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Abstract

A 2-dimensional, transient multi-phase, multi-component fuel cell model is developed to model a passive fuel delivery system includ-
ing the fuel cell itself for a direct methanol fuel cell (DMFC). This model captures evaporative effects, as water and fuel management are
crucial issues. The evaporation/condensation rates are formulated in a manner to capture non-equilibrium effects between the phases.
Also, the full kinetics are modeled at both the anode and cathode catalyst layers, along with the electric potential of the membrane, cat-
alyst and gas diffusion layers. The fuel cell operation is examined by quantifying the fuel consumption due to chemical reaction and evap-
oration as a function of feed concentration. The passive delivery system utilizes a porous media to passively deliver methanol to the fuel
cell while controlling the concentration of methanol at the anode side to limit the amount of methanol cross-over. The results illustrate
the feasibility of the passive thermal-management system, and characterize the relevant transport phenomena.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Fuel cells are extensively being studied today because of
their potential as an alternate energy source for a wide
range of applications. Also, fuel cells are environmentally
friendly. There are many unresolved issues in modeling
and thermal/fuel management related to fuel cell technol-
ogy. For a review on this subject, the authors refer to Fag-
hri and Guo [1]. The DMFC is advantageous because of its
low operating temperature and potential to store fuel in a
liquid state; the operating temperature and fuel storage
make it an excellent candidate for portable applications
that run passively, i.e. without use of moving parts such
as pumps, fans and blowers.

In a DMFC, the oxidation reaction mainly occurs at the
anode catalyst layer, while the reduction reaction occurs at
the cathode catalyst layer. The half reactions are
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Oxidation: CH3OHþH2O !Pt=Ru
CO2 þ 6Hþ þ 6e�

Reduction:
3

2
O2 þ 6Hþ þ 6e�!Pt

3H2O

Total : CH3OHþ 3

2
O2 ! CO2 þ 2H2O

Meyers and Newman [2] developed a kinetics model to
describe the methanol oxidation on a Pt-Ru catalyst. Gar-
cı̀a et al. [3] used a similar reaction mechanism as Meyers
and Newman but did not segregate the electrochemical oxi-
dation of water reaction from the electrochemical oxida-
tion of CO. Their reaction mechanism assumes that the
most significant reactions are the adsorption of methanol
and the oxidation of CO. The kinetic expression of Meyers
and Newman and of Garcı̀a et al. is not appreciably differ-
ent because the oxidation of water on Ru occurs much fast
than the oxidation of CO.

One of the serious problems with a DMFC is methanol
crossover. Methanol crossover is when methanol crosses
through the membrane and reacts at the cathode catalyst
layer; the result is a reduction in cell power output and
wasted fuel. Methanol crossover is caused by diffusion

mailto:amir.faghri@uconn.edu


Nomenclature

A area of fuel cell (m2)
a constant in coefficient matrix
asf specific area (m�1)
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 (ms)

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 coeff. (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)
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 (Ns/m2)
h contact angle between liquid and solid (radians)
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)
xg,i,sat mass fraction of gas (kg/kg)
xl,i mass fraction of liquid (kg/kg)
Dxg,i deviance from saturation (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/condensa-

tion)

Superscripts
k previous iteration
k + 1 next iteration
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and electro-osmotic drag. Diffusion can be limited by thick-
ening the polymer electrolyte membrane; however, by
doing so, the ohmic resistance of the membrane increases,
therefore decreasing the cell’s voltage and power. The elec-
tro-osmotic drag is caused by hydrogen ions dragging fluid
across the membrane. Ren et al. [4] showed that the electro-
osmotic drag terms must be used to accurately describe the
methanol cross-over.
There have been several fuel cell models, ranging in
dimension and physical characteristics they capture. Garcı̀a
et al. [3] developed a semi-analytical, one-dimensional
model that included methanol diffusion and electro-osmotic
drag effects. They considered the anode gas diffusion and
catalyst layer, as well as the membrane. Kulikovsky [5]
also examined the anode side of the DMFC to look at the
effect of non-Tafel kinetics on cell performance using a
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one-dimensional model. Jeng and Chen [6] developed a 1d
model to capture the anode side of a DMFC. The fuel
was delivered to their fuel cell by a feed stream using a mass
transfer coefficient.

Kulikovsky [7] and Kulikovsky et al. [8] presented 2-
dimensional fuel cell models that used liquid and gaseous
methanol feeds, respectively. These models examined the
use of conventional current collectors compared to embed-
ded current collectors. The conventional current collectors
are ‘‘sandwiched” on either side of the fuel cell, while the
embedded current collects are embedded onto the sides of
the diffusion and catalyst layers. They found that an
embedded type current collector gives a more uniform con-
centration and current density, while a conventional cur-
rent collector produces regions of high current densities
and low concentrations. They used flow channels to deliver
the fuel in their models. Also the convective transport of
the methanol was considered, along with the electrical
potential equations of the membrane and carbon phases.

All of the aforementioned models used a single phase
approach to the DMFC. Wang and Wang [9] modeled
the DMFC used a two-phase mixture model (M2 model),
with a drift flux model to describe the two-phase flow
and transport in fluid channels. The M2 model is a refor-
mulation of two-phase flow into a single equation. The
liquid saturation of the void space in the porous media
was calculated by making the volume averaged density of
one component equal to the volume average density of
the saturated value of that component. This component
is carbon dioxide on the anode side and water on the cath-
ode side. Also, the species in the liquid and gas phases are
considered to be in thermodynamic equilibrium.

Polymer electrolyte membrane fuel cells (PEMFCs)
have been more extensively studied using two-phase mod-
els. Two-phase transport is crucial in PEMFCs because
of flooding effects (liquid blockage of oxidant to the cata-
lyst layer), and membrane drying effects (loss of proton
conductivity when membrane is not saturated with water).
PEMFCs are very similar to the DMFC because they share
the same electrolyte. Nam and Kaviani [10] directly solved
for the liquid saturation in a one-dimensional model of the
diffusion medium and not the fuel cell. They included con-
densation effects in their model. They suggest a two-layer
diffusion media which creates a saturation jump, which
ultimately improves cell performance.

