal energy
u, v velocity in x, y-direction
xk the molar friction of species k

Greek symbols

aa and ac anodic and cathodic transfer coefficients
b a constant related to the Tafel slope
e porosity
em membrane porosity
c the surface area per unit volume of the electrode
ca advection correction factor
ga overpotential at anode
gc overpotential at cathode
gohmic Ohmic overpotential
gcrover the crossover overpotential
r protonic resistivity within the electrode
rm ionic conductivity, mho/cm
q density, g/cm3

U cell potential, J/mol K
m kinematical viscosity, cm2/s
l dynamic viscosity, g/cm s
jrl relative permeability for liquid phase
jrg relative permeability for gas phase
ml kinetic viscosity for liquid phase
mg kinetic viscosity for gas phase
kl and kg relative mobilities for liquid and gas phases,

respectively
v an empirical constant for methanol crossover

through membrane

Subscripts

a anode
avg average
c cathode
i inlet condition
k kth component
m membrane
w water
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surface [8]. Basically, enhancing the catalyst activity can
alleviate methanol crossover by operating DMFC in an
optimal manner such that all methanol will be consumed
at the anode catalyst layer before reaching the membrane.
Different anode catalyst structures and composition such
as Pt, Pt–Ru, etc. have been developed [9] and several dif-
ferent anode catalysts, such as, Pt and Pt–Ru have been
explored [10–12]. In addition, the effects of the anode elec-
trochemical reaction on fuel cell performance have been
studied experimentally [8,10]. Some other attempts have
been made to investigate the fundamental electrochemical
reaction mechanisms, such as water, methanol, as well as
gas management, flow field design and optimization. In
particular, carbon dioxide evolution in the liquid-feed
anode results in strongly two-phase flow condition, making
the mechanisms of reactant supply and product removal
more complicated. All these processes are intimately cou-
pled, resulting in the existence of optimal cell design and
operating conditions. A good understanding of this com-
plex, interacting phenomena is thus essential and can be
most likely achieved through a combined mathematical
modeling and comprehensive experimental approach.



1194 T.Z. Yan, T.-C. Jen / International Journal of Heat and Mass Transfer 51 (2008) 1192–1204
The early efforts of mathematical modeling are fairly
simple, such as Verbrugge’s diffusion model [13], Fuller’s
concentrated solution theory model and Scott’s simplified
1-D model [14] for vapor-feed and liquid-feed DMFC.
Especially, the methanol crossover was first considered in
Scott’s simplified model. An empirical expression was
employed to determine the effect of methanol crossover
on the cell voltage. This simplified 1-D model provided a
basic understanding of the transport phenomena in
DMFC. However, they treated the pores of electrode as
if they are filled with solid polymer electrolyte, eliminating
any void volume for the feed to occupy.

Later, Baxter et al. [15] developed a one-dimensional
mathematical model for a liquid-feed DMFC, mainly
focused on the anode catalyst layer and the effect of the
electro-osmotic drag of water, which was derived from
the friction coefficient of water and hydrogen ions. Mass
transfer in the anode is defined in terms of a pseudo-
mass-transport coefficient. And the anode reaction is mod-
eled with the Butler–Volmer expression rather than Tafel
kinetics, which is less accurate at low current densities.
The methanol crossover was not considered in this model.
Thus this model is limited to low methanol concentration
behavior. At high methanol concentration, methanol cross-
over has significant affect on fuel cell performance; this
model is unable to give accurate prediction.

Wang and Savinell [16] developed a 1-D macro-homoge-
neous model to describe the reaction and transport within
the catalyst zone of the methanol electrode. In their study,
they neglected the effect of the diffusion layer due to the
current density is not very high. They investigated the
effects of the anode catalyst thickness, catalyst loading
and polymer electrolyte loading on cell performance. Their
results show that methanol crossover has a strong correla-
tion with the catalyst utilization. It also shows that the cor-
relation of the catalyst utilization and the methanol
crossover is dependent on the rate of ionic resistance and
mass transport resistance. Dohle et al. [17] presented a
1-D model for the vapor-feed DMFC and the crossover
phenomenon was described. The effects of methanol
concentration on the cell performance were studied.

All these models are one-dimensional: it is assumed that
the cell is uniform in the lateral direction and the transport
kinetic processes vary only across the cell. There are, there-
fore, two sources of two-dimensional effects: non-uniform
distributions of species concentration and non-uniform
electric potential in the carbon phase along the flow direc-
tion. Due to these reasons, the development of two-dimen-
sional mathematical model was motivated.

