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Abstract

A two-dimensional, transient, multi-phase, multi-component model has been developed for a liquid-feed DMFC delivery system
including the fuel cell itself. The model considers the mass transport in the feed delivery system attached to the anode inlet of the fuel
cell, and the effect of coupled heat and mass transfer under ambient conditions. The results are compared with the existing experimental
data with a high level of agreement. The effects of feed methanol concentration in the reservoir and current density on mass transport and
performance of DMFC system are revealed. When initial feed concentration in the reservoir decreases, methanol crossover is minimized,
but the duration of cell performance is shortened and fuel cell temperature decreases. The anodic overpotential and its increasing rate
become higher, while the decreasing rates of solution leftover and methanol concentration in the reservoir become lower. When current
density increases, the duration of the cell performance is shortened. While the anodic overpotential and its increasing rate, cell temper-
ature, decreasing rates of methanol crossover, solution leftover and methanol concentration in the reservoir increase.

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Direct methanol fuel cells are a promising power source
for portable applications that have the advantages of high
efficiency, reliability, flexibility, durability and easy mainte-
nance. Without external delivery devices such as pumps,
fans and blowers, DMFCs can be stored in their liquid
or vapor state and delivered by passive means [1-7]. The
passive DMFCs utilize porous layers with wicking materi-
als to deliver the dilute methanol solution to the fuel cell,
mainly by diffusion, and control the methanol concentra-
tion in the anode inlet.

Two predominant issues that hinder the application of
direct methanol fuel cell (DMFC) technology are low
kinetics of methanol electro-oxidation on the anode cata-
lyst, and crossover of un-reacted methanol from the anode
to the cathode. The crossover of methanol lowers the sys-
tem efficiency, and adversely affects the oxygen cathode
due to corrosion through the membrane and oxidation at
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the cathode [8-11], resulting in poor cell performance.
Some work has also been focused on developing a more
active methanol electro-oxidation catalyst and mechanism,
including experimental studies on the catalyst structures of
Pt—Ru and the effects of the anode electrochemical reaction
on fuel cell performance [12-16].

Since a DMFC includes complicated phenomena such
as electrochemical reactions, hydrodynamics, multi-com-
ponent transport and heat transfer, it is necessary to
develop DMFC models as computer-aid tools for the
design and optimization of a fuel cell, and to better under-
stand the interacting electrochemical and transport phe-
nomena. Most of the one-dimensional, single-phase
models are based on the isothermal assumption [17-19]
except that a few papers took the ambient thermal influ-
ence into account [20,21]. Baxer et al. [17] developed a
mathematical model for the liquid-feed DMFC, mainly
on the anode catalyst layer, which predicted the amount
of methanol crossover through the membrane at given cur-
rent densities and the necessary fuel flow rate to maintain
water-soluble levels of carbon dioxide in the anode’s
liquid-filled pores. Garcia et al. [18] solved a semi-analyti-
cal model for a liquid-feed DMFC including the anode
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Nomenclature

A area of fuel cell (m?)

a constant in coefficient matrix

Aox specific area for oxidation (m ')

Ured specific area for reduction (mfl)

b element in solution matrix

B coefficient matrix for Stefan-Maxwell (s/m?)

cmeon  Mmethanol concentration in liquid (mol/cm?)
cm,0  water concentration in liquid (mol/cm?)
dy characteristic length of gas phase (m)

Dy binary diffusivity (m?/s)

D.s; effective diffusivity of gas phase (m?/s)

F Faraday constant (coulomb/mol)

hyg latent heat of vaporization (J/kg)

hy, mass transfer coefficient (ms)

IMOH  oxidation exchange current density (A/cm?)
Igﬁef reduction exchange current density (A/cm?)
I current density (A/cm?)

I, proton current density (proton/cm? s)

J mass flux (kg/m?s)

J(s) Leverette function

kg relative permeability of gas phase

ki relative permeability of liquid phase

K permeability (m~?)

" mass source (kg/m? s)

M; molecular weight of component i (kg/mol)

M, molecular weight of gas (kg/mol)
M, molecular weight of liquid (kg/mol)

n surface normal vector

ng electro-osmotic drag coeff. (mol/mol)
Pe capillary pressure (Pa)

)2 liquid pressure (Pa)

De gas pressure (Pa)

R, ideal gas constant (J/mol - K)
Ro resistance (Q)

R,y oxidation reaction rate (A/m3)
R4 reduction reaction rate (A/m?)
Re, pore Reynolds number

t time (s)

T temperature (K)

K liquid saturation

Vi velocity of phase k (m/s)

(V)*  intrinsic phase velocity of phase k (m/s)

V volume (m?)

Xmeon Mmole fraction of methanol in liquid (mol/mol)
x distance in x-direction (m)

y distance in y-direction (m)

Greek symbols

o liquid volume fraction

o meon Volume fraction of MeOH in liquid phase

oy anode transfer coefficient

o cathode transfer coefficient

& porosity

n fuel consumption efficiency

Na anodic overpotential (V)

e cathodic overpotential (V)

2 oxidation constant (mol/cm3)

U viscosity (N s/m?)

