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a b s t r a c t

A two-dimensional, two-phase, non-isothermal model using the multi-fluid approach was developed
for a passive vapor-feed direct methanol fuel cell (DMFC). The vapor generation through a membrane
vaporizer and the vapor transport through a hydrophobic vapor transport layer were both considered
in the model. The evaporation/condensation of methanol and water in the diffusion layers and catalyst
layers was formulated considering non-equilibrium condition between phases. With this model, the
mass transport in the passive vapor-feed DMFC, as well as the effects of various operating parameters
eywords:
uel cell
assive DMFC
apor feed
wo-phase mass transport model

and cell configurations on the mass transport and cell performance, were numerically investigated. The
results showed that the passive vapor-feed DMFC supplied with concentrated methanol solutions or neat
methanol can yield a similar performance with the liquid-feed DMFC fed with much diluted methanol
solutions, while also showing a higher system energy density. It was also shown that the mass transport

he pa
ol co
ater transport
oncentrated solution

and cell performance of t
vaporizer and the methan

. Introduction

The direct methanol fuel cell (DMFC) is a promising portable
ower source for mobile electronic devices such as laptops, cel-

ular phones, and PDAs, because of its advantages including easy
uel storage, high energy density, low temperature operation and
ompact structure. In spite of these advantages, the commercializa-
ion of DMFCs is still hindered by several technological obstacles:
ow active catalyst for methanol oxidation, methanol crossover
hrough the membrane, mass transport, and water management
1–4]. The problem of methanol crossover is detrimental to the cell
erformance, as methanol crossover can not only result in a mixed
otential on the cathode and thus lower the cell voltage, but it can
lso lead to wasted fuel, lowering the fuel efficiency. The rate of
ethanol crossover is strongly dependent of the methanol con-

entration in the anode catalyst layer. Therefore, diluted methanol
olutions (0.5–2 M) are typically fed to DMFCs so that the rate of
ethanol crossover can be reduced. However, operating the DMFC
ith high methanol concentrations is the future application direc-

ion, as it increases the volumetric energy density and discharging
ime of the DMFC system [4].

In DMFCs, liquid methanol solution is supplied to the system,

nd can be fed either actively or passively to the anode in liquid
r vapor phase. The vapor-feed DMFC has potential over a liquid-
eed system in several ways [5–10]: (i) it has the potential to have
higher operating temperature, increasing the reaction rates and
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E-mail address: faghri@engr.uconn.edu (A. Faghri).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.05.003
ssive vapor-feed DMFC depend highly on both the open area ratio of the
ncentration in the tank.

© 2010 Elsevier B.V. All rights reserved.

power outputs; (ii) the mass transfer is enhanced; (iii) methanol
crossover is relatively lower; and (iv) high concentrated methanol
solutions are used. The active vapor-feed DMFC has been reported
since the 1990s [5,11–16]. It usually utilizes an electric heater or
vaporizer at elevated temperatures between 130 ◦C and 200 ◦C in
order to vaporize the liquid methanol solution, and then actively
feed the mixture of water vapor and methanol vapor into the fuel
cell for the reaction. However, this type of active vapor-feed DMFC
has some critical disadvantages, including: (i) this vapor-phase
operation at higher temperature requires more peripheral devices,
such as the electric vaporizer, which lead to a complex structure and
reduce the total system efficiency [8]; (ii) high operating tempera-
tures (>90 ◦C) are required to avoid the condensation of the vapor
mixture within the DMFC and achieve high cell performance; and
(iii) methanol vapor in the anode exhaust is difficult to separate
from the other gases. Accordingly, the active vapor-feed DMFC is
incompatible with the need for portable applications.

Recently, the passive vapor-feed DMFC that operates at ambi-
ent temperature emerged as a promising DMFC technology for
mobile power sources [6–9,17–29]. In contrast to the active vapor-
feed DMFC, a passive vapor-feed DMFC does not need any device
which consumes additional energy, such as the electric vaporizer.
It typically utilizes a simple vaporizer to vaporize liquid methanol
solution in the methanol tank: the methanol vapor is then passively
transported to the DMFC anode. The methanol vapor may then

condense to be liquid methanol solution in the anode of the pas-
sive vapor-feed DMFC. The anodic reaction may take place mainly
in liquid phase, while it takes place in vapor phase in the active
vapor-feed DMFC. Ren et al. [23,24] developed a passive vapor-feed
DMFC, where both the passive fuel delivery system and the pas-

dx.doi.org/10.1016/j.jpowsour.2010.05.003
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:faghri@engr.uconn.edu
dx.doi.org/10.1016/j.jpowsour.2010.05.003
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Nomenclature

Alg interfacial specific area between liquid and gas
phase (m2 m−3)

Av specific area (m2 m−3)
aw water vapor activity
C molar concentration (mol m−3)
cp specific heat capacity (J kg−1 T−1)
D diffusivity (m2 s−1)
F Faraday constant, 96,478 C mol−1

Gr Grashof number
h heat transfer coefficient (W m−1 K−1); Enthalpy

(J mol−1)
hlg interfacial transfer rate constant for methanol, m2

s−1

hm mass transfer coefficient (m−2 s−1)
I current density (A m−2)
Ip parasitic current resulting from methanol crossover

(A m−2)
J molar flux (mol m−2 s−1)
j0 exchange current density (A m−2)
ja anode current density (A m−3)
jc cathode current density (A m−3)
K permeability of porous material (m2); partition

coefficient
k thermal conductivity (W m−1 K−1)
kc condensation rate (mol (atm s m3)−1)
ke evaporation rate (atm s)−1

kr relative permeability
L the vaporizer thickness (m)
ṁ source term in mass conservation equation

(kg m−3 s−1)
M molecular weight (kg mol−1)
N mol flux (mol m−2 s−1)
Nu Nusselt number
nd electro-osmotic drag coefficient
pc capillary pressure (Pa)
pg gas phase pressure (Pa)
pl liquid phase pressure (Pa)
Pr Prandtl number
R gas constant (J (mol K)−1)
Ṙ source term in species conservation equation

(mol m−3 s−1)
R̃ interfacial species transfer rate (mol m−3 s−1)
Rcontact ohmic contact resistance (� m2)
S source term; entropy
Sc Schmidt number
Sh Sherwood number
s liquid saturation; entropy
T temperature (K)
V0 thermodynamic equilibrium voltage (V)
Vcell cell voltage (V)
x coordinate (m)
y coordinate (m)

Greek symbols
˛a anode transfer coefficient at anode
˛c cathode transfer coefficient at cathode
� reaction order of ORR
ı thickness of porous layer (m)
ε porosity of porous medium
� overpotential (V)
� water content
� viscosity (kg m−1 s−1)

� density (kg m−3)
	 interfacial tension (N m−1); proton conductivity

(�−1 m−1)

Superscripts
eff effective value
ref reference value
sat saturated value
* in equilibrium
∞ values in ambient air