Kulikovsky et al. [18] developed a vapor-feed two-
dimensional DMFC model. Their model based on mass
conservation equations for concentrations of species and
conservation equations of proton and electron currents,
which govern the distributions of electrical potentials of
membrane and carbon phases. The model equations are
coupled by Butler–Volmer source terms, which describe
rates of electrochemical reactions in the anode and cathode
catalyst layer. They assumed the cell is isothermal and no
pressure gradient caused by external sources across the cell.
In the study, they considered an ideal membrane, imperme-
able for gases and fuel penetration, i.e. methanol crossover
can be neglected. This might be a very poor assumption.
Generally, in liquid-feed cell, the crossover flux can con-
sume up to 30% methanol. In vapor-feed cell, the crossover
is much lower, about 10% of the total methanol. In another
paper, Kulikovsky [19] numerically studied a liquid-feed
DMFC considering methanol transport through the liquid
phase and in hydrophilic pores of the anode backing. How-
ever, in both Kulikovsky’s publications, the important phe-
nomenon of methanol crossover and convective flow in the
anode compartment were ignored. Basically speaking, their
models for DMFC are simplified 2-D models.

More recently, Wang and Wang [20] presented a 2-D,
two-phase model of liquid-feed DMFC. They extended
their previous two-phase PEMFC model [21] to include
two-phase flow and transport phenomena in the liquid-feed
DMFC. 1-D drift flow model was used to describe metha-
nol flow in anode channel. Thus, Wang’s model was actu-
ally combined 1-D and 2-D model to the different flow
channel in DMFC. Compared with Wang’s work, we used
2-D homogenous model to describe fluid flow in anode
flow channel, which is more precise.

Although different mathematical models were devel-
oped, many electrochemical processes and mechanisms
are still difficult to be predicted. For instance, the experi-
mental work has shown that there is a significant effect of
increasing the oxygen pressure on the cell performance;
however, so far no mathematical model is able to predict
this effect.

In this study, a general comprehensive 2-D model is
developed for two-phase flow, multi-component transport,
and detailed electrochemical reactions presented for a
liquid-feed DMFC, including electrodes, channels, and
PEM separator. The influence of methanol and water
transport, carbon dioxide gas flow, and methanol crossover
on cell performance is investigated. The transport and elec-
trochemical processes are analyzed numerically and the
effects of the anode feed methanol concentration, tempera-
ture, flow rate, and pressure on cell performance are stud-
ied in details to illustrate the capabilities of the present
model. The two-phase transport in anode and cathode,
methanol crossover, as well as their effects on cell perfor-
mance is explored. This model provides a useful tool for
the fundamental understanding of transport and electro-
chemical phenomena in DMFC and for the optimization
of cell design and operating conditions. This model is
solved numerically and validated against DMFC experi-
mental performance data.

2. Mathematic modeling

The basic structure of DMFC can be seen in Ref.
[22]. The electrochemical reaction at anode electrode is
below:
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Anode: CH3OH + H2O) CO2 + 6Hþ+ 6e� ð1Þ

The protons produced in Eq. (1) are transported via migra-
tion to the cathode catalyst layer where they are consumed
for oxygen reduction. The corresponding oxygen reduction
in the cathode is:

Cathode: 3/2O2 + 6Hþ) 3H2O� 6e� ð2Þ

The electrons move to the current collector adjacent to the
anode catalyst layer and are transported to the cathode
layer through the external circuit.

As a first step towards modeling the two-phase distribu-
tion and transport in electrode, it is necessary to invoke
simplifying assumptions that are commonly made in the
current literature [15,20,21,24]. These are as follows:

(i) Isothermal conditions. Assume the cell temperature is
constant and uniform everywhere inside the fuel cell;
therefore, the heat generation of electrochemical reac-
tion can be neglected.

(ii) The catalyst layer is treated as an infinitely thin sur-
face of reaction.

(iii) The gas phase is an ideal mixture.
(iv) The gas diffusion electrode is isotropic and homoge-

neous, and characterized by an effective porosity
and permeability.

(v) Butler–Volmer kinetics governs the electrochemical
reaction in catalyst layers.

(vi) In practice, methanol is mixed with water in certain
proportion. The variation of the liquid density caused
by the reaction at the anode is neglected.

(vii) At the cathode side, electrochemical reaction con-
sumes gaseous oxygen and produces water. Although
the formation of droplets may not affect the hydrody-
namics in the channels the water formation has a sig-
nificant impact on the diffusion properties of gas
diffusion layer. Due to a relatively small fraction of
the liquid droplets present in cathode gas channel
(i.e., mist flow), the two-phase effect can be neglected
therein. Hence only the gas flow is considered as far
as hydrodynamics is considered.
2.1. Governing equations for porous media

Continuity:

o

ox
ðquÞ þ o

oy
ðqvÞ ¼ 0 ð3Þ

where q, qu and qv are the mixture parameters

qu ¼ qlul þ qgug ð4Þ

qv ¼ qlvl þ qgvg ð5Þ

q ¼ qlsþ qgð1� sÞ ð6Þ
where s is the liquid saturation, it will be defined by Eq.
(34).