Pasaogullari and Wang [11] used the M2 model to solve
two-phase flow. Unlike Wang and Wang [9], Pasaogullari
and Wang [11] directly solved a flow equation for the liquid
saturation when using the M2 model. Similar to Nam and
Kaviani [10], they found that a two-layer gas diffusion media
enhances liquid-water removal from the fuel cell and reduces
the liquid-saturation in the catalyst layers.

Natarajan and Nguyen [12] also solved the multiphase
flow problem in a PEMFC. The capillary pressure was cal-
culated using an exponential function as opposed to the
polynomial Leverett function used in the other multiphase
models. Their model captured transient characteristics for
the cathode of a fuel cell and included evaporation and
condensation effects.

One of the driving characteristics of research on
DMFCs is the potential for portable application. In order
to utilize all of the power produced, it would be beneficial
to operate these fuel cells in the passive mode, with no
moving parts such as pumps, fans, and blowers. Faghri
and Guo [13,14] developed an innovative passive fuel deliv-
ery system that uses a preferential wicking material to sep-
arate the fuel storage system from the fuel delivery system.
This system uses a porous material to deliver the methanol
to the anode at a controlled concentration. Their system
can be used in a planar configuration, therefore making
the cell power output easily adjustable by the total cell size,
Guo and Faghri [15,16].

There is a lack of multiphase models for the DMFC,
especially those including the evaporation/condensation
effects. To the author’s knowledge, there are no other tran-
sient, multiphase models that consider non-equilibrium
effects in a DMFC. Also, there is a need for models of a
passive fuel delivery system. Water and fuel management
are crucial issues to the DMFC, and therefore are very
important to include in the numerical model. It is the pur-
pose of this paper to create a transient, multi-phase, multi-
component model that includes evaporation/condensation
effects as well as solving realistic electrochemistry. The
non-equilibrium effects of the methanol/water evapora-
tion/condensation are also captured. This model performs
two tasks. First, the DMFC is characterized, focusing
on optimal operating conditions based on cell power out-
put and fuel consumption efficiency. Second, this paper
addresses issues such as water/fuel management, start-up
characteristics and limiting the amount methanol cross-
over for a passive fuel delivery system.

2. Problem formulation

The current problem is formulated in two parts. First,
the fuel cell is characterized as a function of methanol feed
concentration. In these simulations a droplet of methanol
solution is applied directly to the anode side of the fuel cell,
as shown in Fig. 1a. With these simulations, the operating
parameters that effect the cell’s power output and fuel con-
sumption efficiency are examined. Second, the passive fuel
delivery system is examined. The general schematic for the
proposed passive fuel delivery system for a DMFC is pre-
sented in Fig. 1b. There are several components in this sys-
tem, the components and their functions are:

� Methanol storage tank, to store liquid methanol;
� Preferential wicking material to prevent back diffusion

of water into the storage tank;
� Non-preferential wicking material to deliver the metha-

nol to the fuel cell and control the methanol concentra-
tion at the anode side to limit methanol cross-over;
� Fuel cell (anode/cathode diffusion layers, catalyst layers

and polymer electrolyte membrane);



Fig. 1. Schematic of the (a) DMFC with a fuel droplet, (b) the passive fuel
delivery system and DMFC, (c) and the computational domain and
boundaries.
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� Air-breathing System, hydrophobic material to prevent
water droplet formation on the cathode side;
� Current Collectors, connected to external circuit to pro-

duce power.

The preferential wicking material is hydrophilic to meth-
anol and hydrophobic to water. The contact angles for
hydrophilic and hydrophobic materials are

hHydrophilic <
p
2
; hHydrophobic P

p
2
:

When water diffuses into the preferential wicking material,
the capillary pressure tends to reject its entrance. This pro-
cess rejects the entrance of water into the methanol storage
tank. The non-preferential wicking material is hydrophilic
to both methanol and water, and is suitable for deliver of
liquid methanol to the fuel cell. The thickness of this region
helps control the concentration of methanol at the anode
side and also the start-up time.

2.1. Flow equations

The continuity equations for the liquid and gaseous
phases in a porous zone are given in Eqs. (1a) and (1b),
respectively. These equations apply to every region simu-
lated since they are all porous.

o

ot
ðesqlÞ þ r � ðesqlhVlilÞ ¼ _m000l ð1aÞ

o

ot
ðeð1� sÞqgÞ þ r � ðeð1� sÞqghVgigÞ ¼ _m000g ð1bÞ

The subscript ‘l’ refers to the liquid phase while ‘g’ refers
to the gaseous phase. The saturation of the liquid phase
is defined as

s ¼ al

e
¼

R
V l

dVR
V l

dV þ
R

V g
dV

ð2Þ

The liquid volume fraction in is al and e is the porosity. The
velocity used is the intrinsic phase averaged velocity.

hVlil ¼
1

V l

Z
V l

VldV ; hVgig ¼
1

V g

Z
V g

VgdV ð3Þ

The pore Reynolds number is defined a function of the
intrinsic velocity and the pore characteristic diameter

dpore ¼ K1=2

e1=2

� �
.

Ree ¼
qjhVkikjK1=2

lke1=2
ð4Þ

This Reynolds number is much less than unity, where k re-
fers to either the liquid or gas phase, therefore the inertial
terms in the momentum equations can be neglected with-
out compromising the accuracy of the solution. The liquid
and gaseous momentum equations are based on Darcy’s
law with an added electro-osmotic drag term.

eshVlil ¼ �
krlK

ll

rpl þ
ndM l

ql

Ip

F
ð5aÞ

eð1� sÞhVgig ¼ �
krgK

lg

rpg ð5bÞ

The liquid momentum uses the electro-osmotic drag term
from Ren et al. [4], caused by the hydrogen atoms passing
from the anode catalyst layer to the cathode catalyst layer.
The relative permeability for each phase is defined as

krl ¼ ðsþ 0:05Þ3 ð6aÞ
krg ¼ ð1:05� sÞ3 ð6bÞ
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The shift of 0.05, in the saturation prevents the relative per-
meability from going to zero. Therefore, numerical difficul-
ties in the limits of fully saturated or unsaturated pores are
avoided. It also allows for liquid to enter regions that were
once unsaturated. The momentum equations (Eqs. (5a) and
(5b)) can be directly inserted to the continuity equations
(Eqs. (1a) and (1b)) to get equations to solve for pressure
and liquid saturation.

