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a b s t r a c t

A two-dimensional, multiphase model is presented and analyzed for a vapor feed DMFC system. The
DMFC model is based on the multiphase mixture formulation and encompasses all components in the
porous regions of a vapor feed DMFC using a single computation domain. The evaporation/condensation
phenomenon in the anode flow channel is modeled in a separated way. An iterative numerical scheme is
used to solve the governing equations in a coupled manner. Numerical simulations are carried out to
explore the transient and polarization characteristics of the DMFC, including methanol crossover through
the membrane, temperature evolution, anodic and cathodic overpotentials. The results indicate the anode
flow channel for the feeding methanol solution is the key parameter for the DMFC performance. The
numerical results are also compared with the experimental data with good agreement.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Direct methanol fuel cell (DMFC) is a further development of
familiar hydrogen polymer electrolyte membrane fuel cell (PEMFC)
technology. It uses methanol in the form of vapor or liquid to gen-
erate electrical energy under relatively low temperature (<100 �C)
[1–3]. The structure of a DMFC consists of two gas diffusion layers
and two porous electro-catalytically active electrodes on either
side of a solid polymer electrolyte (SPE) membrane. DMFC is con-
sidered as a promising portable power source with the advantages
including high efficiency, very low emissions and fast refueling, but
still has to overcome challenges with respect to efficiency and
power density [4–6]. DMFCs have a low output voltage and the
main losses are essentially associated with poor electro-activity
on the anodic oxidation of methanol. In addition to this difficulty,
the DMFC has serious methanol permeation through the polymer
membrane, which reduces results in mixed potential formation
at the cathode and reduces the energy yield of the cell and meth-
anol efficiency.

Compared with a liquid feed system, although a vapor feed sys-
tem has longer start-up since fuel pre-heating is necessary before
injection, it offers higher reaction activities because of the usage
of highly concentrated fuel and higher temperature. On the other
hand, the methanol crossover in the vapor feed DMFC is much low-
er than the liquid feed DMFC. In the vapor feed DMFC, methanol
evaporates from a nearly pure liquid methanol source and con-
denses into a highly dilute methanol solution at the anode side
of a fuel cell. In order to eliminate the external components such
as pumps and compressors, the air and liquid methanol can be
ll rights reserved.

: +1 860 486 0479.
.

delivered in the passive ways by the forces of natural convection
and capillary forces.

During the past decade, significant efforts have been directed
toward the creation of low cost and effective DMFC. Kim [7] de-
signed a vapor feed passive DMFC in which the vapor is trans-
ported through a vaporizer, barrier and buffer layer. The results
showed that the vapor feed passive DMFC with humidified MEA
maintained 20–25 mW/cm2 power density for 360 h and per-
formed with a 70% higher fuel efficiency, and 1.5 times higher en-
ergy density than those in a liquid feed passive DMFC. Guo and
Faghri [8] provided vapor feed DMFCs with passive thermal/fluids
management systems. Pure methanol was delivered by the wick
structures from a liquid methanol reservoir to an evaporation
pad, where the liquid was evaporated by different heating manners
such as electrical heating, catalyst burning and heat recovery from
the cell itself. The results showed that the vapor feed DMFC
reached a power density of 16.5 mW/cm2 at a current density of
60 mA/cm2. The results demonstrated long-term operation, easy
fuel delivery control and scalability to larger power systems. A
two-cell stack has successfully operated 6 months with negligible
degradation. Based on the above vapor feed DMFC system, Jewett
et al. [9] developed a vapor feed passive DMFC system with the
additional buffer layer at the inlet of the anode to promote water
and methanol distribution as well as mixing of the fluids. The re-
sults showed a maximum power density of 33 mW/cm2 and
120 h of continuous operation at a constant current of 50 mA/
cm2. The fuel utilization efficiency during the performance was
34.8% and the energy efficiency was 8.2%.