Momentum conservation:

o

ox
ðqu2Þ þ o

oy
ðquvÞ ¼ � op

ox
þ o

ox
l

ou
ox

� �
þ o

oy
l

ou
oy

� �
þ Su

ð7Þ
o

ox
ðqvuÞ þ o

oy
ðqv2Þ ¼ � op

oy
þ o

ox
l

ov
ox

� �
þ o

oy
l

ov
oy

� �
þ Sv

ð8Þ

where Su, Sv are source terms for u and v momentum equa-
tions, respectively;

l is mixture dynamic viscosity, which is [20]:

l ¼ q
jrl

ml
þ jrg

mg

ð9Þ

Source terms, Su and Sv for porous media are:

Su ¼ �
l
K

euþ el
K

ndM
q

Ie

F
ð10Þ

Sv ¼ �
l
K

ev� qg ð11Þ

where M is the molecular weight of the membrane pore
fluid mixture, which can be expressed as, respectively,

M ¼
X

k

X kMk ð12Þ

nd ¼
P

knk
dMk

M
ð13Þ

where nd is the fluid drag coefficient, equal to the drag coef-
ficient of water [23].

Species conservation:

The species conservation equation for the two-phase
mixture is [20]:

o

ox
ðcaquCkÞ þ o

oy
ðcaqvCkÞ

¼ o

ox
qDk oCk

ox

� �
þ o

oy
qDk o

2Ck

oy2

� �
þ _mk ð14Þ

This is a general species conservation equation applied to
CH3OH, H2O, CO2, and O2. The left side of Eq. (14) is
the convection of the species k, and Ck is the mass fraction
of species k

Ck ¼ qk

q
ð15Þ

qCk ¼ qlC
k
l sþ qgCk

gð1� sÞ ð16Þ

Ck
l ¼

qk
l

ql

; Ck
g ¼

qk
g

qg

ð17Þ

where ca is advection correction factor, defined as

ca ¼
qðklC

k
l þ kgCk

gÞ
qlsCk

l þ qgð1� sÞCk
g

ð18Þ

where kl and kg are relative mobilities, defined as
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kl ¼
Krl=ml

Krl=ml þ Krg=mg

ð19Þ

kg ¼ 1� kl ð20Þ

The first term of the right side of Eq. (14) is the diffusion of
species k for the mixture. And the effective diffusion coeffi-
cient can be expressed as

qDk ¼ qlsDk
l;eff þ qgð1� sÞDk

g;eff ð21Þ
Dk

l;eff ¼ ðesÞ
tl Dk

l ð22Þ
Dk

g;eff ¼ ðeð1� sÞÞtg Dk
g ð23Þ

The last term in Eq. (14) stands for the source/sink due to
electrochemical reactions. On the anode catalyst layer,
there is the methanol oxidation reaction that produces car-
bon dioxide and the cell current density, I. However, on the
cathode, there are two simultaneous electrochemical reac-
tions: oxidation of methanol crossed over through the
membrane and oxygen reduction. The oxygen reduction
reaction current must provide not only the net cell current
density (through the external circuit) but also the parasitic
current density (Ip) from methanol crossover, which is
I þ Ip. Therefore, the source/sink term, _mk, in Eq. (14)
can be expressed as:

_mk ¼

Mk

F
Sk

R1

nR1
I anode catalyst layer

Mk

F
Sk

R1

nR1
Ip þ

Sk
R1

nR2
ðI þ IpÞ

h i
cathode catalyst layer

0 others

8>>><
>>>:

ð24Þ

The parasitic methanol current density, Ip, caused by oxi-
dation of methanol crossover, can be expressed by the
methanol crossover rate [20], jMeOH,

Ip ¼ �
6FjMeOH

MMeOH
ð25Þ

The methanol crossover rate, jMeOH, can be dictated as

jMeOH ¼ qlvlC
MeOH � qlD

MeOH
l;eff

oCMeOH
l

ox

� �����
cathode

ð26Þ

The first term on the right side of Eq. (26) describes the
mass transfer by convection due to the pressure difference
between anode and cathode chambers and electro-osmotic
drag. And the second term is the mass transfer by diffusion.
It should be noted that since the convection term is a func-
tion of methanol concentration, which also implicitly de-
pends on the electro-osmotic drag, and diffusion.

The gas–liquid phase equilibrium:

There are three main components, H2O, CH3OH, and
CO2 coexisting in anode side both in porous media and
fluid channel. The other intermediates such as OH, HO,
CO, CH2OH, etc. produced in the electrochemical reaction
can be neglected due to the amounts are very small and the
reaction rates are very fast. In the gas–liquid coexisting sys-
tem, local thermodynamic equilibrium prevails at the phase
interface. Hence, the gas phase can be considered saturated
with water and methanol vapor. The mass fraction of sat-
urated water vapor depends on the partial pressure and
temperature. It can be determined as