o

ot
ðesqlÞ þ r � �ql

krlK

ll

rpl

� �
¼ _m000l �r � ndM l

Ip

F

� �
ð7aÞ

o

ot
ðeð1� sÞqgÞ þ r � �qg

krgK

lg

rpg

 !
¼ _m000g ð7bÞ

The gaseous and liquid pressures are related by the
capillary pressure. The capillary pressure is defined by the
Leverette function.

pg � pl ¼ pc ¼ r cos h
e
K

� �1=2

JðsÞ þ pshift ð8Þ

where J(s) is

JðsÞ¼ 1:417ð1� sÞ�2:120ð1� sÞ2þ1:263ð1� sÞ3 h< p=2:0

1:417s�2:120s2þ1:263s3 hP p=2:0

(

ð9Þ

The term pshift in Eq. (8), compensates for the continuous
formulation of the liquid and gaseous phase at low and
high saturation levels, respectively. The shift in pressure
is less than 1% of the maximum capillary pressure. A
hydrophobic region at low saturation levels will not be con-
tinuous, and therefore the liquid droplets inside the porous
zone are ‘‘trapped”. Since the porous zone retains these
droplets, the porous material is modeled as slightly hydro-
philic at very low saturation values in the continuous
approach. The same is true for the gas phase in a hydro-
philic material at high saturation values. The mass source
terms in the governing equations are due to chemical reac-
tions, and by mass transport, i.e. evaporation/condensa-
tion. Therefore, the mass source terms are separated into
two terms.

_m000 ¼ _m000R þ _m000T ð10Þ

The subscripts, ‘R’ and ‘T’ denote the reaction and mass
transport terms, respectively. In the liquid phase, there
are only two species, water and methanol; therefore a single
species transport equation for methanol with Fickian diffu-
sion is utilized. The increased resistance to the diffusion
because of the porosity, saturation and tortuosity, s, is rep-
resented by [es]s.

o

ot
ðesqlxl;iÞ þ r � �qlxl;i

krlK

ll

rpl

� �

¼ r � ð½es�sqlDl;12rxl;iÞ þ _m000l;i �r � nd;iM l;i
Ip

F

� �
ð11Þ
The advection term (second term on left) already substi-
tutes the pressure–velocity relationship. The drag coeffi-
cient of phase i, is

nd;i ¼ xind ð12Þ
The mole fraction of the ith component is denoted by xi. In
the gas phase, there are several components, which are O2,
CO2, H2O, CH3OH and N2. For increased accuracy, a
Stefan–Maxwell diffusion model is used. The Stefan–Max-
well equation is

qgrxg;i ¼
XN

j¼1

Mg

Mj

ðxg;iJg;j � xg;jJg;iÞ
Dij

ð13Þ

The mass flux of species i is Jg,i, and the binary diffusion
coefficient between species i and j is Dij. The matrix B is ar-
rived at by manipulation of the Stefan–Maxwell equation.
The effective diffusion coefficient is equal to the inverse the
matrix B.

½Deff ;ij� ¼ B�1 ð14aÞ

Bii ¼
xiMg

DiN MN
þ
XN

k¼1
k 6¼i

xkMg

DikMk
ð14bÞ

Bij ¼ �xiMg

1

DijMj
� 1

DiN MN

� �
; i 6¼ j ð14cÞ

Jg;i ¼ �
XN�1

j¼1

qgDeff ;ijrxg;j ð14dÞ

There are N total species in the gas. The Nth species equa-
tion is satisfied by the overall gas continuity equation and
does not need to be solved. This specie is designated to N2

since it does not partake in any of the chemical reactions or
mass transport processes between phases. The ith species
equation for the gas phase is

o

ot
ðeð1� sÞqgxg;iÞ þ r � �qgxg;i

krgK

lg

rpg

 !

¼ r � � eð1� sÞ½ �sJg;i

� �
þ _m000g;i ð15Þ

The increased resistance to the diffusion of the gas phase
due to the porosity, partial saturation and tortuosity is de-
noted by e(1 � s)s, in front of the diffusive flux term. The
summation of the components’ mass fractions in both the
liquid and gas phases is unity.

xl;MeOH þ xl;H2O ¼ 1 ð16aÞXN

i¼1

xg;i ¼ 1 ð16bÞ

The evaporation/condensation of the methanol and water
are assumed to have vapor pressures that are independent
of each other. The partial vapor pressures are determined
by the Clapeyron–Clausius equation:

pg;i;sat ¼ p0 exp
hlvMi

Ru

1

T 0

� 1

T

� �� �
ð17Þ
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Since the gas phase is assumed to be ideal, the saturation
value of the vapor is

xg;i;sat ¼
pg;i;satMi

qgRuT
ð18Þ

The evaporation/condensation term is

� _m000T;l;i ¼ _m000T;g;i ¼ asfqghm;i xg;i;sat � xg;i

� �
xl;i ð19Þ

where asp and hm,i are the specific area and mass transfer
coefficient, respectively. The liquid is a binary mixture,
and the potential of one component to evaporate is equiva-
lent to that component’s mass fraction, which is accounted
for by xl,i. The Sherwood number for evaporation in a pore
is considered unity. This assumption is due to the
dominance of diffusion within the pores, because they are
extremely small in scale. Also, more elegant formulations
of this value would offer little improvement to the overall
accuracy of the transport between phases because of the
lack of knowledge of the networking of void space filled
with gas. Therefore the mass transfer coefficient is

Sh ¼ hm;idg

2Deff ;ii
¼ 1; therefore hm;i ¼

2Deff ;ii

dg

ð20Þ

The specific surface area is expressed as

asf ¼
6eð1� sÞ

dg

ð21Þ

The characteristic length of the gaseous region is given by

dg ¼
K
se

� �1=2

ð22Þ

The characteristic length increases as the saturation de-
creases, because there is greater region of void space occu-
pied by gas.