As numerical models of the vapor feed DMFC can reveal the
physicochemical mechanisms and provide a useful tool for the
optimization of cell design and operating conditions, the vapor
feed DMFC modeling has been developed to analyze the
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Nomenclature

A area of fuel cell (m2)
a constant in coefficient matrix
aox specific area for oxidation (m�1)
ared specific area for reduction (m�1)
b element in solution matrix
B coefficient matrix for Stefan–Maxwell (s/m2)
cMeOH methanol concentration in liquid (mol/cm3)
cH2O water concentration in liquid (mol/cm3)
dg characteristic length of gas phase (m)
Dij binary diffusivity (m2/s)
Deff,ij effective diffusivity of gas phase (m2/s)
F Faraday constant (C/mol)
hfg latent heat of vaporization (J/kg)
hm mass transfer coefficient (m s)
IMeOH
0;ref oxidation exchange current density (A/m2)

IO2
0;ref reduction exchange current density (A/m2)

I current density (A/m2)
Ip proton current density (proton/m2 s)
J mass flux (kg/m2 s)
J(s) Leverette function
krg relative permeability of gas phase
krl relative permeability of liquid phase
K permeability (m�2)
_m000 mass source (kg/m3 s)

Mi molecular weight of component i (kg/mol)
Mg molecular weight of gas (kg/mol)
Ml molecular weight of liquid (kg/mol)
n surface normal vector
nd electro-osmotic drag coefficient (mol/mol)
pc capillary pressure (Pa)
pl liquid pressure (Pa)
pg gas pressure (Pa)
Ru ideal gas constant (J/mol K)
RX resistance (X)
Rox oxidation reaction rate (A/m3)
Rred reduction reaction rate (A/m3)
Ree pore Reynolds number
t time (s)
T temperature (K)
s liquid saturation
Vk velocity of phase k (m/s)
hVkik intrinsic phase velocity of phase k (m/s)
V volume (m3)

xMeOH mole fraction of methanol in liquid (mol/mol)
x distance in x-direction (m)
y distance in y-direction (m)

Greeks
al liquid volume fraction
al,MeOH volume fraction of MeOH in liquid phase
aa anode transfer coefficient
ac cathode transfer coefficient
e porosity
g fuel consumption efficiency
ga anodic overpotential (V)
gc cathodic overpotential (V)
k oxidation constant (mol/cm3)
l viscosity (N s/m2)
h contact angle between liquid and solid (rad.)
r surface tension (N/m)
rc electrical conductivity of carbon phase (X�1 m�1)
rm proton conductivity of membrane phase (X�1 m�1)
q density (kg/m3)
s tortuosity
xg,i mass fraction of gas (kg/kg)
xl,i mass fraction of liquid (kg/kg)

Subscripts
acl anode catalyst layer
agdl anode gas diffusion layer
ccl cathode catalyst layer
cgdl cathode gas diffusion layer
e entrance
g gas
i component i
j component j
l liquid
m membrane
n neighboring cells
R due to chemical reaction
T due to mass transport (evaporation/condensation)

Superscripts
k previous iteration
k + 1 next iteration
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performance of DMFC in a different prospective in past years. Few
models for the vapor feed DMFC have been developed in past years.
Scott et al. [4] were first to introduce a semi-empirical model to
simulate the performance of their vapor-feed DMFC. The model
considered methanol crossover across the polymeric membrane
owing to diffusion, osmotic drag, and convection assuming a linear
change in methanol concentration across the membrane. Also, the
model assumed the methanol crossover potential to be a linear
function of methanol crossover flux. The overpotential caused by
methanol crossover was assumed to be proportional to the concen-
tration of methanol at the cathode and the membrane was consid-
ered fully hydrated. Transport along the flow channel was
described by plug flow and the transport in the electrodes was
not considered in their model.

Dohle et al. [10] presented an isothermal, steady state, one-
dimensional model for the vapor-feed DMFC, and the crossover
phenomenon was described. The numerical calculation was based
on the finite integration technique and was performed on the
mathematical and physicochemical basis of an earlier-developed
PEMFC model. The diffusion in the transition region is assumed
by a superposition of Knudsen diffusion and Stefan–Maxwell diffu-
sion. The physical properties of the membrane related to water
content were taken into account in the model. The interdepen-
dence of the respective partial pressure and the liquid concentra-
tion in the membrane phase was described by Henry’s law. The
effects of methanol concentration on the cell performance were
studied. A two-dimensional macro-homogeneous model to de-
scribe the reaction and transport for vapor-feed configurations,
has been presented by Kulikovsky et al. [11], employing Stefan–
Maxwell molecular diffusion primarily in the gas diffusion layers
and the Knudsen diffusion mechanism mainly in the catalyst lay-
ers, while neglecting the methanol crossover and the influence of
the normal gradients in the flow channel. Recently, Rice and Faghri
[12] developed a one dimensional analysis of the transport phe-
nomena of a vapor feed DMFC system. The net water produced
was found to be greater than the water evaporated for several dif-
ferent vapor diffusion lengths.