CH2O
g;sat ¼

MH2OpH2O
sat;T

qgRT
ð27Þ

qg is gas mixture density, which is determined by the idea
gas equation:

qg ¼
pMgas

RT
ð28Þ

Similarly, the methanol mass fraction in the gas phase is
expressed as

CMeOH
g;sat ¼

MMeOHpMeOH
sat;T

qgRT
ð29Þ

where methanol vapor saturated pressure is simply calcu-
lated by applying Henry’s law:

pMeOH
sat;T ¼ kMeOH

H xMeOH
l ð30Þ

where xMeOH
l is the liquid phase methanol molar fraction,

and kH is Henry’s law constant, which is a function of tem-
perature as below [25]:

kMeOH
H ¼ 0:096 expð0:04511ðT � 273ÞÞ ð31Þ

xMeOH
l � MH2O

MMeOH
CMeOH

l ð32Þ

After water and methanol partial pressure are calculated,
the mass fraction of carbon dioxide in gas phase can be
determined:

CCO2
g ¼

MCO2ðp � pH2O
sat;T � pMeOH

sat;T Þ
qgRT

ð33Þ

The mass fraction of carbon dioxide in liquid phase is
assumed equal to saturated mass fraction in the liquid
mixture, i.e., CCO2

l ¼ CCO2
sat .

Then, the liquid saturation in the porous media can be
calculated from:

s ¼
qCO2

g � CCO2
g

qlðCCO2
l � CCO2Þ þ qgðCCO2 � CCO2

g Þ
ð34Þ

Note that when CCO2 < CCO2
lsat

, s = 1.
At cathode side, assume the oxygen and nitrogen can

not dissolve in the water, due to its very low solubility in
water, hence

CO2
l ¼ 0; CN2

l ¼ 0; CH2O
l ¼ 1 ð35Þ

The vapor condenses when the vapor partial pressure
reaches its saturated value corresponding to the operation
cell temperature; and the saturation vapor pressure is
determined as [26]:

log10psat ¼ �2:1794þ 0:02953T � 9:1837� 10�5T 2

þ 1:4454� 10�7T 3 ð36Þ
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Inside the two-phase zone, assume it is under thermody-
namic equilibrium, and thus the mass fraction of water in
gas phase is given by their equilibrium value,

CH2O
g ¼ MH2Opsat

Mgasp
ð37Þ

Similarly, the liquid saturation in the cathode is therefore
expressed as

s ¼
qCH2O � qgCH2O

g

ql � qgCH2O
g

ð38Þ

The membrane separator is assumed to be fully hydrated
with liquid, thus, s = 1.
2.2. Governing equations for fluid channel

In this study, we use homogenous model to describe the
fluid flow in anode channel. The study of Triplett et al. [27]
showed that the homogeneous model is more accurate for
the two-phase flow through microcapillary tubes. Fukano
and Kariyasaki [28] also noted that the homogeneous
model is valid for two-phase bubbly flow because the tube
diameter is smaller than 5.6 mm. Because two-phase flow
patterns in the DMFC anode have yet to be established
quantitatively, based on the experimental observations, it
is reasonable to make a homogeneous flow assumption.
Homogenous model provides the simplest technique for
analyzing two-phase flows. In this model it is assumed that
the two phases are well mixed and therefore travel with the
same velocities. Suitable average properties (velocity, tem-
perature, density, and viscosity) are determined and the
mixture is treated as a pseudo-fluid that obeys the usual
equations of single-phase flow. These governing equations
are based on the first principles: the conservations of mass,
momentum, energy and mass species. The velocity of each
phase is computed using the Navier–Stokes equations. The
mixing of non-condensable gases in the water can also be
included in the model.

Major assumptions:

� Single phase fluid or two-phase mixture is homogeneous
� Thermal and mechanical equilibrium exist between

liquid and vapor flowing together (homogenous
equilibrium).
� Flow is under steady state condition.

Governing equations:

Continuity:

o

ox
ðquÞ þ o

oy
ðqvÞ ¼ 0 ð39Þ

where q, is the mixture density, defined as

q ¼ qlaþ qgð1� aÞ ð40Þ
here a is void fraction which is time-averaged fraction of
the cross-sectional area or of the volume which is occupied
by the gas phase, expressed as

a ¼ V g

V g þ V l

¼ 1

1þ 1�x0
x0

qg

ql

� � ð41Þ

where Vg and Vl are the volume of gas phase and liquid
phase, respectively. x0 is the quality, this is the fraction of
the mass flow rate defined as

x0 ¼ Mg

M
ð42Þ

Quality is a very important variable in two-phase flow. In
this study, it mostly depends on the concentration of car-
bon dioxide. The value of quality increases with the prod-
uct generation along the flow direction. It also can be
expressed as a function of species concentration as

x0 ¼ Mg

M
¼

qgðCCO2
g þ CH2O

g þ CMeOH
g Þ

qlðCH2O
l þ CMeOH

l þ CCO2
l Þ

ð43Þ

Conservation of momentum equations:

o

ox
ðqu2Þ þ o

oy
ðquvÞ ¼ � op

ox
þ o

ox
l

ou
ox

� �
þ o

oy
l

ou
oy

� �
ð44Þ

o

ox
ðqvuÞ þ o

oy
ðqv2Þ ¼ � op

oy
þ o

ox
l

ov
ox

� �
þ o

oy
l

ov
oy

� �
ð45Þ

where l is the homogenous viscosity. There are many dif-
ferent ways to define the homogenous viscosity. The corre-
lations which have produced reasonable results were given
by Isbin et al. [29], and Dukler et al. [30]. The Isbin equa-
tion is used in this study as:

1

l
¼ x0

lg

þ 1� x0

ll

ð46Þ

Species conservation:

o

ox
ðquCkÞ þ o

oy
ðqvCkÞ ¼ qDk o

2Ck

ox2
þ o

2Ck

oy2

� �
ð47Þ

where Dk is mixture diffusivity of species k for liquid and
gas, it can be expressed as:

qDk ¼ aqgDg þ ð1� aÞqlDl ð48Þ

It is worth pointing out that in Wang’s study [20], they
neglected the mass diffusion, and considered only mass
convection.

In comparison with the governing equations of porous
media and fluid channel, it can be found that they are very
similar. Thus, they can be solved through a similar numer-
ical scheme. It’s convenient to use a single domain tech-
nique to solve these governing equations and complicated
inter-boundary conditions can be avoided [31].

2.3. Electrochemical kinetics

The electrochemical reactions of methanol oxidation at
the anode and oxygen reduction at the cathode are both
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complicated multistage processes, which includes forma-
tion of the adsorbate on the catalyst surface, absorption
and transformation of intermediates. Under different
over-potentials the rate limiting step may be different.
The reaction rate also depends on the crystalline structure
of the catalyst. Instead of going into details of microscopic
modeling of these reactions in this study, we choose to
parameterize the reaction rates by standard empirical
approximations. Generally, two expressions, relationship
or Tafel relationship, are often used to describe these reac-
tions. The latter is simple and was used by Scott [32], Wang
[20], Ren [33], etc. In any case, these relations combine elec-
trochemical reaction, fluid flow, and mass transfer alto-
gether. In this study, we use Butler–Volmer expression, as
written below:

I ¼ i0
a;ref

CMeOH

CMeOH
ref

exp
aaF
RT

ga

� �
� exp

�acF
RT

ga

� �� �
ð49Þ

I þ IMeOH ¼ i0
c;ref

CO2

CO2
ref

" #0:5

exp
acF
RT

gc

� �
� exp

�aaF
RT

gc

� �� �

ð50Þ

ga is the anode surface overpotential, which drives MeOH
oxidation reaction at the anode, and equals the difference
between the potential of the anode catalyst layer and mem-
brane ðga ¼ ua � umÞ. And gc is the cathode surface over-
potential, which drives oxygen oxidation reaction (Eq.
(2)) and ‘‘parasitic” methanol reaction. It equals the differ-
ence between membrane and cathode catalyst layer
ðgc ¼ um � ucÞ. IMeOH is the ‘parasitic’ current density
caused by MeOH crossover.

2.4. Potential

One of the main objectives of the model is to calculate
the overall cell voltage, which can be written as

V cell ¼ Ecell � ga � gc � gohmic ð51Þ

where Ecell is the potential difference between the anode
and cathode, at the reference current density i0, corrected
for the thermodynamic effects of temperature and pressure.
ga and gc are the potential loss of MeOH oxidation at an-
ode and oxygen oxidation at cathode, the potential loss of
MeOH crossover is also considered in gc. The Ohmic over-
potential, gohmic, is calculated for the resistance of the mem-
brane. The appropriate expression for Ecell is [14]:

Ecell ¼ E0
cell þ DT

oE
oT

� �
� DN

RT
nF

ln
P 2

P 1

� �
ð52Þ

where E0
cell is the thermodynamic equilibrium potential dif-

ference of oxygen reduction and methanol oxidation:

E0
cell ¼ UO2

0 � U MeOH
0 ð53Þ

where U is the internal energy.
The temperature effect on the cell potential, DT oE

oT

	 

, can

be found from thermodynamics relations:
DT
oE
oT

� �
P

¼ DT
DS
nF

ð54Þ

The right-hand side of Eq. (54) is the pressure effect on the
cell voltage.

The Ohmic potential loss can be expressed as

gohmic ¼ I
tm

rm

ð55Þ

The conductivity of the membrane, rm, can be calculated
with an empirical expression [34]

rm ¼ rref
m exp 1268

1

T ref

� 1

T

� �� �
ð56Þ

where rref
m is the membrane conductivity at the reference

temperature.