Subscripts
a anode
c cathode, or capillary
cr crossover
dry dry membrane
e electrolyte, or evaporation
g gas phase
l liquid phase
mem membrane
ML methanol
MV methanol vapor
p parasitic
pm pervaporation membrane
rl relative value for liquid phase
rg relative value for gas phase
T temperature
tank methanol tank
vapor water vapor
W water

we dissolved water
WV water vapor

sive water management system were presented. They introduced
a pervaporation membrane (silicone membrane) as a vaporizer, and
optimized the cathode structure to achieve the water supply from
the cathode to the anode by back diffusion and back convection.
Kim et al. [9,25] developed a semi-passive DMFC which was fueled
by methanol vapor. Liquid methanol was supplied to the porous
foam by a syringe pump. Methanol was vaporized through a mem-
brane vaporizer (Nafion 112), and then diffused through a water
barrier layer and a buffer layer to get to the anode electrode. The
vapor-feed DMFC system was able to run for 360 h between 20
and 25 mW cm−2, and performed with a 70% higher fuel efficiency
and 1.5 times higher energy density compared with the liquid-feed
system. Guo and Faghri [17,29] presented a novel vapor-feed DMFC
with a passive thermal-fluids management system. Pure methanol
was wicked from a reservoir to a porous evaporation pad where
methanol was vaporized. It was shown that a heat source was crit-
ical for the effective operation of the fuel cell system since water
condensation on the methanol evaporation pad can limit the oper-
ating time. In practice, heat source can be obtained by wasted
heat using heat pipes. Eccarius et al. [7,8] recently investigated the
impacts of structure parameters and operating conditions for a pas-
sive vapor-feed DMFC. The methanol vapor was generated with a
polydimethylsiloxane (PDMS) pervaporation membrane, and the
evaporation rate of methanol into the vapor chamber was con-
trolled by different open area ratios of a solid plate attached to
the PDMS membrane. It was found that water management was

a critical parameter for a passive vapor-feed DMFC, and a micro-
structured cathode electrode was used to increase water back
diffusion from the cathode to the anode.

Besides experimental investigation, mathematic modeling
about DMFCs plays an important role, as it can provide a powerful
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nd economical tool to quantify the complex transport and elec-
rochemical phenomena, as well as optimize the cell design and
peration conditions [30,31]. Extensive efforts have been made to
evelop numerical models for liquid-feed DMFCs [30–36]. How-
ver, only two modeling work about the passive vapor-feed DMFC
as been reported [10,27]. Rice and Faghri [10] first developed a
ne-dimensional analysis of the transport of methanol from the
uel source to the fuel cell, and then investigated the fundamentals
f the passive vapor-feed DMFC using a transient, two-dimensional,
wo-phase thermal model. The results showed that water manage-

ent in a passive vapor delivery system was crucial in the fuel
ell, as well as in the methanol distribution layer. However, the
apor generation process through the vaporizer was not considered
n the model. Xiao and Faghri [27] later investigated the tran-
ient and polarization characteristics of a passive vapor-feed DMFC
sing a transient, two-dimensional, multiphase model. The evapo-
ation/condensation phenomenon at the vaporizer was considered,
ut the methanol and water vapor concentrations across the vapor
hamber were assumed to be constant. Both of the two models
mployed an equilibrium assumption between species (methanol
nd water) in liquid and gas phases.

The objective of the present work is to seek the fundamen-
al understanding of the mass transport in the passive vapor-feed
MFC, which is essential for the performance improvement and cell
esign of the fuel cell system. First, the physical principle of the pas-
ive vapor-feed DMFC was discussed, and the difference with the
iquid-feed DMFC was shown. Then, a two-dimensional, two-phase,
on-isothermal model for the passive vapor-feed system using the
ulti-fluid approach was developed. The vapor generation process

hrough the vaporizer and the vapor transport through the vapor
ransport layer were both considered in the model. With this model,
he working process of the passive vapor-feed DMFC, as well as the
ffects of various operating parameters and cell configurations on
he mass transport and cell performance, was studied.

. Physical principle of the passive vapor-feed DMFC

The working physical principle of the passive vapor-feed DMFC
an be elucidated by referring to the anode side illustrated in Fig. 1a.
t is seen that concentrated methanol solution or neat methanol
irectly contacts one side of the vaporizer, through which methanol
apor is generated due to the high-volatility of liquid methanol. The
aporizer can be a pervaporation membrane [7–9,23,24] or a heated
orous pad [17]. A vapor transport layer (VTL) which is attached
n the other side of the vaporizer is usually needed. The VTL is a
ydrophobic porous layer which is used to transport the methanol
apor to the anode diffusion layer (DL) of the DMFC and simulta-
eously to prevent liquid transport through it. In the anode DL and
atalyst layer (CL), due to the presence of hydrophilic pores [10,32]
nd the relatively low operating temperature, methanol vapor is
rone to condense to the liquid phase. If liquid water generated at
he cathode can be partially recovered to the anode side through
he membrane, the condensation of methanol vapor will lead to
he formation of diluted methanol solution in the anode DL and CL.
hen methanol in solution is transported through the anode DL to
he catalytic sites in the CL, on which the electrochemical oxida-
ion of methanol takes place. It is noted that the contribution of the
nodic reaction taking place in the vapor phase is assumed to be
egligible at room temperature operation due to the very low kinet-

cs and low activity. Besides, part of the methanol will permeate

hrough the membrane to the cathode side due to the concentra-
ion difference, and hence, will lower the cell performance due to
he mixed-potential at the cathode.

When neat methanol is fed to the vapor-feed DMFC, for the
rst several minutes, no current can be discharged since no water
Fig. 1. Illustration of (a) the passive vapor-feed DMFC anode, and (b) the passive
liquid-feed DMFC anode.

exists in the anode (the anodic reaction cannot take place). After
methanol arrives at the cathode through the membrane, water will
be generated from the reaction of methanol and oxygen with the
help of the Pt catalysts. The produced water in the cathode can
permeate through the membrane to the anode and take part in
the anodic reaction. Therefore, in the vapor-feed DMFC fed with
neat methanol, water needed for the anodic reaction is completely
recovered from water generated at the cathode.

Clearly, in terms of the cell structure, the passive vapor-feed
DMFC has only an additional membrane vaporizer and a hydropho-
bic VTL compared to the passive liquid-feed DMFC. The thickness
of the additional layers can be very thin, e.g., ∼0.1–0.3 mm and
∼0.5–2 mm for the vaporizer and the VTL, respectively, which
brings little penalty in terms of the volumetric energy density of
the system. As thus, the passive vapor-feed DMFC has some specific
advantages such as: compact structure, low operation temperature,

and high volumetric energy density (direct use of highly concen-
trated methanol solution or neat methanol).