2.2. Electrochemistry

The electrochemistry must also be solved, since it gov-
erns the reaction rates. There are two-potential fields con-
sidered: the potential of the membrane, /m, and the
potential of the carbon phase, /c. The potential of the
membrane phase governs the transport of the protons
through the membrane and catalyst layers, and the poten-
tial of the carbon phase governs the transport of the elec-
trons in the catalyst and gas diffusion layers, to an
external circuit. The carbon and membrane phase potential
equations are

r � ðrcr/cÞ � Rox þ Rred ¼ 0 ð23aÞ
r � ðrmr/mÞ þ Rox � Rred ¼ 0 ð23bÞ

The subscripts ‘ox’ and ‘red’ refer to the oxidation and
reduction reaction rates. The oxidation reaction is taken
from Meyers and Newman (2002) and Garcı̀a et al. (2004).
Rox ¼ aoxIMeOH
0;ref

cMeOH

cMeOH þ k exp aaga
F

RuT

� � exp aaga

F
RuT

� �

ð24Þ
The specific surface area of the catalyst layers is denoted by
a, the exchange current density is IMeOH

0;ref , and k and k are
constants. The reduction reaction is based on first order
Tafel kinetics.

Rred ¼ aredIO2
0;ref

xO2

xO2;ref

exp �acgc

F
RuT

� �
ð25Þ

The anode and cathode over-potentials are denoted by ga

and gc, respectively.

ga ¼ /c � /m � U MeOH ð26aÞ

gc ¼ /c � /m � U O2 ð26bÞ

Since the reaction rates are defined, the mass source terms
due to chemical reactions can be specified. The oxidation is
assumed to occur in the liquid phase, because the liquid
covers the Pt/Ru catalyst. Since oxygen and carbon dioxide
are not considered in the liquid phase, consumption and
production due to chemical reaction for these components
is only considered in the gaseous phase. The water forma-
tion due to chemical reaction is assumed to be produced in
the liquid phase.

_m000R;l ¼ �
Rox

6F
ðMH2O þMMeOHÞ þ

Rred

2F
MH2O ð27aÞ

_m000R;g ¼
Rox

6F
MCO2

� Rred

4F
MO2

ð27bÞ

_m000R;l;MeOH ¼ �
Rox

6F
MMeOH ð27cÞ

_m000R;g;CO2
¼ Rox

6F
MCO2

ð27dÞ

_m000R;g;O2
¼ �Rred

4F
MO2

ð27eÞ
2.3. Fluid properties

The fluid properties for the liquid phase are based on
volume weighted averaging. The volume fraction of meth-
anol in water is defined as

al;MeOH ¼
xl;MeOHql;H2O

ð1� xl;MeOHÞql;MeOH þ xl;MeOHql;H2O

ð28Þ

The fluid properties that are calculated using the volume
weighted average are the fluid density, viscosity, and sur-
face tension. The contact angle between the liquid and
the solid phase is also calculated by the volume weighted
average. The general form of a volume weighted property is

Ul;eff ¼ al;MeOHUl;MeOH þ ð1� al;MeOHÞUl;H2O ð29Þ

The concentrations are calculated based on volume frac-
tions also (for values of mol/cm3)
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cMeOH ¼
al;MeOHql;MeOH

106MMeOH

ð30aÞ

cHwO ¼
ð1� al;MeOHÞql;H2O

106MH2O

ð30bÞ

The mole fraction of methanol is

xMeOH ¼
cMeOH

cMeOH þ cH2O

ð31Þ

The molecular weight of the fluid is based on the molar
averaged value.

M l ¼ xMeOHMMeOH þ ð1� xMeOHÞMH2O ð32Þ
The gas phase is considered an incompressible ideal gas.
Therefore, the gas density is

qg ¼
P ref Mg

RuT
ð33aÞ

Mg ¼
XN

i¼1

xg;i

Mi

 !�1

ð33bÞ

The reference pressure, Pref, is used because the gauge pres-
sure, pg, varies only slightly compared to the reference
pressure.

2.4. Boundary conditions

The location of the boundary conditions is displayed in
Fig. 1c. Each number corresponds to a boundary condition
at that location. A summary of the boundary conditions
for the fuel droplet or fuel delivery system cases is given
in Table 1. At the wall (boundaries 2 and 4) and symmetry
(boundary 11), there is no liquid or fluid flow, and there is
no species or electrical flux through these boundaries.

rpl � n ¼ rpg � n ¼ 0 ð34aÞ

rxl;i � n ¼ rxg;i � n ¼ 0 ð34bÞ

r/c � n ¼ r/m � n ¼ 0 ð34cÞ

At the boundary of the methanol storage tank and the fuel
delivery system (boundary 1), the methanol concentration
is one in the liquid phase, and saturated in the gas phase.
The mass flux of water back into the methanol storage tank
is assumed to be negligible. The liquid gauge pressure is
zero, and there is no bulk movement of the gas phase. Also,
there is no gas diffusion.
Table 1
Boundaries conditions applied to cases using a fuel droplet or a fuel delivery

Boundary number

1 2 3 4 5

Fuel droplet N/A N/A N/A 34a–c 36a–d
Fuel delivery 35a–d 34a–c 37a–d 34a–c 36a–d,f
pl ¼ 0 ð35aÞ
rpg � n ¼ 0 ð35bÞ
xl;MeOH ¼ 1 ð35cÞ
For i 6¼MeOH : rxg;i � n ¼ 0;

For i ¼MeOH : xg;MeOH ¼ xg;MeOH;sat ð35dÞ

The air breathing system is assumed to prevent water for-
mation on the cathode side, because it is hydrophobic
and has very small pores. However, this layer is very thin,
and adds minimal resistance to the diffusion of the gas, and
the gas components are therefore modeled as a convective
boundary condition. The gas gauge pressure is zero. This
boundary is also the location of the cathode side current
collector; it is a constant potential, or a function of the
overall cell current times and external resistance (see Table
1 for corresponding case). The boundary conditions
between the cathode diffusion layer and the air-breathing
system (boundary 5) are

rpl � n ¼ 0 ð36aÞ
pg ¼ 0 ð36bÞ
rxl;i � n ¼ 0 ð36cÞ
Deff ;iirxg;i � n ¼ hm;iðxg;i;1 � xg;iÞ ð36dÞ
Fixed potential : /c ¼ V cell; ð36eÞ

External resistance : /c ¼
Z y¼yl

y¼0

rcr/c � ndA� RX ð36fÞ

On the side of the fuel delivery system (boundary 3), the
gas produced from the chemical reaction are allowed to
leave the system. The delivery system is enclosed to reduce
the loss of water and methanol in the fuel due to evapora-
tion. Liquid droplets do not develop on this surface. The
boundary conditions on the edge of non-preferential wick-
ing fuel delivery system are

rpl � n ¼ 0 ð37aÞ
If pg P 0 : pg ¼ 0 else rpg � n ¼ 0 ð37bÞ
rxl;i � n ¼ 0 ð37cÞ

_m0g;i ¼ �qgxg;i
krgK

lg

rpg � n ð37dÞ

The boundary conditions for the flow equations for the fuel
delivery system are fully specified, and the rest of the
boundary conditions are imposed on the electro-chemistry.
The potential of the carbon phase at the current collector
on the anode side (boundary 6) is constant throughout
all the simulations.
system