Although the fuel delivery to the fuel cell is an important factor
for the success of the vapor feed DMFC systems, none of the above
models considered the evolution of fuel transport in the flow chan-
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nel as well as the transient hydrodynamic behavior in the vapor
feed DMFC. The objective of this study is to present a two dimen-
sional, transient, multiphase model for a vapor feed DMFC. The mod-
el focuses on three important requisites: (i) the transient transport
phenomena and fuel cell performance, (ii) the treatment of polariza-
tion effects on the performance of the DMFC, and (iii) an appropriate
description of methanol and water condensation/evaporation phe-
nomena in the flow channel. Although the present results are specific
to a specific single cell, the model is in all other respects generic as it
provides the essential information on the interactive nature of the
various electrochemical, physical and chemical processes taking
place in the DMFC system. Thus, the model can provide feedback
on specific modifications that can be made before the finalizing of
the vapor methanol delivery and fuel cell design that would poten-
tially improve the achieved power output.

2. Mathematical model

The main transport phenomenon in the vapor-feed DMFC is
methanol evaporating from a nearly pure liquid methanol source
and condensing into a highly dilute methanol solution at the anode
side of a fuel cell. As the methanol solution flows down, the mass
fraction of the methanol decreases along the fuel cell due to the
electrochemical reactions in the electrodes and evaporations in
the fuel cell layers.

The typical schematic of a vapor feed DMFC delivery system and
the membrane exchange assembly is illustrated in Fig. 1. The oper-
ating mechanisms for a DMFC are typically characterized by the
transport of liquid–gas mixture and protons, and the transforma-
tion of species by electrochemical reactions. Gaseous methanol
evaporated by an external heater enters the anode flow channel,
is condensed in the liquid pad which is connected with the porous
gas diffusion layer, and then reaches the catalyst layer. The meth-
anol then dissociates to protons and electrons within the catalyst
layer via the following oxidation reaction:

CH3OHþH2O! CO2 þ 6Hþ þ 6e� ð1Þ

Simultaneously gaseous oxygen reactant (O2) passes through the
porous gas diffusion layer and reaches the catalysis layer. The oxy-
gen then reacts with electrons from the outer electric circuit and
the protons passing across the membrane from the anode via the
following reduction reaction:

6Hþ þ 6e� þ 1:5O2 ! 3H2O ð2Þ

The passive vapor feed DMFC system in this study is a transient,
multiphase and multi-component problem. Methanol and water
are the only components considered in the liquid phase, while
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Fig. 1. Schematic diagram of a cross-sec
methanol, water, oxygen, carbon dioxide and nitrogen exist in
the gas phase. The volume averaging for liquid and gaseous veloc-
ities for each individual phase within a control volume is applied to
accommodate the fluid flow in the system [13]:

hV‘i‘ ¼
1
V ‘

Z
V ‘

V‘ dV ; hVgig ¼
1
V ‘

Z
Vg

Vg dV ð3Þ

Since the external vapor flow channel is at a different pressure
and temperature than the fuel cell itself, a separate model is re-
quired which can describe the thermal management and the
hydraulic behavior of the vapor feed DMFC system before the in-
let conditions can be precisely specified. For the sake of mathe-
matical modeling, the fuel cell system can be divided into two
parts: porous regions and flow channel. The porous regions in-
clude the backing and catalyst layers of two electrodes and a
membrane separator. The multi-fluid model [13] is applied for
all the porous regions in the vapor feed DMFC, while the hydro-
dynamic model controlled by methanol/water condensation and
evaporation is utilized in the anode flow channel. The simulation
of porous regions is based on the solutions of the governing equa-
tions in the liquid and gas phases including continuity equations,
momentum equations, species equations, energy equations and
electrochemical equations (potential equations), which are de-
scribed as follows.