0 contact angle between liquid and solid (radians)
surface tension (N/m)

Oc electrical conductivity of carbon phase (Q ' m™!)

Om proton conductivity of membrane phase
(Q 'm™)

p density (kg/m?)

T tortuosity

g ; mass fraction of gas (kg/kg)

oy; mass fraction of liquid (kg/kg)

AV control volume (m?)

AT time step (s)

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

ini initial

J component j

1 liquid

m membrane

n neighboring cells

r methanol reservoir

R due to chemical reaction

T due to mass transport (evaporation/condensa-
tion)

Superscripts

k previous iteration

k+1 next iteration

gas diffusion and a catalyst layer, as well as the membrane.
The model considered the multi-step methanol oxidation
reaction at the anode, and the mixed potential of the oxy-
gen cathode due to methanol crossover. Dohle et al. [19]
presented a liquid-feed DMFC model that included cata-

lyst layers, membranes and gas diffusion layers. The model
calculated mass transport in the layers as well as the elec-
trochemical concentration-dependent reactions in the cata-
lyst layers. The methanol crossover phenomena and the
effects of methanol concentration on cell performance were
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analyzed. Chen and Zhao [20] presented a theoretical
model that incorporates the effects of coupled heat, mass
transfer, and electrochemical kinetics in a passive liquid-
feed DMFC under ambient conditions. They analyzed
the thermal effects on the cell’s performance when using
different methanol concentrations. Argyropoulos et al.
[21] used a thermal model to estimate the temperature pro-
file and heat flows in a liquid-feed DMFC stack based on
the energy conservation equation. The model was used to
assess the effect of the operating parameters such as tem-
perature gradient, current density, flow rate, and pressure,
on the temperature profile along the stack.

Although one-dimensional models can reveal parts of
the fuel cell’s physicochemical mechanisms and transport
phenomena with a relatively short solution time, it is neces-
sary to develop more comprehensive physical models in
order to better understand the fuel cell’s performance.
Some multi-dimensional models for DMFCs have been
issued in the recent years [22-26]. Kulikovsky [22] numeri-
cally solved a two-dimensional model of a liquid-feed
DMFC based on mass and current conservation. The
velocity of the liquid was driven by diffusion and electro-
osmotic drag. The results showed the influence of the
hydraulic permeability of the diffusion layers on methanol
crossover. In another paper, Kulikovsky et al. [23] devel-
oped a two-dimensional model of a vapor-feed DMFC
using a single phase approach. The results for an embedded
type of current collector and a conventional geometry were
compared. Wang and Wang [24] presented a two-phase,
multi-component model of a liquid-feed DMFC using a
mixture model. The effects of methanol concentration on
cell performance were examined. Rice and Faghri [25]
developed a two-dimensional, transient multi-phase,
multi-component model of a passive fuel delivery system
including the fuel cell itself for a liquid-feed DMFC. The
model captured evaporative effects, formulated evapora-
tion and condensation rates in a manner to capture non-

equilibrium effects between the phases. In another paper
by Rice and Faghri [26], the above model was further
improved by considering thermal effects, continuous and
discontinuous limitations as well as the probabilistic spread
of the porous properties. They also added physical charac-
teristics qualitatively to portray the departure of carbon
dioxide from the anode side of the fuel cell.

Ge and Liu [27] presented a three-dimensional, two-
phase, multi-component model for a liquid-fed DMFC.
Both liquid and gas phases were considered in the entire
anode, including the channel, the diffusion layer and the
catalyst layer; while at the cathode, two phases are consid-
ered in the gas diffusion layer and the catalyst layer but
only single gas phase is considered in the channels. For
electrochemical kinetics, the Tafel equation incorporating
the effects of two phases was used at both the cathode
and anode sides. The fuel and oxidant flow in the gas chan-
nels were assumed to be laminar and the gas mixtures are
assumed to be perfect gases. All phases were assumed to
be continuous. Parameters such as gas volume fraction
and liquid saturation were assumed to be volume-averaged
properties to accommodate a macroscopic continuum
approach in the porous media. Liquid water was assumed
to be homogeneously distributed within each control vol-
ume. At the walls and the interface with the collector plate
shoulder, no-slip velocity boundary conditions were used.
Neumann-type boundary conditions were used for velocity
at the channel outlets. At the interface between the catalyst
layer and membrane, the velocity was assumed to be zero.
For all species equations, the Neumann boundary condi-
tions were applied at all the outlets, solid walls and symme-
try surfaces.