6 7 8 9 10 11

38, 43a–c 39b 39a 39a 39b 34a–c
38 39b 39a 39a 39b 34a–c
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/c ¼ 0 ð38Þ
There is no electron flux in the carbon phase at the edge of
the anode catalyst layer (boundary 8) or the cathode cata-
lyst layer (boundary 9). Also, there is no proton flux at the
edges of the membrane phase (boundaries 7 and 10). These
boundary conditions are

r/c � n ¼ 0 ð39aÞ
r/m � n ¼ 0 ð39bÞ

For the transient solutions, the initial conditions are that
the liquid and gas flow fields are zero, therefore their pres-
sures are both constant. The liquid mass fraction of meth-
anol is 1 in the preferential wicking section, and zero every
where else. Also, the gas mass fraction is equal to the mass
fraction in air.

pl ¼ pg ¼ 0 ð40aÞ
x < xe : xl;MeOH ¼ 1; x P xe : xl;MeOH ¼ 0 ð40bÞ
xg;i ¼ xg;i;1 ð40cÞ

To create polarization curves, a separate set of cases were
run, in which the methanol solution was directly placed
onto the anode gas diffusion layers. For these cases, the fuel
delivery system is not modeled and the only different
boundary conditions are at boundary 6.

pl ¼ pg ¼ 0 ð41aÞ
xl;MeOH ¼ xl;solution ð41bÞ
rxg;i � n ¼ 0 for i ¼ O2;CO2;

xg;i ¼ xg;i;sat for i ¼ H2O;MeOH ð41cÞ
2.5. Numerical procedure

The equations laid out above are solved numerically
using a finite volume scheme. The Gauss-Siedel iteration
procedure was used to solve all the flow equations. The
liquid flow equation was solved in two steps. First, the
liquid saturation was calculated by linearizing liquid flow
equation with respect to liquid saturation:

ac;sskþ1 þ ac;p pg � pc þ
opc

os
ðskþ1 � skÞ

� �
þ
X

n

anpl ¼ b

ð42Þ
where the coefficients in the solution matrix are denoted by
a, and the answer to the solution matrix is denoted by b.
Second, the liquid pressure was directly calculated using
the new saturation level calculated in Eq. (45). This process
increases the rate of convergence and also allows for real
solutions when a pore is fully saturated with liquid.

For the methanol and water vapor mass fraction, the
departure from saturation (Dxg,i) was calculated instead
of the liquid mass fraction.

Dxg;i ¼ xg;i�xg;i;sat ð43aÞ
acðxg;i;satþDxg;iÞ þ

X
n

anðxg;iÞ ¼ b� asfhmxl;iDxg;i ð43bÞ
The solution procedure is

1. Solve liquid saturation (Eqs. (7a) and (8) by Eq. (45)).
2. Solve liquid pressure, based on new saturation solved in

step 1 (Eq. (7a)).
3. Solve gas pressure (Eq. (7b)).
4. Solve species equations in both liquid and gas (Eqs. (11)

and (15)).
5. Solve electric potential equations (Eqs. (23a) and (23b)).
6. Update flow properties.
7. Go to 1 and repeat until converged.

It was found that the residual was not a good conver-
gence criteria since once the residual dropped and flattened
out, the solution could change by as much as 15%. There-
fore, randomly selected cell values were tracked, and when
these cell values changed by less than 0.01% over 50 itera-
tions (percent difference taken from change from previous
time step value), the solution was considered converged.
The solution typically took 15,000 to 20,000 iterations
per time step to converge, when the entire system was
modeled.

3. Results

The results are broken into two-sections. The first sec-
tion characterizes the fuel cell performance, and the results
coincide with the fuel applied as a liquid droplet on the
anode side, as shown in Fig. 1a. The second section charac-
terizes the start-up characteristics of the passive fuel deliv-
ery system shown in Fig. 1b. The physicochemical
properties used in the current simulations are presented
in Table 2.

3.1. Fuel cell characterization

The fuel droplet applied to the anode side of the fuel cell
is a one-dimensional problem because the boundary condi-
tions in the y-direction are all zero-gradient conditions.
Therefore, the computational grid has only on cell in the
y-direction. In the x-direction there are 50, 20, 30, 20 and
50 cells across the ‘agdl’, ‘acl’, ‘membrane’, ‘ccl’ and ‘cgdl’,
respectively. To check for grid independence, the grid res-
olution was reduced by a factor of 2 in all of the zones in
the x-direction. The 2M feed concentration case was
repeated and the difference in the current density for each
cell voltage was less than 1% with the finer mesh.

The chemical reactions of the current simulations are
calibrated with the experimental data of Guo and Faghri
[15]. The polarization curve comparing the present simula-
tions to the experimental data is shown in Fig. 2. The dif-
ferences in the data may arise because of the isothermal
assumption. The numerical plot is lower at higher current
densities. At the higher current densities, the reaction rate
is faster, and therefore more heat is produced from the
chemical reaction, which increases the cell tempera-
ture. Consequently the electro-activity of the methanol



Table 2
Physicochemical properties

Parameter Value Ref.