2.5. Boundary conditions

Inlet:
At the channel inlet, the velocity, species concentration,

and pressure are fixed as

ua ¼ ua;in; va ¼ 0; uc ¼ u0
c; in; vc ¼ 0 ð57Þ

CMeOH ¼ CMeOH
in ; CH2O

a ¼ CH2O
a;in ; CH2O

c ¼ CH2O
c;in ; CCO2 ¼ 0

ð58Þ

pa ¼ pa;in; pc ¼ pc;in ð59Þ

Outlet:

At the channel outlet, the velocity, species concentra-
tion, and pressure gradients are assumed equals zero

ou
ox
¼ 0; v ¼ 0;

oCk

ox
¼ 0;

oCk

oy
¼ 0;

op
ox
¼ 0;

op
oy
¼ 0:

ð60Þ
Interfaces:

At the surface of anode and cathode collectors, the
velocity, species concentration gradients and pressure gra-
dient are set to be zero

u ¼ 0; v ¼ 0;
oCk

oy
¼ 0;

op
oy
¼ 0 ð61Þ

Inner interfaces:

In this study, however, no boundary conditions are
required at all inner interfaces, since the governing equa-
tions are solved in a ‘‘single domain”.
3. Numerical modeling

3.1. Description of the modeling domain

The basic geometric configuration of the DMFC and the
coordinate system is shown in Fig. 1. Basic geometric
parameters are summarized in Table 1.
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Fig. 1. Physical domain and coordinates.

Table 1
Basic geometric parameters of the DMFC

Lac 2 mm Lcd 0.1 mm ead 0.7 Kad 10�11 m
Lad 0.1 mm Lcc 2 mm ecd 0.7 Kcd 10�11 m
Lm 0.2 mm H 20 mm em 0.3 Km 10�14 m
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3.2. The generic conservation equation

It can be seen that the governing equations in porous
media and in fluid channel are very similar Eqs. (7), (8),
(14), (44) and (45) so that the porous media and fluid chan-
nel can be modeled as a single domain. For numerical pur-
poses it is useful to find a generic conservation equation,
from which one can obtain the equations of conservation
of mass, momentum and mass species in the vapor and in
the liquid phase. This generic conservation equation in
Cartesian coordinates can be written as

oðqU/Þ
ox

þ oðqV /Þ
oy

¼ o

ox
C

o/
ox

� �
þ o

oy
C

o/
oy

� �� �
þ S/

ð62Þ

where / is a generic property, C is the diffusivity for the
generic property / and S/ is the source term. The advan-
tage of the generic conservation equation is straightfor-
ward because one has to deal with only one equation of
that form in the numerical code. Note that the pressure
gradient is included in the source term just for convenience
in the notation. However, this term is treated separately
since the pressure field has to be obtained as part of the
solution. A pressure correction (or pressure equation) can
be derived from the momentum equation to enforce mass
conservation. This is the basis of the SIMPLE-like algo-
rithms, such as SIMPEC, SIMPLER and PISO.

In this study a fully implicit method is used. A finite
volume method (i.e. SIMPLEC) is used to discretize the
governing equations.

3.3. The grid convergence test

Non-uniform mesh sizes of 61 � 81, 101 � 121 with a
grid variation ratio of 1.1 are used for the grid indepen-
dence tests. For the grid sizes of 61 � 81 and 101 � 121,
the changes in predicted species concentration and current
density are less than 0.5%. The velocities both in porous
media and flow channel are less than 0.1% in the same loca-
tion with same flow condition. Therefore, grid size of
101 � 121 is used throughout this study.

4. Results and discussion

4.1. Validation of the present DMFC model

Fig. 2 shows the present DMFC numerical results com-
pared with Scott et al.’s [35] experimental data. Scott et al.
[35] performed an experimental study of DMFC. The oper-
ating conditions for their experiments are: 0.25 M and
0.5 M solution, cathode exit pressure: 2.0 bar, operation
temperature: 60 and 80 �C respectively. In order to com-
pare with their experimental data, an exactly identical
operation conditions are selected in this numerical study.
Fig. 3 shows that the numerical results agree with the
experimental data very well. It can be seen clearly that
the operation temperature affects the chemical kinetics.
The temperature causes the cell open potential varies sig-
nificantly. At 60 �C, the open potential is 750 mV; at
80 �C, the open potential is 800 mV. The validation and
the following kinetics equation are fitted to the experimen-
tal data, which is applied in this validation simulation.
How the operation temperature affects the cell performance
will be discussed later.

4.2. The effects of methanol concentration on cell

performance

Fig. 3 shows the effects of methanol feed concentration
on the polarization curves under the following operating
conditions, 80 �C, methanol solution flow rate of 2 ml/
min, air pressure 1.5 bar, air flow rate 800 ml/min. It can
be seen that the methanol concentrations affect the cell
polarization curve significantly.