Liu and Wang [28] developed a three-dimensional,
two-phase model for DMFCs, in particular considering
water transport and treating the catalyst layer explicitly
as a component rather than an interface without thickness.
The DMFC model was based on the multi-phase mixture

Table 1

A summary of features of selected DMFC models developed in recent years

Author(s) Dimension State® Thermal Phase® Feed Delivery Non- Stefan—
effect solution manner equilibrium® Maxwell®

Baxter et al. [17] 1-D SS No M-EC Liquid feed Active No No

Garcia et al. [18] 1-D SS No S Liquid feed Active No No

Dohle et al. [19] 1-D SS No S Liquid feed Active No Yes

Chen and Zhao [20] 1-D SS Yes M-EC Liquid feed Passive No No

Argyropoulos et al. [21] 1-D SS Yes M-M? Liquid feed Active No No

Kulikovsky [22] 2-D SS No M-EC Liquid feed Active No Yes

Kulikovsky et al. [23] 2-D SS No S Vapor feed Active No Yes

Wang and Wang [24] 2-D SS No M-M? Liquid feed Active No Yes

Rice and Faghri [25] 2-D TR No M-MFM Liquid feed Passive Yes Yes

Rice and Faghri [26] 2-D TR Yes M-MFM Liquid feed Passive No Yes

Ge and Liu [27] 3-D SS No M-M? Liquid feed Active No No

Liu and Wang [28] 3-D TR No M-M?> Liquid feed Active No No

& SS: Steady state; TR: transient.

® M: multi-phase; S: single phase; EC: effective coefficient method for each phase; M2 multiphase mixture model; MFM: multi-fluid model.

¢ Non-equilibrium: non-equilibrium in the phases.
4 Stefan—Maxwell: a diffusion model for gas species transport.
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formulation and encompasses all components in a DMFC
using a single computational domain. The specific assump-
tions made in this model include: (i) incompressible gas
mixture, (ii) laminar flow, (iii) isothermal cells, (iv)isotropic
and homogeneous porous GDL, characterized by an effec-
tive porosity and permeability, and (v) negligible potential
drop due to ohmic resistance in the electronically conduc-
tive solid matrix of GDL and catalyst layers, as well as
bipolar plates. Furthermore, a homogeneous flow was
assumed for the two-phase flow through channels of both
anode and cathode.

A summary of major features of the above DMFC mod-
els is listed in Table 1. More literature regarding the funda-
mental models and key issues in fuel cells were reviewed by
Refs. [29,30]. In an innovative passive DMFC delivery sys-
tem developed by Faghri and Guo [3], a reservoir is
attached to the anode side of the fuel cell, which is filled
with a predetermined concentration of methanol solution.
The methanol feed concentration in the reservoir decreases
as the methanol solution flows downward, which is
assumed to be constant by other models, for simplicity.
By taking into consideration the variation of the feed con-
centration at the reservoir in the operation of the passive
DMFC system, a comprehensive, transient, two-dimen-
sional model that includes multi-component and multi-
phase transport through the whole system was developed
in this work. The model also considered the convective heat
and mass transfer effects and non-equilibrium in phases in
the present study.

2. Mathematical model

The schematic of a passive liquid-feed DMFC delivery
system and the membrane exchange assembly is illustrated
in Fig. 1. The system can be divided into four parts: meth-
anol delivery, which includes a reservoir filled with a prede-
termined dilute methanol solution and also includes the

layer made of hydrophilic materials that deliver the meth-
anol to the fuel cell and control the methanol concentration
at the anode side; a fuel cell, which includes anode and
cathode diffusion layers, catalyst layers and a polymer elec-
trolyte membrane; an air-breathing part made of hydro-
phobic materials to prevent water droplets from forming
on the cathode side; and current collectors connected to
external circuits to produce power.

The passive liquid-feed DMFC system in this study is a
multi-phase problem in porous media: methanol and water
are the only components considered in the liquid phase,
while methanol, water, oxygen, carbon dioxide and nitro-
gen exist in the gas phase. The volume averaging for liquid
and gaseous velocities for each individual phase within a
control volume are applied to accommodate the fluid flow
in current DMFC model:

<V1>1:%/I/V,dV, <Vg>g:%/V V,dv (1)

1 1

The simulation is based on the solutions of the governing
equations in the liquid and gas phases, including continuity
equations, momentum equations, species equations, energy
equations and electrochemical equations (potential equa-
tions), which are described as follows.

2.1. Continuity equations

Assuming local thermodynamic equilibrium prevails at
the phase interface, the generic continuity equations for
the liquid and gas phases in the DMFC system, in terms
of liquid saturation, s, and the volume-averaged velocities,
are described by the multi-fluid model [32]:

o (esp) + 7 (aspy Vi) = o)
%(8(1 B S)pg) + V- (el - S)pg<Vg>g) = mg/ (3)

X
¢ 'xagdf
3. Anode GDL Kact | x
4. Anode Catalyst \ —— F v et Xegdr
5.Membrane —® = X
s . A 4
6. Cathode Catalyst P e ] \ y
7. Cathode GDL / / \
8. Air-Breathing Layer Ribs Current Collectors

Fig. 1. Schematic diagram of a passive liquid-feed DMFC.
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where the mass generation terms are a sum of the reaction
rates (subscript R) due to chemical reactions at catalysts
and the mass transfer rates from the gas to the liquid phase
(subscript 7) of each component.

s M " n
my = § :lez+§ mT gl (4)

s " _ "
mg - mR, g, mT, gl,i (5)

2.2. Momentum equations

Since the liquid/gas velocities are very small and the
Reynolds number is much less than unity, the inertial terms
in the momentum equations can be neglected without
compromising the accuracy of the velocity solution. There-
fore, by considering the electro-osmotic drag term caused
by ion movement in water under the electric field (electro-
osmotic effect), the liquid and gaseous momentum equa-
tions in porous media can be described by Darcy’s law as
follows:

krlK ndMl I
es(V))! = — Vp — pig) + £ 6
Vi =~ (5 — g+ 20 )
kK
&(1 = 5)(Ve)* = ; (Vp, — pe8) (7)
g