K/e/s (m2/unitless/unitless) h, H2O/MeOH (radians) pshift (Pa)

Pref. wick. 2.5e�13/0.8/1 p/0 (h < p/2) �100,
(h > p/2) 50

Assumed

Non. pref. 1e�10/0.8/1 0/0 �200 Assumed
agdl 1e�11/0.7/1 0/0 �200 Assumed
acl 2.5e�12/0.6/1.8 0/0 �200 Assumed
mem. 1e�13/0.5/1.8 0/0 0 Assumed
ccl 2.5e�11/0.6/1.8 p

3 =0 �200 Assumed
cgdl 1e�10/0.7/1 p/p 50 Assumed

Diffusivity, gas phase,
Dij = Dji (m2/s)

O2/CO2 0:159� 10�4

0:244� 10�4

0:162� 10�4

0:160� 10�4

0:242� 10�4

9>>>>=
>>>>;

at 293 K; 101:325 kPa

Lide [17] for proportionality

of form Dij / p�1T3/2O2/H2O
O2/N2

CO2/H2O
CO2/N2

H2O/N2

O2=MeOH

CO2=MeOH

H2O=MeOH

MeOH=N2

9>>>=
>>>;

Assumed

�0:06954

þ4:5986� 10�4T

þ9:4979� 10�7T 2

0
B@

1
CA� 10�4

Yaws [18]

Diffusivity, liquid phase (m2/s) MeOH/H2O 10(�5.4163�999.778/T) Yaws [19]

Viscosity, l (N s/m2) Gas phase
0:1846� 10�4

8:55� 10�4

�
Incropera and Dewitt [20]

H2O
MeOH 5.390 � 10�4 Yaws [19]

Density, ql,i (kg/m3) H2O exp
6:9094� 2:0146� 10�5ðT � 273Þ
�5:9868� 10�6ðT � 273Þ2 þ 2:5921� 10�8ðT � 273Þ3
�9:3244� 10�11ðT � 273Þ4 þ 1:2103� 10�13ðT � 273Þ5

0
@

1
A Faghri [21]

MeOH 244:4� 0:224ð�ð1�
T

513Þ
2
7Þ Yaws [19]

Electro-osmotic drag coefficient (mol/mol) nd 2.5 Ren et al. [4]

Electric conductivity (X�1 m�1) rc 4000 Kulikovsky et al. [8]
rm 3.4

Transfer coefficient aa 0.52 Garcı́a et al. [3]
ac 1.55

Specific area (m�1) aox 16.09 Fit to data
ared

1
xccl�xm

¼ 43; 478

Exchange current density (A/m2) IMeOH
0;ref 94.25exp(35,570/R(1/353 � 1/T)) Wang and Wang [9]

IO2

0;ref
0.04222exp(732,000/R(1/353 � 1/T))
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Fig. 2. Comparison of numerical and experimental polarization curves,
for 2 M methanol feed concentration at 300 K.
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Fig. 3. The effect of methanol concentration on the (a) polarization curve
(b) and the corresponding cell power density at a cell temperature of
300 K.
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oxidation is increased. Characterizing the thermal trans-
port in the fuel cell is the subject of ongoing research.



4814 J. Rice, A. Faghri / International Journal of Heat and Mass Transfer 49 (2006) 4804–4820
The effect of methanol feed concentration on the polar-
ization curves is presented in Fig. 3a. Each polarization
curve has the same general trend: an initial drop in cell
voltage with the current density remaining small; a near lin-
ear region where the methanol oxidation is reaction rate
limited; finally a steep drop in cell voltage while the cell
current density remains constant, corresponding to the
mass transfer limited region. At the higher methanol con-
centrations, the reaction rate is not mass transfer limited;
however if the concentration is too high, the methanol
crossover will dominate and lead to lower cell currents.
The corresponding power densities are presented in
Fig. 3b. The maximum power density is located at a slightly
lower current density than the mass limited region. The
maximum power generally increases with methanol feed
concentration, until the methanol cross-over effects become
significant. Once the cross-over is too great, the cell perfor-
mance begins deteriorating.

The maximum cell power vs. methanol feed concentra-
tion is plotted in Fig. 4a. The cell power density increases
until the methanol feed concentration is about 3 M, then
the cell power begins to decay. To understand the decay,
the fuel consumption efficiency is plotted in the same figure.
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Fig. 4. (a) Maximum power density and associated fuel consumption
efficiency vs. methanol feed concentration and (b) total methanol usage at
maximum power vs. feed concentration at cell temperature of 300 K.
g ¼ Icell

Icell þ Icross-over � 6F
MMeOHA

R
_m000T;l;MeOHdV

ð44Þ

The fuel consumption efficiency measures the amount of
fuel used to create power, compared to the total amount
of fuel used. The most efficient fuel usage is at the lowest
concentrations, and decreases as the methanol feed concen-
tration increases. When multiplying the consumption effi-
ciency by the maximum cell power, the concentration at
which the maximum cell power is achieved shifts slightly
to a lower concentration (from approximately 3 M to
approximately 2 M). Since most of the fuel loss is due to
evaporation, it has potential to be recovered. Assuming
there is a process to recover all of the vapor, the maximum
fuel consumption efficiency, gmax, is defined.

gmax ¼
Icell

Icell þ Icross-over

ð45Þ

Designing a fuel recovery system has the potential to in-
crease the fuel consumption efficiency by close to 250%
near the maximum power density.

The three factors in fuel consumption are the fuel used
to produce useful current (cell current), the fuel wasted
by reacting at the cathode catalyst layer (cross-over cur-
rent) and the fuel evaporated. The overall fuel consump-
tion at the maximum power density is plotted in Fig. 4b.
The fuel used by evaporation is always increasing over
the feed concentrations considered. The cell current
increases with methanol feed concentration, until the con-
centration reaches 3 M. At this point the cell current den-
sity begins to decrease because the cross-over current is
increasing. At approximately 5.3 M feed concentration,
the cross-over current becomes greater than the cell
current.

The transport of the methanol through the membrane is
caused by diffusion, electro-osmotic drag and by pressure.
These effects were calculated at the entrance beginning of
the membrane (x = xm).
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Idiffusion ¼
6F