To further clarify the working principle of the passive vapor-
feed DMFC, it is worth comparing it with the liquid-feed DMFC,
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ig. 2. Scheme of the pervaporation process of liquid methanol through the mem-
rane vaporizer.

he anode side of which is illustrated in Fig. 1b. In the anode of
he liquid-feed DMFC, liquid methanol in the diluted methanol
olution is transported from the solution tank through the DL to
he CL, where part of it reacts with water to form gas CO2. In the

eantime, the produced gas CO2 in the CL is transported back-
ard through the DL to the tank, and is vented out through the
O2 exit. Therefore, liquid–gas two-phase flow occurs in both the
assive vapor-feed DMFC and the liquid-feed DMFC. For the two
ypes of DMFC, the electrochemical oxidation reaction of methanol
ll takes place mainly in liquid phase. However, there are some
ifferences between the vapor-feed and liquid-feed DMFCs. First,
iluted methanol solution is directly fed to the liquid-feed DMFC,
hile for the vapor-feed DMFC, concentrated methanol solution

r neat methanol is supplied to the methanol tank, and then
fter vaporization, the methanol vapor is fed to the anode. As
hus, there is no liquid flux through the surface of the anode DL
n the vapor-feed DMFC. Second, in the liquid-feed DMFC, liq-
id methanol vaporizes from the diluted solution into the gas
hase with the removal of gas CO2, while in the vapor-feed DMFC,
ethanol vapor condenses to form diluted methanol solution in

he anode DL and CL. Third, in the liquid-feed DMFC, water needed
or the anodic reaction may be directly supplied from the fed
iluted methanol solution, while in the passive vapor-feed DMFC,
ater needed in the anode needs to be recovered from the cath-

de.
Since most previous experimental work about the passive

apor-feed DMFC utilized pervaporation membranes as the vapor-
zer [7–9,23,24], this numerical analysis is also based on a
ervaporation membrane. The pervaporation process of liquid
ethanol through the membrane vaporizer is illustrated in Fig. 2.

ased on the solution-diffusion model, assuming the transport
esistance is mainly through the membrane vaporizer, the flux of
ethanol through the membrane can be approximately expressed

s [37]:

MV = CML,pm

L
Dpm(1 − CMV,ga

∣∣
+RT/pb,Tank) (1)

here CML,pm is the methanol concentration in the membrane at the

iquid-membrane interface, Dpm the diffusion coefficient in the per-
aporation membrane, L the pervaporation membrane thickness,
b,Tank the pressure of methanol tank, and CMV,ga

∣∣
+ the concentra-

ion of methanol vapor at the membrane-vapor interface. CML,pm
an be conveniently correlated to the methanol concentration in
urces 195 (2010) 7011–7024

the tank (CML,Tank) with the partition coefficient of the methanol in
both liquid and membrane: K = CML,pm/CML,Tank.

It is worth noting that the total flux of methanol through the
membrane also depends on the effective area of the pervapora-
tion membrane facing the VTL, which can be controlled by adding
a thin perforated layer with an open area ratio of A between the
membrane and the VTL [7,8]. The open area ratio is defined as
the perforated area to the active area of the MEA. Thus, the flux
of methanol through the membrane vaporizer can be expressed as:

JMV = ACML,Tank

L
DpmK(1 − CMV,ga

∣∣
+RT/pb,Tank) (2)

From the above equation, it is clear that for a given methanol
concentration in the tank (CML,Tank), the vapor generation rate from
the membrane vaporizer (JMV), as well as the concentration of
methanol vapor at the membrane-vapor interface ( CMV,ga

∣∣
+), can

be controlled by the membrane thickness (L) and the open area
ratio of the vaporizer (A).

3. Model formulation

Consider a two-dimensional physical domain, as illustrated in
Fig. 3, which represents a passive vapor-feed DMFC that consists
of a liquid fuel tank, a membrane vaporizer, a hydrophobic porous
VTL, an anode DL and CL, a membrane, a cathode CL and DL, and
a hydrophobic porous air filter layer (AFL). The AFL also works as
a water-blocking layer, which is necessary in future commercial
applications since no liquid is expected to leak through the cath-
ode side. As shown in previous investigations [31,32], the AFL is
essential both to avoid direct liquid water loss from the cathode
to the ambient air and to achieve an interior water recovery from
the cathode through the membrane to the anode. In the following,
the model to formulate the mass transport and heat transport in
different regions of the computational domain is presented. The
following main assumptions are made in the model: (i) the fuel
cell operates under steady-state conditions; (ii) the porous layers
are homogeneous and isotropic; (iii) both gas and liquid phases
are continuous in porous layers; (iv) only water and methanol are
considered as the condensable species; (v) the membrane is imper-
meable to both gases and liquid, and the crossover of methanol and
water through the membrane is through dissolved phase; (vi) the
liquid and gas phases’ temperature are the same.

3.1. Governing equations for mass and heat transport

3.1.1. Mass transport in the anode porous region
The anode porous region includes the VTL, anode DL and anode

CL. Since the hydrophobic VTL is used for blocking the liquid trans-
port while still allowing for the vapor transport, it is assumed that
only gas phase exists in the VTL. While in the anode DL and CL,
both liquid phase and gas phase exist due to the coexistence of the
hydrophilic and hydrophobic pores. The general governing equa-
tions of the mass and momentum conservation corresponding to
each phase, as well as the conservation of species, are given by

Mass : ∇ · [�lul] = ṁl,a (Liquid phase) (3)

∇ ·
[
�gug

]
= ṁg,a (Gas phase) (4)

where u represents the superficial velocity vector based on the total
cross-sectional area of fluids and porous medium, and ṁ is the mass
generate rate.
Momentum : ul = −K
krl

�l
∇pl,a (Liquid phase) (5)

ug = −K
krg

�g
∇pg,a (Gas phase) (6)
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Fig. 3. Schematic of the model do

here K is the intrinsic permeability of the porous medium, and kr

enotes the relative permeability of a phase.

pecies : ∇ · (ulCML,a) = ∇ · (Deff
ML,a · ∇CML,a) + ṘML,a (Methanol in liquid) (7)

∇ · (ugCMV,ga) = ∇ · (Deff
MV,ga · ∇CMV,ga) + ṘMV,ga (Methanol in vapor) (8)

∇ · (ugCWV,ga) = ∇ · (Deff
WV,ga · ∇CWV,ga) + ṘWV,ga (Water vapor) (9)

here Deff
i

represents the effective diffusion coefficient of species
, and Ṙi denotes the mole generation rate of species i.

.1.2. Mass transport in the cathode porous region
The cathode porous region includes the cathode CL, cathode DL

nd AFL. In the cathode DL and CL, both liquid phase and gas phase
xist due to the coexistence of the hydrophilic and hydrophobic
ores. Since liquid water cannot leak through the hydrophobic AFL
o the ambient air, only gas phase exists in the AFL. The general
overning equations of the mass and momentum conservation cor-
esponding to each phase, as well as the conservation of species, are
iven by

ass : ∇ · [�lul] = ṁl,c (Liquid phase) (10)

∇ ·
[
�gug

]
= ṁg,c (Gas phase) (11)

omentum : ul = −K
krl

�l
∇pl,c (Liquid phase) (12)

g = −K
krg

�g
∇pg,c (Gas phase) (13)

pecies : ∇ · (ugCO2,gc) = ∇ · (Deff
O2,gc · ∇CO2,gc) + ṘO2,gc (Oxygen) (14)

∇ · (ugCWV,gc) = ∇ · (Deff
WV,gc · ∇CWV,gc) + ṘWV,gc (Water vapor) (15)

It should be noted that the difference between the pressures of
as phase and liquid phase in the two-phase regions is related to
he capillary pressure, which is given by [32,38]:

c = pg − pl = d(exp(−a1[s − c]) − exp(a2[s − c])) + b (16)

here a1 = −44.9, a2 = −22.1, b = 35.6 (Pa), c = 0.321 and d =
2.09 (Pa) for the DL, while a1 = −23.5, a2 = −17.4, b = 477.0 (Pa),
= 0.46 and d = −3.58 (Pa) for the CL. This capillary pressure rela-

ion was developed by Nguyen et al. [38] based on fuel cell diffusion
edia; it shows a mixed-wet behavior due to the coexistence of

ydrophilic and hydrophobic pores in the fuel cell DL and CL [32,38].