The first term on the right side of Eqgs. (6) and (7) repre-
sents the driven force of the fluid velocity caused by pres-
sure gradient and gravity. The second term in Eq. (6) is
the electro-osmotic drag [31] force through the membrane

3131

1.417(1 — s) — 2.120(1 — 5)* + 1.263(1 — 5)°
J(s) = 0<n/2.0 (1)
1.417s — 2.120s% + 1.2635°
0= mn/2.0

2.3. Species equations

Assuming incompressible gas components and laminar
flow due to the low Reynolds number, the species
equations in liquid and gas using the multi-fluid model
[32] are:

a N/ b/

o (espyon) + V- (my,;) = i, (12)
a "/ b/

61— $)py00) + V- ) = (13)

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

thy; = espy (Vi)' on; — [es]" oDy 12V, (14)

N-1
wgz Z I_S Pg effz/vwg/
Jj=1
(15)

The effective diffusivity in the gas phase can be calculated
from the Stefan-Maxwell equation after some mathemati-
cal manipulation.

mgz - (1 _S)pg

of the DMFC. The increase in viscous resistance due to  [Der;] = A™'B (16)
;aclzlvoid l;eipg partiallybﬁll.lted \;/Bi)th a particular phase is de- ) 0y, M; N gy Mé
ned as relative permeabili . Pi=— —_—=
P y %3] DiyMyM; 2= DyMM;’
ke = s° (8) [
—s) M; (1 1
krg (1 S) (9) Aij = Wgi—7— £ i 7’é] (17)
. . . . M; \DyM,; DMy
The capillary pressure depends on the interfacial tension )
.. . . M M., Mz,
between liquid and vapor phases in the porous media, B, — — & (1 g g-,l) _ el
which can be described by the cubic Leverette function: M; M, MMy
Mg, (1 1
1/2 g gl . .

— B = — = i 18
Pe =Dy — p,-acos@(K) J(s) (10) j M, (M, MN>7 #J (18)
Table 2
Boundary conditions for the passive DMFC model
Governing equations  x=0 X = Xagdl X = Xaql X=X, X = Xl X = Xcgdl X = Xgp
Momentum Vp,-n=0 N/A N/A N/A N/A N/A Pe=0

=0 N/A N/A N/A N/A N/A Vp-n=0
Gas transport Vog; =0 N/A N/A N/A N/A N/A —le(1 = 9)]"Vag, -n
-y I = (g — Ogi00)
Liquid transport " = esp (Vi) ©1Lmecon N/A N/A N/A N/A N/A Vo n=0
+ /i (@res MeOH — @1 MeOH) ’
Membrane potentials N/A Vo,,-n=0 N/A N/A Vép,-n=0 N/A N/A
Catal}’St pOtthia] —0¢ i\v‘ =1cen N/A V(/)c ‘n=0 Vd)c ‘n=0 N/A d)c = Veell N/A
Energy T=T, N/A N/A N/A N/A N/A —ketVT -1

=h(T — Terr)
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For the condensable gases, the liquid and vapor phases are
considered to be in thermal dynamic equilibrium. Equilib-

rium is found using Raoult’s law, where the saturation
pressure is calculated by the Clausius—Clapeyron equation.

Table 3
Physicochemical properties [37]
Parameter Value
K¢/t 0 (H,O/MeOH) Dshift
(m?/unitless/unitless) (radians) (Pa)
Pref. wick. 2.5e—13/ 0.8/ 1 7/0 (0 <m/2) =100, (0 > r/2) 50
Non. pref. le—10/ 0.8/ 1 0/0 —-200
agdl le—11/0.7/ 1 0/0 —200
acl 2.5¢—12/ 0.6/ 1.8 0/0 -200
mem. le—13/0.5/ 1.8 0/0 0
ccl 2.5¢—11/ 0.6/ 1.8 %/O -200
cgdl le—10/ 0.7/ 1 n/n 50
Diffusivity, gas phase, D; = D (m?%/s) 0,/CO, 0.159 x 107*
0,/H,0 0.244 x 107
02/N, 0.202 x 107 | At 293K
CO,/H,0 0.162 x 107 1 bar
CO,/N, 0.160 x 107
H,O/N, 0.242 x 10°*
Oz/MeOH
CO,/MeOH —0.06954+
H,0/MeOH 4.5986 x 10747+ | x 107
MeOH/N, 9.4979 x 107" 1?
Diffusivity, liquid phase (m%/s) MeOH/H,0 10(~54163-999.778/7)
Viscosity, u (Ns/mz) Gas phase 0.1846 - 107
H,0 8.55 x 10107*
MeOH 5.390 x 10107
Density, p;; (kg/m?) H,O 6.9094 — 2.0146 x 107°(T — 273)—
exp | 5.9868 x 107%(T — 273)” +2.5921 x 107%(T — 273)" -
9.3244 x 107"(T — 273)* + 1.2103 x 107"%(T — 273)’
_(1—1y?
MeOH 2444 0.224< (-4))
Electro-osmotic drag coefficient (mol/mol) ny 2.5
Electric conductivity, Oc 4000
Q@ 'm™ Om 34
Transfer coefficient %a 0.52
Ol 1.55
Specific area (m™ ) dox 16.09
lred i = 43478
Exchange current Iy 94.25exp(35570/R(1/353 — 1/T))
Density (A/m?) Ioojef 0.04222 exp(732000/R(1/353 — 1/T))
Oxidation constant (mol/cm®) A 2.4 %1077
Reduction reference Mo, ref 0.23
mass fraction (kg/kg)
Thermodynamic yMeot —0.0229
potential (V)
U°: 1.24
Distance (m) Xe 32%x107*
Nagdl — Xe 1.5%x 107
Xacl — Xagdl 23x107°
X — Xacl 1.8 x 1074
Xeel = Xm 2.3 x 1075
Negdl — Xedl 1.5x 1074
Xah — Xegdl 1.5% 107
ya 5% 1073
i 325 x 1073
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Wg; = ﬁiﬂ)l,f