2.1. Continuity equations

The continuity equations for the liquid and gas phase, in terms
of liquid saturation, s, and the volume-averaged velocities are

@

@t
ðesqlÞ þ r � ðesqlhVlilÞ ¼

X
i

_m000R;l;i þ
X

i

_m000T;gl;i ð4Þ

@

@t
ðeð1� sÞqgÞ þ r � ðeð1� sÞqghVgigÞ ¼

X
i

_m000R;g;i �
X

i

_m000T;gl;i ð5Þ

where the mass generation terms are a sum of the reaction rates
(subscript R) and the mass transfer rates from the gas to the liquid
phase (subscript T) of each component.

2.2. Momentum equations

Taken into account the two forces acting in the fluid: drag
caused by ion movement under electric field (electro-osmotic ef-
fect) and pressure gradient (Poiseuille flow in the pores), the con-
vective flow velocities in porous regions can be written in Darcy’s
formation:
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tion of a vapor feed DMFC system.
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eshVlil ¼ �
krlK
ll
ðrpl � qlgÞ þ

ndMl

ql

Ip

F
ð6Þ

eð1� sÞhVgig ¼ �
krgK
lg
ðrpg � qggÞ ð7Þ

The first term on the right-hand side of Eq. (6) and (7) represents
the driven force of the fluid velocity caused by pressure gradient
and gravity. The second term in Eq. (6) is the electro-osmotic drag
in the membrane of the DMFC. The increase in viscous resistance
due to each void being partially filled with a particular phase is de-
fined as relative permeability [14].

krl ¼ s3 and krg ¼ ð1� sÞ3 ð8Þ

The capillary pressure depends on the interfacial tension between
liquid and vapor phases in the porous regions, which can be de-
scribed by the cubic Leverette function [15]:

pc ¼ pg � pl ¼ r cos h
e
K

� �1=2
JðsÞ ð9Þ

JðsÞ ¼ 1:417ð1� sÞ � 2:120ð1� sÞ2 þ 1:263ð1� sÞ3; h < p=2:0
1:417s� 2:120s2 þ 1:263s3; h P p=2:0

(

ð10Þ
2.3. Species equations

The species equations in liquid and gas in the porous regions are

@

@t
ðesqlxl;iÞ þ r � ð _m00

l;iÞ ¼ _m000l;i ð11Þ

@

@t
ðeð1� sÞqgxg;iÞ þ r � ð _m00

g;iÞ ¼ _m000g;i ð12Þ

The total mass flux (the sum of the advection and diffusion fluxes)
of each species is represented by _ml;i and _mg;i, in the liquid and gas
phase, respectively.

_m00
l;i ¼ esqlhVlilxl;i � ½es�sqlDl;12rxl;i ð13Þ

_m00
g;i ¼ eð1� sÞqghVgigxg;i �

XN�1

j¼1

½eð1� sÞ�sqgDeff ;ijrxg;j ð14Þ

The diffusion of ideal gases in a multi-component mixture is ex-
pressed by a Stefan–Maxwell [13] equation after some mathemati-
cal manipulation.

½Deff ;ij� ¼ A�1B ð15Þ

Aii ¼ �
xg;iM

2
g

DiNMNMi
�
XN

k¼1
k–i

xg;kM2
g

DikMkMi
;

Aij ¼ xg;i
M2

g

Mi

1
DijMj

� 1
DiNMN

� �
; i–j ð16Þ

Bii ¼ �
Mg

Mi
1�Mgxg;i

Mi

� �
�

M2
gxg;i

MiMN
;

Bij ¼
M2

gxg;i

Mi

1
Mj
� 1

MN

� �
; i–j ð17Þ

For the condensable gases, the liquid and vapor phases are consid-
ered to be in thermal dynamic equilibrium. Equilibrium is found
using Raoult’s law, where the saturation pressure is calculated by
the Clausius–Clapeyron equation.
xg;i ¼ bixl;i

bi ¼
Mlpref

Mgpop
exp

hfgMi

R
1

Tref
� 1

T

� �� � ð18Þ
2.4. Energy equations

A thermal balance is done in order to obtain the energy equa-
tion, taking into account the energy produced in the chemical reac-
tion and phase change, the energy supplied in the form of
electricity. The energy equation used in the porous regions of the
DMFC is written as

@

@t
ðesqlhl þ eð1� sÞqghg þ ð1� eÞhsÞ þ

X
i

r � ð _m00
l;ihl;i þ _m00

g;ihg;iÞ

¼ r � ðkeffrTÞ þ r � ð/mrmr/mÞ þ r � ð/crcr/cÞ ð19Þ

In the present simulations, the specific heat is considered to be con-
stant. The enthalpy can be written as sensible heat, �h, plus the heat
of formation, h0. Taking the species mass balance into consideration,
the energy equation can be rewritten in terms of the sensible heat
transport and the heat generation terms that coincide with the
reaction rates and phase change.