.1.3. Mass transport in the membrane

In the electrolyte membrane, only dissolved water and

ethanol need to be considered, as the membrane is regarded as
gas insulator due to its extremely low permeability. The transfer
f dissolved water through the membrane depends on molecular
iffusion, electro-osmotic drag, and convection. Accordingly, the
of the passive vapor-feed DMFC.

molar flux of water crossover (NH2Ocr) through the membrane can
be given by:

NH2Ocr = −Dwe(�)∇Cwe + nd,H2O
I

F
− Kmem�l

�lMH2O
∇pl (17)

Thus, the governing equation for the dissolved water concen-
tration (Cwe) is:

∇ · NH2Ocr = ∇ · (−Dwe(�)∇Cwe) + ∇ ·
(

nd,H2O
I

F

)
= 0 (18)

The molar flux of methanol crossover (NMLcr) through the mem-
brane, which also depends on molecular diffusion, electro-osmotic
drag and convection, can be given by:

NMLcr = −DM,N∇CML + nd,M
I

F
−
(

Kmem
pl,c−a

�lımem

)
CML (19)

where 
pl,c−a represents the liquid pressure difference between
the cathode and the anode.

3.1.4. Heat transport
The energy equation used in the entire computational domain

can be expressed as follows [31]:

∇ · (�lcp,l �ulT) + ∇ · (�gcp,g �ugT) = ∇ · (keff
T ∇T) + ST (20)

where keff
T represents the effective thermal conductivity of heat

transfer media, and ST denotes the heat generation rate.
Up to this point, the mathematical formulation of the mass

and heat transport processes in all the regions of the vapor-feed
DMFC has been presented. The required constitutive correlations
and associated nomenclatures are listed in Table 1.

3.2. Boundary and interfacial conditions

The conditions at each boundary/interface, in reference to Fig. 3,
are described below.

x = 0: This boundary represents the interface between the mem-
brane vaporizer and the VTL, through which liquid methanol
vaporizes to be vapor. As discussed in the proceeding section, the
generation rate of methanol vapor through the vaporizer can be
expressed by Eq. (2). For the other variables, it is assumed that the
vaporizer membrane is an insulator for gas transport, and thus the
boundary conditions can be given
∂�

∂x
= 0, � = pg,a, CWV,ga (21)

x = x2: This interface represents the contacting surface of the VTL
and anode DL, through which liquid cannot penetrate, and thus the
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Table 1
Constitutive relations in the governing equations.

Parameters Expressions

Relative permeabilities [31] krl = s4.5 Liquid

krg = (1 − s)4.5 Gas

Effective diffusion coefficients of species [33] Deff
i,g

= Di,gε1.5(1 − s)1.5 i : O2, WV, MV

Deff
ML,a =

⎧⎪⎪⎨
⎪⎪⎩

DM,lε1.5s1.5 ADL

(ε + εe)
[ε/(DM,lε1.5s1.5) + εe/(DM,N εe

1.5)]
ACL

DM,N PEM

Effective thermal conductivity in the porous regions [31] keff
T =

⎧⎪⎨
⎪⎩

εkg + kVTL/AFL VTL(AFL)

εskl + ε(1 − s)kg + kDL/CL DL(CL)

kmem PEM

General generation rate of mass in liquid phase ṁl,a =

⎧⎪⎪⎨
⎪⎪⎩

0 VTL

MH2OR̃vl − MMR̃MV,ga ADL

MH2O

(
R̃vl − NH2Ocr

ıacl
− ja

6F

)
− MM

(
R̃MV,ga + ja

6F
+ Ip

6Fıacl

)
ACL

ṁl,c =

⎧⎪⎪⎨
⎪⎪⎩

0 AFL

MH2OR̃vl CDL

MH2O

(
R̃vl + NH2Ocr

ıccl
+ (jc − Ip/ıccl)

2F
+ Ip

3Fıccl

)
CCL

General generation rate of mass in gas phase ṁg,a =

⎧⎪⎨
⎪⎩

0 VTL

−MH2OR̃vl + MMR̃MV,ga ADL

−MH2OR̃vl + MMR̃MV,ga + MCO2 ṘCO2,ga ACL

ṁg,c =

⎧⎪⎨
⎪⎩

0 AFL

−MH2OR̃vl CDL

−MO2 jc/4F + MCO2 Ip/6Fıccl − MH2OR̃vl CCL

Mole generation rate of species ṘO2,gc =
{

0
0

−jc/4F
, ṘWV,gc = −R̃vl

AFL

CDL

CCL

ṘML,a =

⎧⎪⎨
⎪⎩

0 VTL

−R̃MV,ga ADL

−R̃MV,ga − ja/6F ACL

ṘWV,ga = −R̃vl, ṘMV,ga = R̃MV,ga (ADL/ACL)

Heat generation rate [31] ST =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

0 VTL

R̃vl
hv − R̃MV,g
hMv ADL

ja(�a − T
SMOR/6F) + I2/	eff
mem + R̃vl
hv − R̃MV,g
hMv ACL

I2/	mem PEM

jc(
∣
�c
∣− T
SORR/4F) − IpT
SMOR/6Fıccl CCL

+I2/	eff
mem + R̃vl
hv

R̃vl
hv CDL

0 AFL
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iquid flux and liquid methanol flux in the x-direction are zero:

∂CML

∂x

∣∣∣∣
+

= 0,
∂pl,a

∂x

∣∣∣∣
+

= 0 (22)

x = x4: This interface is the interface between the anode CL and
he membrane, which is impermeable for both the gas and the
iquid. Thus, all of the fluxes except the dissolved water in the
-direction are:

∂pl,a

∂x

∣∣∣
−

= 0,
∂pg,a

∂x

∣∣∣
−

= 0,
∂CWV,ga

∂x

∣∣∣
−

= 0,
∂CMV,ga

∂x

∣∣∣
−

= 0,
∂CML

∂x

∣∣∣
−

= 0 (23)

Note that the methanol crossover is considered by a uniform
ource term in the CL, since the dissolving process of methanol into
he electrolyte occurs within the whole CL.

For the concentration of dissolved water in the electrolyte mem-
rane, it is assumed that the water concentration at the surface of
he membrane is in equilibrium with the water state in the porous
egion of the CL [39,40]. The dissolved water concentration (Cwe)
an be transformed to the water content (�) in the electrolyte, and
he relationship between the two is given by

= EW

�dry
Cwe (24)

When the Nafion membrane is in equilibrium with saturated
ater vapor, the water content in the membrane approaches an

quilibrium value (�∗
we,v), which can be approximated by [30]

∗
we,v = �∗

we,v@303 K
+

�∗
we,v@353 K

− �∗
we,v@303 K

50
(T − 303) (25)

here �∗
we,v@353 K

= 0.3 + 10.8aw − 16a2
w + 14.1a3

w, �∗
we,v@303 K

=
.043 + 17.81aw − 39.85a2

w + 36.0a3
w, and aw is the water vapor

ctivity (aw = xvaporpg/psat
vapor). When the electrolyte Nafion is

ubmerged in liquid water, its equilibrium water content appears
o jump discontinuously to a higher value of �∗

we,l = 22. Thus, for
he equilibrium water content which is in equilibrium with the
iquid-gas two phase mixture, a linear expression is used for an
pproximation as follows [30]:

�∗
we

∣∣
+ = �∗

we,v + (�∗
we,l − �∗

we,v) s|− (26)

here s|− is the liquid saturation in the surface of the anode CL
acing the membrane.

x = x5: This interface is the interface between the membrane and
he cathode CL. It is assumed that the methanol permeated from
he anode will be depleted immediately due to the fast methanol
eaction at the cathode, and thus the methanol concentration at
his interface is zero. Similar to interface at x = x4, all the gas and
iquid fluxes in the x-direction are also zero at this interface

CML
∣

− = 0,
∂pl,c

∂x

∣∣∣
+

= 0,
∂pg,c

∂x

∣∣∣
+

= 0,
∂CWV,gc

∂x

∣∣∣
+

= 0,
∂CO2,gc

∂x

∣∣∣
+

= 0 (27)

The dissolved water concentration in the membrane at this
nterface is also given by:

�∗
we

∣∣
− = �∗

we,v + (�∗
we,l − �∗

we,v) s|+ (28)

x = x7: This interface is the interface between the cathode DL and
FL. As discussed in previous investigations [31,32], no liquid water
an penetrate across the hydrophobic AFL, and thus the liquid flux
n the x-direction is zero at this interface:

∂pl,c

∣∣∣

∂x ∣− = 0 (29)

x = x8: This boundary represents the surface of the AFL exposed
o the ambient air. At this boundary, the mass transport of gases and
eat transport between the surface and the ambient air are through
urces 195 (2010) 7011–7024 7017

natural convection. Thus, the following boundary conditions are
specified by [31,32]

pg,c = p∞
g,c, −Deff

i,gc∇Ci,gc = hm(Ci,gc − Ci,∞),

i = O2, Water Vapor, −keff
T

∂T

∂x

∣∣∣∣
−

= h(T − T∞) (30)

The heat transfer coefficient (h) and mass transfer coefficient
(hm) are taken from the natural convection correlations on a hori-
zontal surface facing down [41,42]:

Nu = hL/k = 0.27(Gr Pr)0.25, Gr = gˇ
∣∣
T
∣∣ L3/2

Sh = hmL/Di,gc = 0.27(Gr Sc)0.25, Gr = g�
∣∣
�
∣∣ L3/�2, Sc = /Di,gc

(31)

x1 < x < x2 and y = 0 or y = y1: These two boundaries represent
the gas CO2 exits. Note that the mass transport of gases and heat
transport between the surface and the ambient air are also through
natural convection. The boundary conditions are given by:

pg,a = 0, − Deff
i,ga∇Ci,ga = hm(Ci,ga − Ci,∞), i = Methanol Vapor, Water Vapor (32)

x < x1 or x > x2 and y = 0 or y = y1: These represent the solid walls
of the vapor feed DMFC, and thus, the boundary conditions are
specified as follows:

∂�

∂y
= 0, � = CML, CMV,ga, CWV,ga, pl,a, pg,a, CO2,gc, CWV,gc, pl,c, pg,c, � (33)

3.3. Sub-models

In order to fulfill the unified model, some sub-models for the
electrochemical reactions as well as the interfacial transfer rates
of water and methanol between liquid and vapor phases are indis-
pensable.

On the DMFC anode, the kinetics of the methanol oxidation reac-
tion (MOR) is modeled by the Tafel-like expression:

ja = Av,ajref
0,MeOH

(
CM

Cref
MeOH

)�

exp
(

˛aF

RT
�a

)
(34)

where the reaction order (�) is related to the methanol concentra-
tion, and is assumed to be zero-order when methanol concentration
is higher than a reference value [34]. Otherwise, the first-order
reaction is applied.

The cell current density can be calculated by

I =
∫

ACL

ja dx (35)

The rate of methanol crossover is expressed by the ‘parasitic’
current density:

Ip = 6FNMLcr (36)

where the molar flux of methanol crossover (NMLcr) is given by Eq.
(19).

On the cathode, it is assumed that both the cell current and the
‘parasitic’ current are entirely consumed by the oxygen reduction
reaction (ORR), i.e.:

I + Ip =
∫

CCL

jc dx (37)

where the ORR is also given by the Tafel-like expression:( ) ( )

jc = (1 − s)Av,cjref

0,O2

CO2

Cref
O2

exp
˛cF

RT
�c (38)

In the above equation, (1 − s) accounts for the effect of liquid
coverage in the cathode CL on the electrochemical reaction [34].



7018 C. Xu, A. Faghri / Journal of Power Sources 195 (2010) 7011–7024

Table 2
Cell geometric dimensions and operating parameters.

Parameters Symbols Value Unit

Vaporizer thickness L 2.0 × 10−3 m
Vapor transport layer thickness x2 2.0 × 10−3 m
Gas exit x2 − x1 0.5 × 10−3 m
Anode diffusion layer thickness x3 − x2 2.6 × 10−4 m
Anode catalyst layer thickness x4 − x3 0.2 × 10−4 m
Membrane thickness (Nafion 115) x5 − x4 1.25 × 10−4 m
Cathode catalyst layer thickness x6 − x5 0.2 × 10−4 m
Cathode diffusion layer thickness x7 − x6 2.6 × 10−4 m
Air filter layer thickness x8 − x7 1.0 × 10−3 m
Width of the fuel cell y1 1.0 × 10−2 m
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Operation temperature T 298 K
Anode liquid pressure in the tank pb,Tank 1.013 × 105 Pa
Ambient air pressure p∞

g,c 1.013 × 105 Pa
Oxygen concentration in the ambient air CO2,∞ 0.21 × pg/RT mol m−3

Finally, the cell voltage can be determined from:

Cell = V0 − �a − �c − I

(
RContact + ımem

	mem

)
(39)

here V0, RContact and 	mem mean the thermodynamic equilibrium
oltage of the DMFC, the contact resistance and the proton conduc-
ivity of the membrane, respectively.

For the phase change between liquid water and water vapor,
he rate of condensation and evaporation can be modeled using
he finite-rate approach [30]:

˜vl = hvl(yWVpg − psat
WV) (40)

here psat
WV is the saturation pressure of water vapor, and yWV is the

olar fraction of water vapor in the gas phase. The mass-transfer
oefficient (hvl) can be given by [30]:

vl = kcε(1 − s)yWV

2RT

(
1+

∣∣yWVpg − psat
WV

∣∣
yWVpg − psat

WV

)
+ keεs�l

2MH2O

(
1 −

∣∣yWVpg − psat
WV

∣∣
yWVpg − psat

WV

)
(41)

here kc and ke are the condensation and evaporation rate con-
tants.

The rate of condensation and evaporation of methanol between
iquid phase and vapor phase is modeled by the following expres-
ion [30]:

˜MV,g = Alghlgs(1 − s)
(psat

MV − pMV)
RT

(42)

here psat
MV is the saturation pressure of methanol vapor.

The above-described governing equations for the cell geometric
imensions and operating parameters listed in Table 2 subjected
o electrochemical properties listed in Table 3, were solved numer-
cally by developing a simulation code, which was written based
n the SIMPLE algorithm with the Finite-Volume-Method [30–33].
he grid independence of the present simulation model has also
een fully investigated, and the grid with the number of 85 × 24
x × y) was used. The program was run on a desktop PC with an
8600 (3.33 GHz) Intel(R) Core(TM)2 Duo CPU. It typically took a
ozen of hours and 2 million iterations to get converged results.