. M \pros exp (hng,- (L _ l)) (19)
M R \Tw T

op

2.4. Energy equations

To describe the distribution of temperature in the
DMFC system, the following assumptions are made to
simplify the mathematical treatment: (i) the specific heat
is assumed to be constant; (ii) heat transfer takes place
through the bulk fluid flow; (iii) a fully hydrated continuum
with effective ionic and electronic conductivities in the
membrane. The energy equation can be written as:

G
= (espihn + &(1 — s)pghg + (1 — &)hy)

The enthalpy can be written as sensible heat, 4, plus the
heat of formation, /°. Taking the species mass balance into
consideration, the energy equation can be rewritten in
terms of the sensible heat transport and the heat generation
terms that coincide with the reaction rates and phase
change.

0 _ _ _
2 (aspih (1 = )pghy + (1 - 2)h)
+ Z V- (m{,,ﬁll + m,g,kiljlg,i)

=V (ke VT) — Z iy, — Z g g

TV (PuouVdn) + V- (¢c0:V ) (1)

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

ot 7 7
hy = Z ol (22)
+ Z v . (m;fihl‘i —+ mg‘ihg‘i) i
7 _ _
hy = Wy il (23)
=V (keffVT) +V- ((],')meV(,‘bm) +V- (¢cacv¢c) (20) Z
a 1.0 —a— Experimental Cell Voltage (Jewett et al. 2007) r 35
0.9 - Numerical Cell Voltage
’ —o— Experimental Power Density - 30 &
— 0.8 2 ------- Numerical Power Density (Jewett et al. 2007) E
S 25 3
> E
g F20 2
(2] [7]
> - 15 &
] S
-10 2
[e]
o
r 5
00% T 0

T
150 200

b 04+
* o o ®
[ M
~ 0.3
2
Q
(=)}
£
©o 0.2+
S
8 Numerical solution
0.1 1 ¢ Experimental data (Jewett et al. 2007) *
00 T T T T 1
0 2 4 6 8 10
Time (hr)

Fig. 2. Verification of numerical results with the initial operation condition of 3 M methanol feed concentration in the reservoir solution. (a) Polarization
curves and (b) transient cell voltage with a constant current density of 40 mA/cm?>.
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The effective thermal conductivity is:
ker = esky + e(1 — s)ky + (1 — )k (24)

2.5. Potential equations

The electrochemistry is modeled to determine the elec-
tric potential of the carbon phase and the membrane
phases which obey the following governing equations:

V- (6:Vp,) — Rox + Riea =0 (25)
V. (vad)m) + Rox — Rreg =0 (26)

These equations follow the continuity equation Vj = R and
Ohm’s law j = 4 ¢V, which implicitly assumes local elec-
troneutrality, i.e., the absence of space charge effects in the
membrane and carbon phases. The oxidation and reduc-
tion reaction rates are R, and R..q, respectively. Funda-
mental studies of reaction Kkinetics may have many
complex forms [34] due to the multistage character of reac-
tion, possible parallel pathways with intermediate products
and various crystal structure and defects on clusters of cat-
alyst particles related to different fabrication procedure. In
terms of the Butler—Volmer theory, the reaction rates in
current study are modeled by the Tafel kinetic expression
developed by Meyers and Newman [35].

o F
Rox = aoxll(;/,[rz(f)H cMeon eXp (aana ﬁ)
CMeoH + 4 €Xp (fxa'la %) !
(27)
0, wo F
Riea = ared[()jcf m eXp (fxc'/]c m) (28)

The overpotentials at the anode and the cathode are de-

fined by
N, = d)c - ¢m - UMEOH (29)
e = U02 + d)m - d)c (30)
0.35
0.3
S o025
Q
(2}
S
° 2
g 0
0.15
0.1

Assuming the ohmic loss in the electrolyte membrane is
negligible, once the value of the overpotentials at the anode
and the cathode are calculated, the cell voltage can be

determined as follows:
Vcell = UOZ - UMeOH —Ha — 1 (31)

The reaction rates for the species equations are:

- Rox .