@

@t
ðesql

�hl þ eð1� sÞqg
�hg þ ð1� eÞ�hsÞ þ

X
i

r � ð _m00
l;i

�hl;i þ _m00
g;i

�hg;iÞ

¼ r � ðkeffrTÞ �
X

i

_m000l;ih
0
l;i �

X
i

_m000g;ih
0
g;i þr � ð/mrmr/mÞ

þ r � ð/crcr/cÞ ð20Þ

The total sensible enthalpy in each phase is based on mass weighted
averaging:

�hl ¼
X

i

xl;i
�hl;i ð21Þ

�hg ¼
X

i

xg;i
�hg;i ð22Þ

The effective thermal conductivity is

keff ¼ eskl þ eð1� sÞkg þ ð1� eÞks ð23Þ
2.5. Potential equations

The electrochemical reactions of methanol oxidation at the an-
ode and oxygen reduction at the cathode are both complicated
multistage processes, which can be divided into the electric poten-
tial of the carbon phase and the membrane phases. The two types
of potential govern the motion of protons and that of electrons,
respectively. Taking local electro-neutrality into account, the elec-
tronic current and ionic current produced or consumed in the cat-
alyst layers lead to a voltage drop via Ohm’s law according to the
following governing equations:

r � ðrcr/cÞ � Rox þ Rred ¼ 0 ð24Þ

r � ðrmr/mÞ þ Rox � Rred ¼ 0 ð25Þ

The oxidation and reduction reaction rates are Rox and Rred, respec-
tively. The reaction rates are modeled from the expression devel-
oped by Meyers and Newman [16].

Rox ¼ aoxIMeOH
0;ref

cMeOH

cMeOH þ k expðaaga
F

RuTÞ
exp aaga

F
RuT

� �
ð26Þ

Rred ¼ aredIO2
0;ref

xO2

xO2 ;ref
exp acgc

F
RuT

� �
ð27Þ
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where the overpotentials at the anode and the cathode are defined
by

ga ¼ /c � /m � UMeOH ð28Þ

gc ¼ UO2 þ /m � /c ð29Þ

Once the values of the overpotentials at the anode and the cathode
are calculated, the cell voltage can be determined as follows:

Vcell ¼ UO2 � UMeOH � ga � gc �
Icrossdm

rm
ð30Þ

The reaction rates for the species equations are

_m000R;l;MeOH ¼ �
Rox

6F
MMeOH; _m000R;l;H2O ¼ �Rox

6F
þ Rred

2F

� �
MH2O ð31Þ

_m000R;g;CO2
¼ Rox

6F
MCO2 ; _m000R;g;O2

¼ �Rred

4F
MO2 ð32Þ
2.6. Anode flow channel

In the anode flow channel, local thermodynamics equilibrium
prevails at the interfaces of the flow channel, the gas phase in
the anode flow channel can be considered saturated with water
and methanol vapors. In order to describe the evaporation and con-
densation dynamics at the flow channel/evaporation pad and flow
channel/buffer layer interfaces, the equations proposed in [18] is
applied to describe the mass balance in the flow channel:

dmMeOH

dt
¼ AfcðPsat;MeOHðTfcÞ � PMeOHÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MMeOH

2pRTfc

s
ð33Þ

dmH2O

dt
¼ AfcðPsat;H2OðTfcÞ � PH2OÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MH2O

2pRTfc

s

þ
hmqgðwg;H2O;buff �wg;H2O;fcÞ

dfc
ð34Þ

The _mevap value is positive when the methanol/water partial pres-
sure is smaller than the saturation pressure, causing the metha-
Table 1
Physicochemical and kinetic parameters in the numerical modeling.