MMeOHA

Z
x¼xm

ð�qlðesÞ
sDl;12rxl;MeOHÞdA ð46aÞ

Ielectro-osmosis ¼
6

MMeOHA

Z
x¼xm

ðnd;MeOHMMeOHIpÞdA ð46bÞ

Ipressure ¼
6F

MMeOHA

Z
x¼xm

�qlxl;MeOH

krlK

ll

rpl

� �
dA ð46cÞ

Itot;cross-over ¼ Idiffusion þ Ielectro-osmosis þ Ipressure ð46dÞ

These transport processes driving the methanol cross-over
are presented in Fig. 5, along with the total methanol
cross-over. Diffusive transport is the dominant reason that
methanol crosses over the polymer electrolyte membrane.
The diffusion grows nearly linearly with increased metha-
nol feed concentration. This linear growth is because the
methanol concentration stays very small at the cathode cat-
alyst layer due to evaporation and methanol oxidation,
therefore increasing the methanol concentration gradient
through the membrane. The electro-osmotic effect increases
with increasing methanol concentration; the increase is due
to the increased methanol concentration and cell current at
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Fig. 6. Contour plots of (a) cell power density (W/cm2), and (b) cell power
density * g (W/cm2) as a function of MeOH feed concentration and cell
voltage at cell temperature of 300 K.
the lower feed concentrations. As the feed concentration
increases past 3 M, the cell current begins to reduce, how-
ever the electro-osmosis continues to increase. The increase
is because this drag is an advection process and the feed
concentration is increasing. The rate of change of electro-
osmosis becomes negative when the feed concentration is
greater than 3 M because of the reduced current density.
Finally, the pressure tends to drive the liquid back through
the membrane because the rate at liquid (water) is pro-
duced at the cathode catalyst layer due to the reduction
reaction is greater than the rate at which liquid (water
and methanol) is evaporated. As the methanol concentra-
tion increases, the evaporation rate increases because meth-
anol is more volatile than water, and at approximately
5.4 M methanol feed concentration, the evaporation rate
is greater than the water production rate by chemical
reaction.

In order to design an effective fuel cell system, the opti-
mal range of operation must be known. The contour plots
of cell power density and the cell power density times the
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fuel consumption efficiency vs. methanol feed concentra-
tion and cell voltage are presented in Figs. 6a and b, respec-
tively. The optimal operating conditions of a DMFC lie in
the inner circle of both contour plots (inside 0.032 W/cm2

in 6a, and inside 0.0105 W/cm2 in 5b). By considering the
methanol cross-over effects, the methanol feed concentra-
tion should be between approximately 1.5 M and 2.5 M,
with a cell voltage between 0.2 and 0.25 V. This operating
range is much tighter than the range when only considering
maximum power output, 2 M to 4.5 M with a cell voltage
between 0.2 and 0.3 V. The optimal methanol feed concen-
tration and cell voltage were found to be 2.02 M and
0.245 V, based on the product of the maximum power out-
put and fuel consumption efficiency plotted in Fig. 4a.
These values fall within the optimal operating ranges based
on power output with and without the fuel consumption
efficiency.

The transport of the gas phase is important because of
the oxygen needed in the reduction reaction, the carbon
dioxide generated in the oxidation reaction and the evapo-
ration rate depends on the mass fraction of water and
methanol vapor, compared to their respective saturation
values. The area averaged mass fraction of these compo-
nents is presented in Fig. 7a. Due to scale, the water vapor
mass fraction is presented in Fig. 7b. The area averaged
value is calculated by

xg;i ¼ A�1

Z
x

xg;idA ð47Þ

The mass fraction of carbon dioxide increases in the ‘acl’
because of its generation in the oxidation reaction. The
methanol and water vapor are transported out of the
‘acl’ through advection, and consequently have a lower
mass fraction in the ‘acl’. The lower mass fraction increases
the absolute deviance, jDxg,ij, from saturation, and there-
fore the evaporation rate increases. The membrane is
almost completely saturated (s > 0.999), therefore any gas
transport is negligible through this region. At the ‘ccl’ the
oxygen is consumed because of the reduction reaction,
and carbon dioxide is generated because of the oxidation
reaction (cross-over current). Methanol vapor diffuses out
of the ‘ccl’ and into the ‘cgdl’. The mass fractions of all
the components in the cathode gas diffusion layer (cgdl)
are nearly constant because the layer is very thin, and the
pores are nearly unsaturated with liquid; therefore the dif-
fusive transport is driven by very small changes in mass
fraction. The water vapor mass fraction decreases slightly
at the outer edge of the ‘cgdl’, near the air-breathing sys-
tem, because the convective transport with the environ-
ment interacts with this boundary.

The concentration of methanol in the liquid phase as
well as the evaporation rates of methanol and water are
presented in Fig. 8. The methanol concentration has a
nearly linear slope in the ‘agdl’ and membrane because
the diffusion transport is dominant. Methanol is consumed
in the ‘acl’ and ‘ccl’ because of chemical reaction and evap-
oration. The methanol concentration drops sharply after
the ‘ccl’, because the methanol evaporates out of solution,
and the liquid saturation level is low. The liquid is very
nearly saturated in the ‘agdl’, ‘acl’, ‘membrane’ and ‘ccl’
because they are hydrophilic. The membrane is essentially
completely saturated (s > 0.999), therefore the gas trans-
port in this region is negligible.

The mass transport of the gases is very dependent on the
chemical reactions and the evaporation rates. The produc-
tion of carbon dioxide and consumption of oxygen by the
oxidation and reduction reactions, respectively, are plotted
in Fig. 9. The evaporation rates of methanol and water are
also plotted in this figure. In the ‘acl’, evaporation of meth-
anol and water spikes because the gas phase is not satu-
rated with their vapors. The methanol evaporation rate is
much higher than the evaporation rate of water because
it has a higher partial pressure. In the ‘ccl’, the reduction
reaction is the greatest where the oxygen mass fraction is
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the highest. The reduction reaction increases again near the
membrane in the ‘ccl’, because the cathode over-potential
decreases in this region. The methanol evaporation rate
increases in the ‘ccl’ because the methanol is directly dif-
fuses to the environment from this region. The methanol
is depleted, and goes to zero in the ‘cgdl’, and thus the
evaporation rate goes to zero in this region. The water
evaporation rate increases throughout the ‘cgdl’, because
it is exposed to the environment. The evaporation rate of
water is the greatest near the edge of the ‘cgdl’ close to
the air-breathing system, because the water vapor diffuses
into the environment.

3.2. Start-up characteristics

The fuel cell polarization and transport phenomena
have been closely examined. Now the start-up characteris-
tics of the proposed passive fuel delivery system investi-
gated. The active cell area was considered to be 1 cm2,
and the resistance of the external circuit was 1 ohm, for
all of the transient cases. The computational mesh had 8,
30, 15, 10, 15, 10 and 15 cells in the x-direction for the pref-
erential wicking, non-preferential, ‘agdl’, ‘acl’, ‘membrane’,
‘ccl’ and ‘cgdl’ sections, respectively. The mesh was com-
posed of 20 cells in the y-direction. The time-step size
was 30 s. To check for grid independence, a grid of 10,
40, 20, 15, 20, 15 and 20 cells in the x-direction, for the
respective sections listed above, and 30 cells in the y-direc-
tion was used. The current-density varied by a maximum of
4% (normalized by the max. current density) over the entire
simulation.