At low current density, e.g., less than 45 mA, high meth-
anol concentration, 2 M and 1.5 M, causes a lower cell
voltage and open circuit potential. This is because of the
methanol crossover. In this case, methanol molecules can-
not be completely consumed to produce current. Some of
the methanol molecules must penetrate through the mem-
brane and be oxidized at the cathode side. It causes a mixed
potential at the cathode, which is higher with higher con-
centration of methanol. Thereby, the cell open potential
and cell operation potential decrease. For instance, in this
study, the open potential is about 730 mV at 1 M, 710 mV
at 1.5 M, and 695 mV at 2 M.

At high current density, e.g., more than 150 mA/cm2,
high methanol concentration has better performance. This
is because the methanol concentration dominates the cell
performance in this region.

For the low methanol concentration, for instance
0.25 M, the polarization curve is mainly dominated by con-
centration (concentration polarization). The ohmic polari-
zation curve is very short. As the current density increases,
the cell potential drops very fast. The current density can-
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not even reach 50 mA/cm2. Actually, when the current den-
sity increases, more methanol molecules are consumed by
the electro-chemical reaction. However, since the methanol
concentration is very low; there is not enough methanol
molecules that can reach the catalyst layer in time. The
mass transfer speed dominates the electron-chemical reac-
tion, further affects the polarization curve. When the meth-
anol concentration increases, the cell performance
improves, such as the curve 0.5 M, 1.0 M and 1.5 M, and
the ohmic polarization region becomes longer. Usually,
most DMFC works on the concentration from 0.5 M to
1.5 M. However, when the methanol concentration is more
than 1.5 M, such as 2 M in Fig. 3, somehow, the cell perfor-
mance does not improve; instead it is worse at the low cur-
rent density region. This is again because of the methanol
crossover. In the high feed methanol concentration, the
electron-chemical reaction cannot consume all the metha-
nol molecules on the catalyst layer; the rest of the methanol
penetrates through the membrane and directly reaction
with the oxygen at the cathode side. This significantly
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reduces the oxygen ions creation; further lowers the cell
performance and wastes fuel. From Fig. 3, it seems that
the high current density can restrict the methanol crossover
under operation of the high feed concentration, because
high current density consumes more methanol. However,
the cell potential is very low. Note that the power output
equals cell potential by current density. Thus, the overall
power output is pretty low. This is not our expectation.

To conclude, better cell performance is achieved with
medium feed concentrations at medium current densities.
Operating with small feed concentrations is restricted by
low limiting current densities. Operating with high metha-
nol feed concentration suffers from excessive methanol
crossover.
4.3. The effects of the temperature on cell performance

Fig. 4 shows the cell polarization curves for 0.25 M
methanol solution at the temperature variation from 70
to 95 �C, methanol solution flow rate of 2 ml/min, air pres-
sure at 1.5 bar, and air flow rate at 800 ml/min. It is obvi-
ously to see the cell performance significantly enhanced
with the temperature increase until 90 �C. The cell voltage
and limiting current densities are both high at high temper-
atures. This result is consistent with experimental conclu-
sion from Scott et al. [35]. It is known that the chemical
kinetic energy of the molecules increases with temperature.
This means that more protons and ions can be created as
seen from Eqs. (1) and (2). Also, it is worth noting that
the mass transfer coefficient increases with the temperature.
In the range 70–95 �C, the value of diffusion coefficient
increases approximately 55%, from 6.08 � 10�8 cm/s to
9.83 � 10�8 cm/s. All these are positive factors to enhance
the cell performance.
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Fig. 4. The polarization curve
The cell open circuit potential particularly increases with
temperature. The open circuit potential is related to meth-
anol and oxygen internal energy. However, the tempera-
ture between 90 and 95 �C on Fig. 4, virtually no
additional performance enhancement is seen. This is simi-
lar to the result obtained by Baldauf and Preidel [36]
between 90 and 100 �C. It is because at the high tempera-
tures, over 90 �C, the methanol and water can easily trans-
fer through the membrane which influences the methanol
crossover rate through the membrane. This result indicates
that design of a DMFC system for an operating tempera-
ture above 90 �C is not likely to be beneficial. The better
performance enhancement can be obtained by operating
temperature between 60 and 80 �C.
4.4. The effects of the pressure on cell performance

The influence of cathode pressure on cell performance is
shown in Fig. 5. The operation condition of this calculation
is at methanol concentration 0.5 M and temperature 80 �C.
There is a significant effect of increasing the air pressure on
the cell performance. The cell voltage increases up to
approximately 100 mV as the pressure increase by 1 atm
and the limiting current density also significantly increases.
This result agrees with Scott’s observation in his experi-
mental study [14]. Actually, oxygen volume concentration
increases with the pressure increase. As a result, more oxy-
gen molecules per unit volume in the catalyst, creates more
oxygen ions create. Thus the electro-chemical reaction rate
is speeded up and the methanol crossover greatly reduces.
It can be seen the cell open potential also increases with
the pressure.

It can be concluded that the increase of cathode pressure
is beneficial to cell performance. However, cell operation
60 80 100 120

ensity (mA)

T=70oC
T=80oC
T=90oC
T=95oC

with different temperature.