MR, 1, MeOH — _6_FMMeOHv

o R X Rr d

IR 1,0 = <— 6;7 + 2;>MH20 (32)
. R X . Rre

mi/{l, g CO, — éMCOw m;’{‘ g0, = 4Fd Mo, (33)

2.6. Boundary and Initial conditions

Table 2 contains the boundary conditions used in the
passive liquid-feed DMFC model. The boundary condi-
tions in the other parts of the fuel cell system are symmet-
rical, thus the gradients of the variables are taken to be
zero. The heat and mass transfer coefficient is taken from
the natural convection correlations on a horizontal surface
facing up.

k
h=Nup; Nu= 0.54(GrPr)™;

_ gplAp|L’
=8P

D..
Gr - h%; Sh=0.54(GrSc)™  (34)
The heat and mass transfer coefficients at the surface of the
air-breathing layer are taken as a horizontal surface facing
down.

k
h=Nup; Nu= 0.27(Grpr)™®

Dy
By = Sh%; Sh = 0.27(GrSc)"™ (35)

Time (hr)

Fig. 3. Variation of cell voltage variations with different initial feed methanol concentrations in the reservoir and a constant current density of 40 mA/cm?.
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The phase saturation is initialized to a value in the layers, = The initial saturation, s;, was assumed to be unity in
depending on the contact angle. the methanol distribution layer and 0.98 in other lay-

ers. The methanol distribution layer is initially filled
(36) with a feed methanol solution, while every other region
s=0 0=mn/2 contains only water.

s=s0 0<m/2

Temperature (°C)

Time (hr)

Fig. 4. Variation of temperature rise at the anode inlet with different initial feed methanol concentrations in the reservoir and a constant current density of
40 mA/cm?>.

0.008

0.006

0.004

Methanol Crossover (A/cm?)

0.002

Time (hr)

Fig. 5. Variation of total methanol crossover through membrane with different initial feed methanol concentrations in the reservoir and a constant current
density of 40 mA/cm?.
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W MeOH = W] feed X < Xe

(37)

oimeon = 0 elsewhere

The initial mass fractions of water and methanol vapor are
the saturated values if liquid is present, or equivalent to the
ambient values if no liquid is present.

Wg i = Wy sat (38)

The gas mass fractions for the rest of the components are
as follows:

Wgco, = 1 = Ogmeon — Wgm0,  Wgo, = Wen, =0 (39)
"The initial temperature is the assumed ambient
temperature.

Solution Leftover (g)

2.7. Solution procedure

The governing equations for momentum, species, energy
and potentials are discretized and solved in a coupled man-
ner by the finite volume method. The flow variables are
solved by a Gauss—Siedel iteration scheme. The whole solu-
tion procedure for the governing equations is as follows:

1. Assume the cell voltage, solve electric potentials, and
update reaction kinetics.

2. Solve for saturation and liquid/gas pressure.

. Solve species equations and energy equation.

4. Calculate the methanol concentration at reservoir and
the cell voltage, treat them as the new guessed ones
and update the properties.

(%)

MethanolConcentration (M)

Time (hr)

Time (hr)

Fig. 6. Variations of (a) solution leftover; (b) methanol concentration the reservoir with different initial feed methanol concentrations in the reservoir and

a constant current density of 40 mA/cm?.
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5. Go back to step 1 and repeat until converged, then go to
next time step.

In order to get the solutions for the saturation and the
liquid/gas pressure, the discretized continuity equations
can be written in a general formulation:

S + agp, = b
it plpl 1 (40)
AgsS + ApgPy = by

The liquid and gas pressures are determined by the capil-
lary pressure and can be replaced by the saturation
weighted average pressure, p. Thus, the above equation
can be rewritten as follows:

s m
Wini MeOH My, ini — <Z me 1, MeOH
i

+ Z m/Tﬁl,g.MeOH) AVAT

3137
(1 —s)p.)*
( ST ) tanp
o((1—s k
:bl—apl(—(l —s)pc—i—%s) (41)
a(spc)k k+1 —
Qgs + apg s ST+ apgp
Aspe) )
= by — ap, <5Pc - <6s >S> (42)

The mass consumption rates in the reservoir are the sums
of the reaction and evaporation/condensation rates of the
methanol and water in the DMFC, thus the methanol frac-
tion in the reservoir can be calculated by

Wy, MeOH =

L. o/
1

s
+ Z mTJ,g,MeOH
1

i/
+ Z MR 1, 1,0
I3

+3 mqﬁl,gwo) AVAT

a
S
8
=
2
[e]
o
E
O
>
(@)
'% C veon=5M
g 04k - - - C veon=3M
< -~ meon =1
| | | | |
0.2
0 2 4 6 8 10
Time (hr)
b 03

0.2

Cathodic Overpotential (V)

0.1

10
Time (hr)

Fig. 7. Variations of (a) anodic overpotential; (b) cathodic overpotential with different initial feed methanol concentrations in the reservoir and a constant

current density of 40 mA/cm?.
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The methanol transport from the reservoir to the distribu-
tion layer can be represented by