. Results and discussion

.1. General characteristics

To reveal the general mass transport characteristics during

he working process of the passive vapor-feed DMFC, this sec-
ion presents the two-dimensional distributions of species (e.g.,

ethanol vapor, liquid methanol, water vapor, etc.) and tempera-
ure for the fuel cell discharged at a current density of 100 mA cm−2.
he ambient air has a temperature of 20 ◦C and a relative humidity
Fig. 4. Distribution of (a) concentration of methanol vapor (mol m−3) in the anode
VTL/DL/CL, and (b) concentration of methanol in liquid solution (mol m−3) in the
anode DL/CL/PEM.

of 50%. The concentration of methanol solution in the tank is 12 M
and the open area ratio (A) of the vaporizer is 100%.

Fig. 4 shows the distributions of concentration of methanol
vapor (in the anode VTL, DL and CL) and liquid methanol (in the
anode DL, CL and PEM). For the distribution of methanol vapor con-
centration (Fig. 4a), it is seen that the methanol vapor shows the
highest concentration (∼3.9–4.5 mol m−3) at the interface between
the vaporizer and the VTL. This methanol vapor comes from the
pervaporization of the liquid methanol solution (12 M) in the tank
through the membrane vaporizer. It is also clear that the methanol
vapor concentration decreases significantly along the VTL, anode
DL and CL. For instance, the concentration decreases from 4.5 to
1.2 mol m−3 along the central line (y = 0). That clearly indicates the
transport of methanol vapor through the VTL to the anode DL and
CL, where it condenses into the liquid methanol solution. There
is also some methanol vapor loss along with the gas CO2 exhaust
through the two gas exits, which accounts for the non-uniform
distribution of methanol vapor along the y-direction. Note that
the marked decrease (about 70%) of methanol vapor concentra-
tion through the VTL indicates the VTL can work effectively as
a barrier layer for the methanol vapor transport. It is therefore
anticipated that changing the properties of the VTL (e.g., thickness,
porosity, permeability, etc.) can effectively adjust the distribution
of methanol vapor concentration in the anode DL and CL.

Due to the condensation of methanol vapor, diluted methanol
solution is formed in the anode DL and CL, as shown in Fig. 4b.
The largest methanol concentration (about 3.4 M) comes from the

surface of the anode DL, and it decreases through the DL and CL
due to the electrochemical consumption of liquid methanol in the
anode CL and the methanol crossover loss through the membrane
to the cathode. The non-uniform distribution of liquid methanol



C. Xu, A. Faghri / Journal of Power Sources 195 (2010) 7011–7024 7019

Table 3
Physicochemical properties used in the model.

Parameters Symbols Value Unit Ref.

Porosity, permeability VTL εvtl , Kvtl 0.3, 1.0 × 10−12 –, m2 –
ADL εadl, Kadl 0.75, 1.0 × 10−12 –, m2 –
ACL εacl, Kacl 0.3, 1.5 × 10−14 –, m2 [31]
MEM εmem, Kmem 0.3, 2.0 × 10−18 –, m2 [31]
CCL εccl, Kccl 0.3, 1.5 × 10−14 –, m2 [31]
CDL εcdl, Kcdl 0.75, 1.0 × 10−12 –, m2 –
AFL εafl, Kafl 0.7, 1.0 × 10−12 –, m2 –

Nafion volume fraction ACL εe,acl 0.3 – –
CCL εe,ccl 0.3 – –

Diffusivities MeOH in water DM,l 1.58 × 10-9e0.02623(T−298) m2 s−1 [31]
MeOH in Nafion DM,N 4.9 × 10−10e[2436(1/333−1/T)] m2 s−1 [31]
MeOH in vaporizer Dpm DM,N m2 s−1 Assumed

Methanol vapor DM,g
−6.954 × 10−6 + 4.5986
×10−8T + 9.4979 × 10−11T2 m2 s−1 [31]

O2 in gas DO2,gc 1.775 × 10−5
(

T
273.15

)1.823
m2 s−1 [31]

Water vapor DWV,g 2.56 × 10−5
(

T
307.15

)2.334
m2 s−1 [31]

Dissolved water in Nafion Dwe 4.17 × 10−8�(161e−� + 1)e−2436/T m2 s−1 [31]
Thermal conductivity of membrane kmem 0.2 W m−1 K−1 [31]
Thermal conductivity of DL and CL kDL(kCL) 1.5 W m−1 K−1 [31]
Thermal conductivity of VTL kVTL 1.5 W m−1 K−1 [31]
Thermal conductivity of AFL kAFL 1.5 W m−1 K−1 [31]
Thermal conductivity of gas kg 0.026 W m−1 K−1 –
Thermal conductivity of liquid kl 0.62 W m−1 K−1 –
Heat capacity of liquid water cpl 4200 J kg−1 K−1 –
Heat capacity of gas cpg 1007 J kg−1 K−1 –
Viscosity of gas phase �g 2.03 × 10−5 kg m−1 s−1 [33]
Viscosity of liquid phase �l 4.05 × 10−4 kg m−1 s−1 [33]
Absolute entropy of liquid methanol (1 atm, 298 K) s̄0

MeOH,l
126.8 J mol−1 K−1 –

Absolute entropy of liquid water (1 atm, 298 K) s̄0
H2O,l

69.95 J mol−1 K−1 –

Absolute entropy of CO2 (1 atm, 298 K) s̄0
CO2

213.685 J mol−1 K−1 –

Absolute entropy of O2 (1 atm, 298 K) s̄0
O2

205.033 J mol−1 K−1 –

Electro-osmotic drag coefficients of water and methanol nd,H2O
2.5
22 � – [31]

nd,M nd,H2OxM – –
Evaporation rate constant for water ke 5 (atm s)−1 –
Condensation rate constant for water kc 5.0 × 104 s−1 –
Interfacial transfer rate constant for methanol hlg 0.05 m2 s−1 –
Specific interfacial area between liquid and gas Alg 105 m−1 [33]
Proton conductivity in membrane 	mem 7.3e[1268(1/298−1/T)] ˝−1m−1 [31]
Henry law constant for methanol kH,M 0.096e0.04511(T−273) atm [31]
The saturation pressure of water vapor log10psat

WV −2.1794 + 0.02953(T − 273) −
9.1837 × 10−5(T − 273)2 +
1.4454 × 10−7(T − 273)3

atm [31]

The saturation pressure of methanol vapor psat
MV kHxM,l atm [31]

Latent heat of methanol evaporization 
hMv 37.7 × 103 J mol−1 –
Latent heat of water evaporization 
hv 44.9 × 103 J mol−1 –
Thermodynamic voltage V0 1.21 V [30]
Transfer coefficient of anode ˛a 0.52 – [30]
Transfer coefficient of cathode ˛c 1.0 – [30]

Anode exchange current density Av,ajref
0,M 1 × 105 exp

(
35,570

R

(
1

353 − 1
T

))
A m−3 [31]

Cathode exchange current density Av,cjref
0,O2

2111 exp
(

73,200
R

(
1

353 − 1
T

))
A m−3 [31]

Anode reference concentration Cref
M 100 mol m−3 [33]