Parameter/symbol Value

Volume of the flow channel/Vfc 1.8 � 10�5 m3

Cross-sectional area of the flow channel/Afc 9 � 10�4 m2

Height of the flow channel/ 2 � 10�2 m
Thickness/Porosity/Tortuosity/Permeability of AGL and CGL 1.5 � 10�4 m/0.7/1
Thickness/Porosity/Tortuosity/Permeability of ACL and CCL 2.3 � 10�5 m/0.6/1
Thickness/Porosity/Tortuosity/Permeability of membrane 1.8 � 10�4 m/0.5/1
Thickness/Porosity/Tortuosity/Permeability of air-breathing 2.54 � 10�4 m/0.2/
Gas diffusivity of O2,CO2/O2,H2O/O2,N2/CO2,H2O/CO2,N2/H2O,N2 1.59 � 10�5/2.44 �
Viscosity of liquid methanol/water 4.46 � 10�4/6.513
Viscosity of gas/lg 2.03 � 10�5

Density of liquid water/q‘;H2 O exp 6:9094� 2:01
�

�10�8ðT � 273Þ3 �
Density of liquid methanol/q‘,MeOH 244:4� 0:224½1ð1�T

Liquid diffusivity of water and methanol 10�5.4163�999.78/T m
Electro-osmotic drag coefficient of water/nH2O

d 2.9exp[1029(1/333
Electro-osmotic drag coefficient of methanol/nMeOH

d nH2 O
d xMeOH

Electric conductivity of carbon/membrane phase/rc,rm 4000/3.4
Specific reaction area at the electrodes/aox,ared 43,478
Transfer coefficient at anode and cathode/aa,ac 0.35/0.79
Reference exchange current density on anode/IMeOH

0;ref 94.25exp(35570/R

Reference exchange current density on cathode, IO2
0;ref 0.04222exp(77200

Thermodynamic potential of oxygen reduction/UO2
0 1.24 V

Thermodynamic potential of methanol oxidation/UMeOH
0 �0.0229 V
nol/water to evaporate in that case. When the methanol/water
condenses, the value is negative. Methanol/water vapor partial
pressures inside the anode flow channel are defined as

PMeOH ¼
RTfcmMeOH

MMeOHVfc
and PH2O ¼

RTfcmH2O

MH2OVfc
ð35Þ

The energy equation at the anode flow channel can be written as

qcpVfc
dTfc

dt
¼ _qelectric�h‘v;MeOH _mMeOH�h‘v;H2O _mH2OþhAfcðTs;buffer�TfcÞ

ð36Þ

The heat and mass transfer coefficient is taken from the natural
convection correlations on a horizontal surface facing up.

h ¼ Nu
k
L
; Nu ¼ 0:54ðGrPrÞ:025

; Gr ¼ gqjDqjL3

l2

hm ¼ Sh
qDij

L
; Sh ¼ 0:54ðGrScÞ:025

ð37Þ

The heat and mass transfer coefficients at the surface of the air-
breathing layer are taken as a horizontal surface facing down.

h ¼ Nu
k
L
; Nu ¼ 0:27ðGrPrÞ:025

hm ¼ Sh
qDij

L
; Sh ¼ 0:27ðGrScÞ:025

ð38Þ
2.7. Solution procedure

Table 1 contains the initial and boundary conditions used in the
vapor feed passive DMFC model. The governing equations for
momentum, species, energy and potentials are discretized and solved
in a coupled manner by the finite volume method. The flow variables
are solved by a Gauss-Siedel iteration scheme. The first-order upwind
scheme is utilized for the convection terms in all the conservation
equations, including momentum and species equations. The whole
solution procedure for the governing equations is as follows:
Ref.

.1/4 � 10�11

.3/5 � 10�11

.8/1 � 10�12

1.1/7.24 � 10�13

10�5/2.02 � 10�5/1.62 � 10�5/1.6 � 10�5/2.42 � 10�5 Lide[19]
� 10�4 Faghri and Zhang [13]

Wang and Wang [15]
46� 10�5ðT � 273Þ � 5:9868� 10�6ðT � 273Þ2 þ 2:5921
9:3244� 10�11ðT � 273Þ4 þ 2:5921� 10�13ðT � 273Þ5Þ

Faghri and Zhang [13]

=513Þ2=7 � Yaws [20]
2/s
� 1/T)] Guo and Ma [21]

Ren et al. [22]
Rice and Faghri [17]

Assumed
(1/353 � 1/T)) Wang and Wang [15]

/R(1/353 � 1/T))

Rice and Faghri [17]
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1. Assume the cell voltage, solve electric potentials, and update
reaction kinetics.