The start-up cell current density, cell power density and
methanol feed concentration (methanol concentration at
x = xagdl) are presented in Fig. 10. It takes the fuel cell
about 20 min to reach a maximum current density and cell
power. At this time, the feed concentration is 3 M, which
corresponds to the molarity of the maximum power output
presented in Fig. 4a. After 20 min, the current density
begins to decay because the methanol feed concentration
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Fig. 10. Start-up current density, cell power and methanol feed concen-
tration vs. time for a non-preferential wicking length of 3 mm, cell area of
1 cm2 and RX = 1 X at cell temperature of 300 K.
increases, and the cross-over effects begin to degrade the
cell’s performance. The methanol feed concentration
reaches a maximum, while the cell current and power den-
sities reach a relative minimum at approximately 60 min.
At this point, the methanol feed concentration decreases
slowly, and the cell current and power densities begin to
slowly increase.

The fuel consumption of the fuel-cell start up is exam-
ined in Fig. 11a. At times earlier than 20 min, the two dom-
inant factors in fuel consumption are the cell current and
evaporation. At times greater than 20 min, the evaporation
is the major form of fuel consumption. At this time the
cross-over current becomes significant, and therefore the
cell current reduces. The cross-over current becomes
greater than the cell current after 40 min. The methanol
transport through the membrane is caused by diffusion,
electro-osmosis and pressure as laid out in equations
(46a) through (46d). The contribution of each of these
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Fig. 11. (a) Fuel usage and (b) methanol cross-over during startup for a
passive fuel deliver system with a non-preferential wicking length of 3 mm,
cell area of 1 cm2 and RX = 1 X at cell temperature of 300 K.
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effects is displayed in Fig. 11b. The diffusion is the greatest
contributor to the total cross-over rate of methanol, while
electro-osmosis contributes about one third of the trans-
port as diffusion. The pressure drives the flow back through
the membrane to the anode, but at a slower rate than the
electro-osmosis.

The methanol concentration through the fuel cell and
passive delivery system at different times is presented in
Fig. 12. The transport of methanol through the delivery
system is caused by diffusion and advection. The diffusive
transport is more prominent; however the advection pro-
cess still has an effect. The advection transport of methanol
is caused by the liquid flow driven by capillary forces, to
make up for the liquid evaporated in the fuel cell. The effect
of the advection can be seen on the bowed concentration
through the system at times greater than 30 min.

The area averaged liquid mass flux (water and methanol
combined) through the delivery system and fuel cell is pre-
sented in Figs. 13a and b. The early times are displayed in
the former, and the greater times are displayed in the latter.
For the first 10 min, the liquid flux is negative near the fuel
storage system. This means that water is transported back
into the storage tank. However, this value is small; based
on 0.1 g/m2 s, assuming all water fluxed into the storage
tank for 10 min, the total mass is 6 mg/cm2. The assump-
tion of negligible transport of water into the storage tank
is valid. As time increases the total liquid flux becomes
positive. The liquid water flux reaches a peak at approxi-
mately 20 min near the ‘acl’, which corresponds to the max-
imum current density. Since the liquid is used up the most
rapidly at this time, the net transport in the rest of the
delivery system has to increase to make up for the liquid
consumed. After 30 min, the water transport through the
system begins to slowly decrease, unit it approaches an
equilibrium state. Throughout the simulation, the mass
flux of liquid sharply decreases in the ‘acl’ because liquid
is evaporated and consumed by the anodic reaction. In
the ‘ccl’ the liquid mass flux drops sharply again to approx-
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Fig. 12. Methanol concentration vs. distance through the fuel delivery
system and fuel cell at different times with a non-preferential wicking
length of 3 mm, cell area of 1 cm2 and RX = 1 X at cell temperature of
300 K.
imately zero. This occurs because the liquid is evaporated,
and only leaves the system as a vapor. The water produced
by the reduction reaction back diffuses through the mem-
brane and is consumed at the ‘acl’ by the oxidation
reaction.

The area averaged mass flux of the gas phase for the
entire system, and a zoomed image of the ‘ccl’ and ‘cgdl’
is presented in Figs. 14a and b, respectively. The gas pro-
duced by chemical reaction in the ‘acl’ leaves through the
‘agdl’, because there is too much resistance in the mem-
brane. The gas flows out and through the sides of the
non-preferential wicking region. The magnitude of the
gas mass flux decreases as the mass flow out of the system
in the delivery system. The magnitude of the gas mass flux
over time is proportional to the cell-current density over
time on the anode side of the fuel cell and in the delivery
system. In the ‘ccl’ and ‘cgdl’ the vapor mass flux is initially
positive, but quickly becomes negative as oxygen is needed
during for the reduction reaction at the ‘ccl’. However, as
time increases, there is methanol cross-over, and carbon
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dioxide is produced. Also, as the methanol concentration
increases, so does the evaporation rate, therefore the gas
flux is positive. The sharp changes in mass flux in the
‘ccl’ correspond to the location where the reduction reac-
tion (oxygen consumption) is the greatest.

4. Conclusions

A numerical model was successfully developed to model
the multiphase, transient characteristics of a fuel cell and a
passive fuel delivery system. The fuel cell polarization char-
acteristics were analyzed in order to find the optimal oper-
ating range in which the fuel cell should run. It was found
that much tighter criteria for methanol feed concentration
and cell voltage is needed when considering the maximum
cell power density with the fuel consumption efficiency than
without it. Also it was found that most of the fuel loss is
due to evaporation, therefore for significant improvement
on the fuel consumption efficiency, a passive system that
recaptures the evaporated fuel or limits the evaporation
rate is needed.

The proposed passive fuel delivery system was shown to
be a successful design in which the fuel can be stored as a
pure fuel, and no make-up water was required. With this
design, the length of the non-preferential wicking section
effects both the start-up time and the cross-over rate in a
competing fashion; the shorter the delivery system is, the
faster the start-up time, but there will be greater cross-over
rates. Further investigations need to be performed to opti-
mize this system. Also, since evaporation rates, diffusion
coefficients, and reaction rates are all dependent on temper-
ature, further investigations need to be performed to char-
acterize the thermal effects.
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