Cathode reference concentration Cref
O2

36.5 mol m−3 [33]

Surface tension 	 0.0644 N m−1 [33]
Membrane/aqueous phase partition coefficient K 0.04 – [33]

c
d
T
a
l
a
s
t
3
D

Equivalent weight of ionomer EW
Dry membrane density �dry

Contact resistance Rcontact

oncentration along the y-direction is caused by the non-uniform
istribution of methanol vapor concentration, as shown in Fig. 4a.
he distribution of liquid methanol concentration in the anode CL
nd DL of the passive vapor-feed DMFC is very similar to that of a
iquid-feed DMFC, which can be referred to [30–33]. Therefore, it is
nticipated that the performance of this passive vapor-feed DMFC

upplied with concentrated methanol solution of 12 M is similar to
hat of a liquid-feed DMFC fed with diluted methanol solution of
.4 M, while clearly the energy density of the passive vapor-feed
MFC is higher.
1.1 kg mol−1 –
1980 kg m−3 –
0.45 � cm2 –

To further reveal the presence of liquid methanol solution in
the anode, the liquid saturation distribution in the x-direction at
different y-locations is shown in Fig. 5. Due to the different proper-
ties of the different porous layers, there is only gas phase (s = 0) in
the hydrophobic VTL and AFL, while there are both liquid and gas
phases (0 < s < 1) in the CL and DL which have mixed-wettability

porous structures. Moreover, the liquid saturation remains nearly
the same within each component (CLs and DLs), which indicates
that liquid is confined within the CL and DL by the presence of the
hydrophobic VTL in the anode side and the AFL in the cathode side.
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ig. 5. Distribution of liquid saturation in the fuel cell in the x-direction at different
-locations.

Generally, it is clear from Figs. 4 and 5 that the working process
f the passive vapor-feed DMFC involves complex physicochemical
rocesses including the pervaporation of liquid methanol through
he vaporizer, the transport of methanol vapor through the VTL
owards the anode CL, the condensation of methanol vapor into the
iluted liquid methanol solution, the transport of liquid methanol

n the anode DL and CL, and the electrochemical consumption of
iquid methanol in the anode CL.

Fig. 6 shows the distribution of water vapor concentration and
emperature rise across the fuel cell. For the water vapor (Fig. 6a),
he concentration in the anode side decreases from the CL towards
he two gas exits, which means the water vapor comes by evapo-
ation from liquid water in the anode CL and DL and is lost through
he gas exits along with the gas CO2. Therefore, sufficient water
hould be recovered from the cathode to the anode to make up for

he water consumption in the anodic reaction and the water vapor
oss with the gas CO2 exhaust. At the cathode side, the water vapor
oncentration decreases from the CL to the surface of the AFL, indi-
ating water vapor loss from the cathode side to the ambient air. For

ig. 6. Distribution of (a) concentration of water vapor (mol m−3) in the anode
TL/DL/CL and cathode CL/DL/AFL, and (b) temperature rise (◦C) across the fuel cell.
Fig. 7. Distribution of methanol vapor concentration (mol m−3) in the anode
VTL/DL/CL at different current densities: (a) 50 mA cm−2, (b) 100 mA cm−2, (c)
150 mA cm−2, and (d) 200 mA cm−2.

the temperature rise across the cell (Fig. 6b), it is seen that due to the
heat generation within the cell, the cell temperature is 6.6–8.5 ◦C
higher than the ambient temperature. The distribution of temper-
ature is also non-uniform: it is higher within the cell while lower
near the gas exits and the surface of the AFL, through which heat
is dissipated to the ambient air. The largest temperature difference
within the cell is about 1.9 ◦C.

4.2. Effect of cell current density

Fig. 7 shows the two-dimensional distributions of methanol
vapor concentration in the anode VTL, DL and CL at current densi-
ties of 50, 100, 150 and 200 mA cm−2. With the increase in current
density, the methanol vapor concentration decreases within the
whole region. The change of methanol vapor concentration with
current density can be seen more clearly in Fig. 8, which shows

the methanol vapor concentration in the x-direction at differ-
ent y-locations for different current densities. It is seen that the
methanol vapor concentration at the surface of the VTL decreases
with the increase in current density. For instance, the concentra-

Fig. 8. Distribution of methanol vapor concentration in the anode VTL/DL/CL at
different y-coordinates and at different current densities.
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ig. 9. Distribution of liquid methanol concentration (mol m−3) in the DL/CL/PEM at
ifferent current densities: (a) 50 mA cm−2, (b) 100 mA cm−2, (c) 150 mA cm−2, and
d) 200 mA cm−2.

ion at the middle of the surface decreases from 4.65 to 4.2 mol m−3

hen the current density is increased from 50 to 200 mA cm−2.
hat is because, from Eq. (2), the larger methanol generation
ate requested by the increased current density leads to a lower
ethanol vapor concentration on the surface of the VTL. At the
ame time, the methanol vapor concentration within the whole
egion decreases with the current density. Near the side wall
y = 5 mm), the methanol vapor concentration first decreases, and
hen increases after the location of the gas exit, which indicates

ig. 10. Molar flux of methanol and water crossover from the anode to the cathode
ith the increase in current density.
Fig. 11. Cell performance of the vapor-feed DMFC and the variation in the average
cell temperature rise with the increase in current density.

some methanol vapor loss through the gas exit. Since the methanol
vapor concentration is relatively lower in the DL and CL, the loca-
tions of gas exits are chosen to be near the DL in order to reduce
the vapor loss through the gas exits.

The distributions of methanol concentration in the liquid solu-
tion at different current densities are shown in Fig. 9. It is clear that
the liquid methanol concentration decreases in the whole region
with the increase in current density. The methanol concentration
at the surface of the anode DL decreases from about 4.0 to 1.8 M
when the current density increases from 50 to 200 mA cm−2. The
decrease in methanol concentration with current density leads to
a decrease in methanol crossover through the membrane, which
can be seen in Fig. 10. With the increase in current density, the
methanol crossover is seen to decrease nearly linearly from about
0.0032 mol m−2 s−1 to almost 0, at which a limiting current density
occurs.

The current density also influences the water crossover through
the membrane, which can also be seen in Fig. 10. It is seen that the
flux of water crossover from the anode to the cathode is negative,
meaning the water crossover is from the cathode to the anode, and
the flux of water crossover from the cathode to the anode increases
with current density. The “negative” water crossover results from
the reduction of water flux by diffusion from the anode to the
cathode, and from the significant increase in the water flux by con-
vection from the cathode to the anode caused by the hydrophobic
AFL [31,32]. With the increase in current density, more liquid water
is generated in the cathode CL, and higher liquid pressure is built
up in the cathode, which pushes more water to the anode through
the membrane. The increased water crossover happens to make
up for the increased water consumption in the anode with current
density. It is worth pointing out that the change of water crossover
through the membrane with current density for the passive vapor-
feed DMFC is similar to that of a passive liquid-feed DMFC, which
has been presented elsewhere [30–32].