0

100

200

300

400

500

600

700

800

900

0 10 20 30 40 50 60 70 80 90 100
Current density  (mA/cm2)

C
el

l v
ol

ta
ge

 (
m

V
)

p=1 atm
p=2 atm
p=3 atm

Fig. 5. The effect of pressure on cell performance.

1202 T.Z. Yan, T.-C. Jen / International Journal of Heat and Mass Transfer 51 (2008) 1192–1204
pressure is restricted by the membrane strength. If the cath-
ode pressure is too high the membrane might be damaged.
Therefore, it’s necessary to optimize the cell pressure.

4.5. The effects of the membrane thickness on cell

performance

The thickness of membrane has significant influence on
cell performance and methanol crossover. As it was dis-
cussed previously, in most of the study, Nafion� mem-
branes are used as solid polymer electrolyte in DMFCs.
Currently there are three different thickness of Nafion�
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Fig. 6. I–V curve on differe
membrane developed by DuPont, Nafion� 117, 115 and
112. The thicknesses are 0.18 mm, 0.13 mm and 0.05 mm.
In this numerical study, we simulated the cell performance
based on these three kinds of membrane at 80 �C. The
results are plotted on Fig. 6. The cell has a better perfor-
mance for thinner membrane. But the open circuit voltage
decreases with the reduction of the membrane thickness. As
shown on Fig. 6, there are a few crosspoints on the I–V

curves of the Nafion� 117, 115 and 112. Actually, the
thickness of the membrane has two different impacts on cell
performance. On one hand, at larger thickness of mem-
brane, the ohmic resistance of the cell is higher. It causes
150 200 250
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nt membrane thickness.
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the reduction of ionic conductivity. As a result the cell volt-
age ohmic loss increases and the power output decreases
with the increase in membrane thickness. On the other
hand, methanol crossover decreases when the thickness of
the membrane increases because the mass transfer resis-
tance in the membrane increases. As a result, the electrical
performance of DMFC with membranes of various thick-
nesses is determined by the combined effects of ionic con-
ductivity and fuel crossover. This result agrees with the
experimental observation by Narayanan et al. [37,38] and
Jung et al. [39].

4.6. The effects of the flow rate on cell performance

Fig. 7 shows the influence of the variation of the meth-
anol solution flow rate in the range of 5–9 ml/min at 0.5 M
and at a temperature of 80 �C. The influence of the metha-
nol flow rate on the limiting current density behaviors is
quite complicated. As shown on Fig. 7, the cell voltages
at fixed current densities increase with methanol flow rates
(from 5 ml/min to 7 ml/min). But as flow rates exceeds
7 ml/min, such as 8 ml/min and 9 ml/min, the cell perfor-
mance decreases. Actually, flow rate influences the limiting
current density or polarization characteristics through con-
vection of methanol solution, i.e. methanol concentration
in the cell. Scott et al. [40] introduced Damkoehler number
to investigate the influence of methanol convection on the
mass transfer. It was defined as: Da ¼ 1

QCo

jAcell

6F

	 

.

At low Damkoehler number of 0.2–0.5, mass transfer
coefficient increases with Da increase, indicating a benefi-
cial effect of increase in flow rate as shown in Fig. 7,
5 ml/min, 6 ml/min and 7 ml/min. At high Da number,
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Fig. 7. The effects of the flow
more than 0.5, the mass transfer coefficient decrease with
Da increase, which means mass transfer coefficient
decreases with the flow rate increases, as seen on Fig. 7
for the curves of 8 ml/min and 9 ml/min.

5. Concluding remarks

A two-dimensional (2D) two-phase flow model with
mixed potential effects has been developed for the liquid-
feed DMFC. In comparison to the existing two-phase flow
model for DMFC, this model has significantly improved
the theoretical DMFC model in the following aspects:

� The macroscopic velocity field in the porous media is
provided by expressions obtained by the volume-aver-
aged Navier–Stokes equations combined with a general-
ized form of Darcy’s law. Velocity diffusion terms,
pressure gradients, gravity, and electro-osmotic drag
are taken into consideration in the momentum equa-
tions. To include all these effects, a much more complex
governing equations are solved. These has not been
done in any of the previous 2D DMFC models.
� Electrochemical kinetics was described by Bulter–Vol-

mer correlations, instead of Tafel correlation. Note that
Bulter–Volmer correlations have better performance
even at lower current densities.
� The effects of both pressure and temperature for the

potential difference between the anode and cathode are
considered in this study.
� The governing equations are solved in a single domain,

which eliminates the need for assumptions in the com-
plex inner interface boundaries.
100 120 140 160 180
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rates on cell performance.
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This two-dimensional, two-phase flow model was solved
numerically. The numerical results agree well with pub-
lished experimental data. The impacts of the methanol con-
centration flow rate, cell operation current density, and cell
temperature on direct methanol fuel cell performance have
been discussed in details.
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