' = 88,01<V1>1601,Me0H + Ny (@r McOH — D1 MeOH) (44)

where w; mcon i the methanol concentration at the surface
of the distribution layer, o, mcon is the feed concentration

in the reservoir, and £, is the mass transfer coefficient pro-
posed by Scott [36] as the following empirical equation:

by = 187 x 104 J=1 )" (45)
" 0.003

The physicochemical properties used in the simulation are
listed in Table 3 [25]. The calculation domain for the

05
04
- - - - - - - — -
s 03
~ e T~
% ™~
=
]
> 02 -
2
Ice"=20mAIcm2
o4k — - Iw"=40mAlcm2
— == l.,=70mA/cm
0 1 1 1 1 1 ]
0 2 4 8 10 12 14
Time (hr)

Fig. 8. Variation of cell voltage with different current densities and an initial feed methanol concentration of 5 M in the reservoir.
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Temperature (°C)
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e =20mA/cm’
- I, =40mA/cm’
——— I, =70mA/cm’

cell

Time (hr)

Fig. 9. Variation of temperature at the anode inlet with different current densities and an initial feed methanol concentration of 5 M in the reservoir.
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DMFC simulation is divided into 170 x 50 elements. A
sensitivity analysis was conducted by doubling the number
of elements in the mesh for the 5 M feed concentration
case. The deviation of the results on average is less than
2.0%. The solutions are considered to be convergent when
the relative error between two consecutive iterations in
each field was less then 107°.

3. Results

The current model is validated by comparing the numer-
ical results with the experimental data. Fig. 2 shows verifi-
cation of the numerical results against experimental data
for the polarization curve and the transient cell voltage
under a constant current density operation mode. This is
different from what has been done by Rice and Faghri
[26] in that, in plotting the polarization curve, the cell volt-
age is calculated following a step that takes the current
density from zero to the limiting current conditions when
cell voltage comes below 0.1 V, which is consistent with
the experimental method by Guo and Faghri [1]. Running
under a certain current density in each time step lasts for
1 min. As illustrated in Fig. 2a, the agreement between
the numerical and the experimental data is good except
at low current densities, which may be caused by the Tafel
kinetic assumption. In the plotting of the evolution of cell
voltage, the cell voltage varies under constant current den-
sity until it falls below 0.1 V. As illustrated in Fig. 2b, the
numerical results are in accordance with the experimental
measurements, except for some deviations at the beginning

0.01 1

0.008

0.006

0.004

Methanol Crossover ( Alcm?)

0.002

and end stages. The deviation is mainly due to the constant
reaction area assumption in the model while the effective
reaction area in the catalysts varies in the experiment.

Fig. 3 displays the evolution of the cell’s voltage using
1.0, 3.0, 5.0 M methanol solutions, under a constant cur-
rent density of 40 mA/cm?. The ambient temperature is
assumed to be 20°C and the relative humidity is 80%. In
the 5 M methanol concentration case, the cell voltage
decreases during the first several minutes and then
increases to a certain value after about 1 h, followed by a
very slow decreasing in the next e8 h. The cell voltage
decreases rapidly in the last 2 h because of the depletion
of methanol in the solution. In the 3 M methanol concen-
tration case, the cell voltage shows a similar trend as that
in the 5 M methanol concentration case, it decreases during
the first several minutes followed by a increase in about 1 h,
then it begins a very slow decrease for about 6 h, then cell
voltage decreases sharply to the limit. In the 1 M methanol
concentration case, the evolution of the cell voltage exhib-
its a similar trend to that in 3 M and 5 M cases, while the
decreasing rate of the cell voltage is much higher than the
5M and 3 M cases and the last time is about 6.3 h. This
result reveals that the fuel cell can last longer and the oper-
ational cell voltage will be more stable with a higher meth-
anol feed concentration.

Fuel cells with higher temperatures can improve the
electrochemical kinetics both in the anode and cathode,
thus improving the performance of the fuel cell. On the
other hand, the methanol crossover through the membrane
will also increase with higher fuel cell temperatures, thus

I =20mA/cm?

cell

— 1_, =40mA/cm’

cell

_———— I =70mA/cm?

cell

8 10 12 14

Time (hr)

Fig. 10. Variation of total methanol crossover through membrane with different current densities and an initial feed methanol concentration of 5 M in the

reservoir.
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lowering the energy conversion efficiency of the fuel cell.
Fig. 4 shows the temperature at the anode inlet under the
same conditions as in Fig. 3. As a whole, the temperature
of the fuel cell increases rapidly during the first hour and
then the decreases rapidly afterward. The maximum tem-
perature of the fuel cell increases with the increase of meth-
anol concentration.

Fig. 5 shows the effects of methanol feed concentration
on methanol crossover under the same operational condi-
tions as in Fig. 3. The maximum crossover increases from
2 to 8 mA/cm? due to the significant rise of the methanol
feed concentration in the reservoir. The average varying
rate of methanol crossover is the lowest and the change is

the smoothest in the 1 M methanol concentration case. In
respect to methanol crossover, the cell performance is the
best in the low feed concentration, although sustaining
the output power density is the worst, as described in
Fig. 3. This is the reason why the diluted methanol solution
is preferred in case of a lower power DMFC.