The polarization curve of the passive vapor-feed DMFC is shown
in Fig. 11. Similar to a liquid-feed DMFC, the cell voltage decreases
with the increase in current density. There is a rapid drop in cell
voltage when the current density approaches 208 mA cm−2, which
is the limiting current density caused by large mass transport polar-
ization. The cell performance gives a peak power density of about

−2
30 mW cm at the cell voltage of 0.2 V, which is similar to a passive
liquid-feed DMFC fed with 3 M [32]. Fig. 11 also shows the variation
in the average cell temperature rise with the increase in current
density. The average cell temperature at any current density is
always above the ambient temperature due to the heat generation
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the cathode to the anode, it also decreases with the decrease in the
open area ratio. That is because the reduced methanol crossover
lowers the water generation rate in the cathode CL, and thus less
water is pushed to the anode through the membrane.
ig. 12. Distribution of methanol vapor concentration (mol m−3) in the anode
TL/DL/CL at current densities of 40 mA cm−2, with different vaporizer open area
atios: (a) 100%, (b) 75%, (c) 50%, and (d) 25%.

aused by the electrochemical reaction. However, the average cell
emperature rise first decreases slightly and then increases with the
urrent density. That behavior is different from that of a passive liq-
id feed DMFC, which shows a continuous increase in temperature
ith current density [31,32]. The first decrease in cell temperature

s possibly due to the significant decrease of liquid methanol con-
entration in the anode with current density (as shown in Fig. 9),
hich lowers the methanol crossover and leads to a reduced heat

eneration caused by methanol crossover.

.3. Effect of open area ratio of the vaporizer

As mentioned above, the vapor generation rate across the
aporizer, as well as the concentration of methanol vapor at the
embrane–vapor interface, can be controlled by adjusting the open

rea ratio of the vaporizer. In this section, different open area ratios
100%, 75%, 50% and 25%) for the passive vapor-feed DMFC fed with
2 M concentrated solution in the tank were tested. Fig. 12 shows
he distributions of methanol vapor concentration for a cell oper-
ting at 40 mA cm−2 with different vaporizer open area ratios. It
s seen that the methanol vapor concentration decreases greatly
n the whole anode region with the decrease in the open area
atio. The maximum methanol vapor concentration (at the center of
he surface of the VTL) decreases from about 4.68 to 0.99 mol m−3

hen the open area ratio is decreased from 100% to 25%. There-
ore, adjusting the open area ratio of the vaporizer can effectively
hange the methanol vapor concentration in the anode porous
egion, which significantly affects the liquid methanol concentra-
ion in the anode DL and CL. The distributions of liquid methanol
oncentration with different open area ratios are shown in Fig. 13.

ith the decrease in the open area ratio, the liquid methanol con-
entration clearly decreases. For instance, the maximum liquid
ethanol concentration (at the center of the surface of the anode
L) decreases greatly from about 4.1 to 0.6 M. That clearly shows

hat the liquid methanol concentration in the anode DL and CL can
e effectively controlled by changing the open area ratio of the
aporizer.
The decrease in the liquid methanol concentration with the
ecrease in the vaporizer open area ratio also influences the flux
f methanol and water through the membrane, which is shown in
ig. 14. The flux of methanol crossover decreases with the decrease
Fig. 13. Distribution of liquid methanol concentration (mol m−3) in the DL/CL/PEM
at current densities of 40 mA cm−2, with different vaporizer open area ratios: (a)
100%, (b) 75%, (c) 50% and (d) 25%.

in the open area ratio due to the reduced liquid methanol concen-
tration. For the flux of water crossover through the membrane from
Fig. 14. Molar flux of methanol and water crossover from the anode to the cathode
with the increase in current density with different vaporizer open area ratios.
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Fig. 15. Cell performance of the passive vapor-feed DMFC and the variation in the
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verage cell temperature rise with the increase in current density with different
aporizer open area ratios.

Both the cell performance and the variation in the average cell
emperature rise with the increase in current density for differ-
nt open area ratios are shown in Fig. 15. With the decrease in
he open area ratio, the cell voltage increases in the low current
ensity region, while the limiting current density decreases nearly
roportionally due to the lowered liquid methanol concentration

n the anode. The observation about the effect of vaporizer open
rea ratio on the cell performance agrees well with the experimen-
al finding by Eccarius et al. [7]. For the average temperature rise, it
lways decrease slightly first and then increases with current den-
ity for different open area ratios, while it is decreased evidently
ith the decrease in the open area ratio. The average temperature

ise near the open-circuit condition (i = 0) decreases from about 8.5
o 2.5 ◦C when the open area ratio decreases from 100% to 25%. That
s because the heat generation caused by the methanol crossover is
ignificantly lowered.

.4. Effect of methanol concentration in the tank

From Eq. (2), it is clear that fixing the open area ratio of the
aporizer (A) while changing the methanol concentration in the
ank (CML,Tank) yields the same results as fixing (CML,Tank) while
hanging A, if A × CML,Tank is constant. For example, CML,Tank = 24M
neat methanol) and A = 50% gives the same results as CML,Tank =
2 M and A = 100%, which have been discussed in preceding sec-
ions. Therefore, the effect of methanol concentration in the tank
an be directly drawn from the proceeding sections. Main results
re listed as follows:

1) For a fixed open area ratio and a given current density, an
increase in the tank methanol concentration results in an
increase in methanol vapor concentration in the VTL, anode DL
and CL, which finally leads to an increase in liquid methanol
concentration in the anode DL and CL. Accordingly, the flux of
methanol crossover from the anode to the cathode, and water
crossover from the cathode to the anode all increases with the
methanol concentration in the tank.

2) With an increase in the tank methanol concentration, the cell

voltage is lowered slightly in the low current density region,
while the mass transport polarization is reduced and the lim-
iting current density is increased. The cell temperature also
increases with the methanol concentration in the tank.

[
[
[
[

urces 195 (2010) 7011–7024 7023

Therefore, it is clear that the mass transport and cell perfor-
mance of the passive vapor-feed DMFC depend highly on both the
open area ratio of the vaporizer and the methanol concentration
in the tank. Theoretically, increasing the methanol concentration
in the tank, and optimizing the vaporizer open area ratio, could
achieve the maximum cell performance as well as the largest
energy density of the system.

5. Conclusions

Based on a two-dimensional, two-phase, non-isothermal model
using the multi-fluid approach, the mass transport in the pas-
sive vapor-feed DMFC, as well as the effects of various operating
parameters and cell structures on the mass transport and cell per-
formance, were numerically investigated. The model features the
consideration of vapor generation through a membrane vaporizer
and the vapor transport through a hydrophobic vapor transport
layer. The results show that the passive vapor-feed DMFC involves
complex physicochemical processes including pervaporation of
liquid methanol through the vaporizer, transport of methanol
vapor through the hydrophobic vapor transport layer towards the
anode electrode, condensation of methanol vapor into the diluted
methanol solution, transport of liquid methanol within the anode
diffusion layer and catalyst layer, and electrochemical consumption
of liquid methanol in the anode catalyst layer. It is also shown that
the passive vapor-feed DMFC supplied with concentrated methanol
solution or neat methanol can yield similar performance with the
liquid-feed DMFC fed with much diluted methanol solution, while
giving a higher system energy density. The mass transport and cell
performance of the vapor-feed DMFC are found to depend highly
not only on the current density, but also on the open area ratio of
the vaporizer and the methanol concentration in the tank. There-
fore, the maximum cell performance, as well as the largest energy
density of the system, can be achieved by increasing the methanol
concentration in the tank and optimizing the open area ratio of the
vaporizer.
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