2. Solve for saturation and liquid/gas pressure.
3. Solve species equations and energy equation.
4. Calculate the temperature and condensation/evaporation rate

at the flow channel.
5. Obtain the methanol concentration at the surface of the buffer

layer and the cell voltage, treat them as the new guessed ones
and update the properties.

6. Go back to step 1 and repeat until converged, then go to next
time step.

The physicochemical properties, operation conditions and
boundary conditions for the simulation of a vapor feed DMFC sys-
tem are illustrated in Table 1–3. The calculation domain for the
DMFC simulation is divided into 170 � 50 elements. A sensitivity
analysis was conducted by doubling the number of elements in
the mesh for the case without heating. The deviation of the results
on average was less than 2.0% and so is assumed to be meshing
independent. The solutions are considered to be convergent when
the relative error between two consecutive iterations in each field
was less then 10�5.

3. Results and discussion

The complexity of the model requires special experiments for
the verification of its merits. Fig. 2 shows the good agreement be-
tween the numerical results and experimental data under the same
operation condition. Fig. 2(A) compares the experimental data with
the numerical calculation for the transient voltage outputs against
the experimental data under different electric power with a con-
stant current density of 50 mA/cm2. The operation temperature is
set to be 30 �C and the relative humidity is 50%. As can be seen,
the voltage decreases sharply at the beginning and then slows
down afterwards. For the case without electric heating, since the
evaporation rate of the fuel cell is low, the voltage decreases shar-
ply because of the mass limitation during the stage between 4 and
7 h. Longer cell performance is achieved with higher electric power
because the evaporation rate of the methanol at the evaporation
pad as well as the methanol concentration at the anode inlet in-
creases under higher electric power. Fig. 2(B) compares the exper-
Table 2
Operation conditions.

Parameter Value

Operating temperature 30 �C
Anode flow channel pressure 0.02 psi
Cathode pressure 1 atm
Inlet liquid saturation at anode 100%
Inlet liquid saturation at cathode 0% (fully humidified air)
Cell operating current density 50 mA/cm2

Methanol content in the evaporation pad 1 g
Water content in the buffer layer 1 g

Table 3
Boundary conditions in the porous regions.

Governing equation x = x1 x = x1 x = x3 x

Momentum pg = pfc – – –
rp‘ = 0 – – –

Gas transport rxg,i = 0 – – –
Liquid transport _m00

l;i ¼ hm
xfc;i

�xbuff ;i

� �
– – –

Membrane potential – – rum �n = 0 –
Catalyst potential – �rc

@/c
@x ¼ Icell – r

Energy �keffrT �n = h(T � Tfc) – – –
imentally obtained cell polarization data with their numerical
modeling. Because the evaporation rate of fuel and the methanol
concentration at the anode inlet increase with the increasing elec-
tric power, results in the increasing methanol crossover through
the membrane, the cell voltage decreases when the electro power
increases. The cell power density, i.e., the product of cell voltage
and the current density, also decreases with the increasing electro
power.

Fig. 3 shows the variation of methanol concentration at the an-
ode inlet under the same condition of Fig. 2. As can be seen, the
methanol fraction increases rapidly at the beginning due to the
high saturate pressure gradient at the surfaces of the evaporation
pad driving the transport of water and methanol. The methanol
fraction drops slowly after the methanol consumption and the gen-
erated water prevails against the methanol input at the flow chan-
nel. On the other hand, the increasing rate of the methanol fraction
at the beginning is more rapid with the increasing electric power
as the higher fuel cell temperature caused by the electrochemical
reaction accelerates the methanol evaporation of the evaporative
pad. Fig. 4 shows the variation of cell temperature at the anode in-
let under the same condition of Fig. 2. It is found that the transient
cell temperature varied with a trend similar to the transient meth-
anol fraction shown in Fig. 3. This behavior indicates that the input
methanol fraction can be attributed to the differences in the tem-
perature variation. It should also be noted that the temperature de-
creases at the beginning for the cases without electric heating or
lower heating. This is mainly due to the absorption of latent heat
for the evaporation of methanol as illustrated in Eq. (32).