Initially, the reservoir above the anode inlet is filled with
a 10 g solution of predetermined methanol concentration.
During the operation of the fuel cell, the feed concentration
and the solution leftover in the reservoir decreases, because
of the reaction and evaporation/condensation of methanol
and water during the running process. Fig. 6 shows the
evolution of feed methanol concentration and solution

a 1o
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Fig. 11. Variations of (a) solution leftover; (b) methanol concentration in the reservoir with different current densities and an initial feed methanol

concentration of 5 M in the reservoir.
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leftover in the reservoir under the same operating condi-
tions in Fig. 3. A higher methanol concentration results
in a higher methanol permeation from the anode side to
the cathode side. Therefore, the decreasing rates of the
methanol concentration and the weight of the solution,
increases when the initial methanol concentration in the
reservoir increases. The trend of weight loss and methanol
concentration variation also demonstrates that the reaction
degree in the fuel cell upgrades with the increase of the feed
concentration.

Eqgs. (28) or (29), known as the Butler—Volmer equa-
tions, describe the electrochemical kinetics in the fuel cell.

3141

The equations basically state that the current produced
by an electrochemical reaction increases exponentially with
activation overpotential. Since overpotential represents
voltage that is sacrificed to overcome the activation barrier
associated with the electrochemical reaction, it is necessary
to illustrate the reaction characteristic by overpotentials
at the electrodes. Fig. 7 shows the evolution of anodic
and cathodic overpotentials in the catalysts under the
same operation conditions in Fig. 3. During the first sev-
eral minutes, the anodic overpotential decreases rapidly,
the decreasing rate increases when feed concentration
increases. After first several-minute decreasing, the anodic
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Fig. 12. Variations of (a) anodic overpotential; (b) cathodic overpotential with different current densities and an initial feed methanol concentration of

5 M in the reservoir.
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overpotential increases slowly, however, the increasing rate
is highest with the lowest feed methanol concentration. In
the last 2 h, the increasing rate of overpotential becomes
much faster, and the increasing rate becomes higher with
higher feed methanol concentration. For the evolution of
cathodic overpotential, during the first several minutes,
the overpotential increases for the first several minutes,
and then the overpotentials begin to decrease at almost
the same rate. The maximum cathodic overpotential is
the largest when the methanol concentration is the largest.

Fig. 8 shows the evolution of cell voltage using 5.0 M
methanol solutions, under constant current densities of
20, 40 and 70 mA/cm?. As seen from the figure, a higher
current density corresponds to a lower average cell voltage.
In case of 70 mA/cm? current density, the cell voltage
decreases at the beginning and then increases slowly, fol-
lowed by a sharp decrease. In case of 40 mA/cm? current
density, the cell voltage decreases for several minutes and
then increases at a decreasing rate until the curve becomes
flat for almost 1 h. Afterwards, the cell voltage begins to
decrease at an increasing rate, which is also followed by a
rapid decrease. For all the decreasing stages that happen
in the whole operation, the decreasing rate with the highest
current density is the highest, thus, the operation time is the
shortest. Fig. 9 shows temperature at the anode inlet under
the same operating conditions in Fig. 8. The temperature
increases faster for about 1 h and then decreases afterward.
The temperature increases faster when the current density
increases. The evolution of methanol crossover, the feed
methanol concentration and solution leftover in the reser-
voir under different current densities is illustrated respec-
tively in Figs. 10 and 11, under the same operating
conditions in Fig. 8. The decreasing rates of methanol
crossover, solution leftover and feed methanol concentra-
tion in the reservoir increase when current density increases
as shown in the figures.

Fig. 12 shows the evolution of anodic and cathodic over-
potentials in the catalysts under the same operating condi-
tions in Fig. 8. The anodic overpotential decreases at the
beginning and then increases at a slow rate which is fol-
lowed by a rapid increase in the last 2 h. The variation rate
of the anodic overpotential is the highest with the lowest
current density during the running process. For the overpo-
tential at the cathode, it initially increases at a high rate for
several minutes and then decreases afterward. The increas-
ing rate with high current density is the highest during the
increasing stages of the evolution, but the decreasing rate
increases when the current density decreases.

4. Conclusions

A two-dimensional, two-phase, multiple-component
model has been developed for a liquid-feed DMFC system
including a fuel cell and its delivery accessories. The vary-
ing methanol feed concentration in the reservoir at the
anode inlet is taken into account, and the thermal effect
is also considered in this model. It shows that the increas-

ing rate of cell voltage, the temperature rise and the
decreasing rate of the mass weight and methanol concen-
tration in the reservoir are higher with a higher feed meth-
anol concentration. The anodic overpotential increases
faster with a lower feed methanol concentration, while
the trend in the cathode reverses. When the value of con-
stant current density increases, the operating time is short-
ened and the cell voltage decreases more quickly. The
increasing rate of the temperature of the fuel cell is higher
with a higher current density. The result also shows that
methanol crossover increases with higher current density.
It additionally shows that the methanol concentration
and solution leftover in the reservoir decreases more
quickly with higher current density. Similar to what hap-
pens under different feed methanol concentrations, the
anodic overpotential increases faster with a lower current
density, while the trend in the cathode reverses.
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