Since overpotential represents voltage which is sacrificed to
overcome the activation barrier associated with the electrochemi-
cal reaction, it is necessary to illustrate the reaction characteristic
by overpotentials at the electrodes. Fig. 5 shows the average over-
potentials at the anode and cathode under the same condition of
Fig. 2. The anodic overpotential increases smoothly at the begin-
ning and then increases rapidly when it reaches the mass limit.
When the electric power increases, the anodic overpotential is
lowered due to the increasing methanol crossover. For the cathodic
overpotential, it increases at the beginning and then decreases at a
relatively lower rate. The cathodic overpotential increases when
the electric power increases.

Fig. 6 shows the electric power effect on the methanol crossover
through the membrane under the same condition of the Fig. 2. The
methanol crossover increases at the beginning because the metha-
nol condensation at the inlet of the fuel cell is dominant at the
beginning and then decreases when the consumption rate is faster
than the condensation input. Since the increasing electric power
increases the cell operating temperature and the feed methanol
concentration at the anode inlet, the methanol crossover increases
with the increase of the electric power.

Fig. 7 shows the polarization effect on the mass fraction of
methanol at the anode inlet under the same condition of the
Fig. 2. The mass fraction decreases quickly at the low current den-
sities and then becomes smooth in the high current densities. The
maximum methanol fraction and the decreasing rate increase with
= xacl x = xm x = xccl x = xcgdl

– – pg = pca

– – rp‘ �n = 0
– – �[e(1 � s)]srxg,i �n = hm(xg,i �xg,i,1)
– – rx‘,i �n = 0
– rum �n = 0 –

uc �n = 0 ruc �n = 0 – uc = Vcell

– – �keffrT �n = h(T � T1)
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Fig. 2. Validation of the present DMFC model against the experimental data at different electric power with an operation temperature of 30 �C and a current density of 50 mA/
cm2. (A) Transient voltage outputs; (B) polarization curves.
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Fig. 3. Variation of methanol fraction at the anode inlet under different electric
power with an operation temperature of 30 �C and a current density of 50 mA/cm2.
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Fig. 4. Variation of the temperature at the anode inlet under different electric
power with an operation temperature of 30 �C and a current density of 50 mA/cm2.

B. Xiao, A. Faghri / International Journal of Heat and Mass Transfer 52 (2009) 3525–3533 3531
the increasing electric heating. Fig. 8 shows the polarization effect
on temperature at the anode inlet under the same condition of the
Fig. 2. Temperature increases to the maximum at a low density and
then decreases afterward. The decreasing rate slows down with the
increasing current density. The maximum temperature and the
decreasing rate increase as the electric heating increases. Fig. 9
shows the polarization effect on the anodic and cathodic overpo-
tentials under the same condition of the Fig. 2. The anodic overpo-
tential increase rapidly at the beginning and then the increasing
rate slows down with the increasing current density. The anodic
overpotential increases when the electric power increases. The
cathodic overpotential decreases rapidly at the beginning and then
the decreasing rate slows down with the increasing current den-
sity. The cathodic overpotential decreases when the electric power
increases. Fig. 10 shows the polarization effect on the methanol
crossover under the same condition of the Fig. 2. Methanol
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Fig. 5. Variation of electrode overpotentials under different electric power with an operation temperature of 30 �C and a current density of 50 mA/cm2.
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crossover decreases quickly at the beginning and then the decreas-
ing rate slows down with the increasing current density. The max-
imum methanol crossover increases and the decreasing rate
decreases when the electric power increases.

4. Conclusion

In this paper, a two-dimensional, multiphase model was devel-
oped, considering the coupled multi-component transport pro-
cesses as well as electrochemical phenomena in the membrane
and electrodes in a vapor feed DMFC system. Conservation equa-
tions of mass, momentum, species transport, and the potential
with electrochemical reaction are numerically solved in the cou-
pled manner. The numerical calculations are compared with the
experimental data in a good agreement. The transient and polari-
zation characteristics of the DMFC are intensively discussed. The
results not only reveal the information such as the evolution of
voltage output, methanol fraction, temperature, overpotentials
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Fig. 9. Electrode overpotentials as a function of cell current density under different
electric power with an operation temperature of 30 �C and a current density of
50 mA/cm2.
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and methanol crossover through the membrane, but also suggest a
key parameter, the anode flow channel, to achieve optimized cell
performance.
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