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ABSTRACT

A two-dimensional, two-phase, non-isothermal model was developed for an active, tubular, liquid-feed
direct methanol fuel cell (DMFC). The liquid-gas, two-phase mass transport in the porous anode and
cathode was formulated based on the multi-fluid approach in the porous media. The two-phase mass
transport in the anode and cathode channels was modeled using the drift-flux and the homogeneous
mist-flow models, respectively. Water and methanol crossovers through the membrane were considered
due to the effects of diffusion, electro-osmotic drag, and convection. The model enabled a numerical
investigation of the effects of various operating parameters, such as current density, methanol flow rate,
and oxygen flow rate, on the mass and heat transport characteristics in the tubular DMFC. It was shown
that by choosing a proper tube radius and distance between the adjacent cells, a tubular DMFC stack can
achieve a much higher energy density compared to its planar counterpart. The results also showed that a
large anode flow rate is needed in order to avoid severe blockage of liquid methanol to the anode electrode
due to the gas accumulation in the channel. Besides, lowering the flow rate of either the methanol solution
or air can lead to a temperature increase along the flow channel. The methanol and water crossovers are

nearly independent of the methanol flow rate and the air flow rate.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In the past decade, the direct methanol fuel cell (DMFC) has
been extensively investigated as a promising power source can-
didate for electronic devices, such as laptops and portable digital
assistants. The unique advantages of the DMFC include high energy
density, low emission, instant recharging, and compact structure.
However, the commercialization of the DMFC is still hindered by
several technical problems, including the low electro-activity of
methanol oxidation at the anode as well as methanol and water
crossovers through the membrane [1-11]. Great efforts continue
to be made to resolve these problems.

Previous DMFC research and development were mainly based
on the planar cell structure [2-14], and relatively little work has
been reported about the tubular DMFC [15-24], which is all exper-
imental work. Compared to the planar cell structure, the tubular
cell structure has some specific advantages, including:
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(i) it has a larger electrode surface-to-volume ratio, and thus, a
higher system energy density can be achieved;
(ii) it has a greater flexibility in shape;
(iii) it eliminates the need for additional plates on both the anode
and the cathode sides to hold the structure together.

Due to these advantages, the tubular cell structure has been
widely used in solid oxide fuel cells (SOFCs). However, the appli-
cation of the tubular cell structure on low temperature fuel cells,
such as polymer electrolyte fuel cells (PEFCs) and DMFCs, has rarely
been reported.

Recently, some experimental work has been carried out to
develop tubular DMFCs, with the efforts focusing mainly on the
methods of fabricating the tubular membrane-electrode-assembly
(MEA) and on the improvement of the cell performance. Kunimatsu
and Okada[16] reported the performance of a tubular DMFC using a
micro-tubular electrolyte. It was shown that both the catalyst layer
fabrication and hot-pressing process were crucial to the tubular cell
performance. A peak power density of 12mW cm~2 was achieved
with an air-breathing tubular DMFC fed with 1 M methanol solu-
tion, which indicated that in terms of power density, tubular DMFCs
can perform as well as planar DMFCs. Qiao et al. [17-19] reported
different methods for fabricating the tubular anode and cathode,
including the impregnation-reduction method with heat treatment
for the anode fabrication, impregnation-reduction method with a
new plating process for the cathode fabrication, and a wet chemi-
cal assembling process for the formation of the anode. It was found
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Nomenclature

Alg

Av

QDT > ™ >R

interfacial specific area between liquid and gas
phase, m2 m—3

specific area, m2 m—3

water vapor activity

molar concentration, molm—3

specific heat capacity, Jkg=1T-1

diffusivity, m2 s~1

Faraday constant, 96,478 Cmol~!

Grashof number

heat transfer coefficient, Wm~1K-!; enthalpy,
Jmol-1

interfacial transfer rate constant for methanol,
m?s-!

mass transfer coefficient, m—2s~1

current density, Am—2

parasitic current resulting from methanol crossover,
Am—2

molar flux, molm—2s-!

exchange current density, Am—2

anode current density, Am—3

cathode current density, Am~—3
permeability of porous material, m?
thermal conductivity, Wm~1K-1
condensation rate, mol (atmsm3)~!
evaporation rate, (atms)~!

relative permeability

source term in mass conservation equation,
kgm—3s-1

mass flux, kgm=—2s-!

molecular weight, kg mol~!

mol flux, molm—2s~!

electro-osmotic drag coefficient

capillary pressure, Pa

gas phase pressure, Pa

liquid phase pressure, Pa

heat flux, Wm—2

gas constant, ] (mol K)~!

source term in species conservation equation,
molm—3s-!

interfacial species transfer rate, molm=3s-1
ohmic contact resistance, 2 m?

source term; entropy

liquid saturation; entropy

temperature, K

velocity, ms~!

thermodynamic equilibrium voltage, V

cell voltage, V

coordinate, m

coordinate, m

anode transfer coefficient at anode
cathode transfer coefficient at cathode
reaction order of ORR

thickness, m

porosity of porous medium
overpotential, V

water content

viscosity, kgm=1s-1

density, kgm—3

interfacial tension, Nm~!; proton conductivity,
Q 1m!

Superscripts

eff effective value

ref reference value

sat saturated value

* in equilibrium

Subscripts

a anode

c cathode, or capillary

cr crossover

dry dry membrane

e electrolyte, or evaporation
g gas phase

1 liquid phase

mem membrane

ML methanol

MV methanol vapor

p parasitic

rl relative value for liquid phase
rg relative value for gas phase
T temperature

w water

we dissolved water

\AY% water vapor

that improving the fabrication process of the electrodes on the
tubular membrane was effective to improve the tubular DMFC per-
formance. Shao et al. [20,21] developed a new method to fabricate
the tubular DMFC. A tubular titanium mesh was used to support the
catalysts and collect the current from the cell. The catalyst layers
were fabricated using a dip coating method—a recast Nafion mem-
brane was coated on the cathode electrode. A dilute sulfuric acid
solution was used as the electrolyte to reduce the contact resistance
between the anode and the membrane. It was also shown that the
tubular DMFC performed similar to the conventional planar DMFC.
Yu et al. [23] used a porous silica pipe as the support to fabricate
the tubular electrolyte membrane, on which they further investi-
gated the cell performance of the tubular DMFC and tubular PEFC.
Lee et al. [24] investigated the performance of a tubular DMFC, in
which the tubular MEA was fabricated by curling the conventional
MEA into a tube.

Like in the planar DMFC, a number of physicochemical phenom-
ena take place in the tubular DMFC, including species transport,
momentum transport, and multiple electrochemical reactions, of
which a better understanding is essential to optimize the tubu-
lar cell structure and improve the cell performance. Extensive
efforts have been made to develop two-phase mass transport mod-
els for planar DMFCs in order to quantify the complex transport
phenomena and elucidate the mechanisms of different transport
processes [11,12,25-31]. Wang and Wang [12] modeled the DMFC
using the mixture multiphase flow model, in which the species in
the liquid and gas phases were assumed to be at the thermody-
namic equilibrium condition. Yang and Zhao [11,26] presented a
two-phase mass transport model for the DMFC, which was devel-
oped based on the multiphase flow theory in porous media. Xu
et al. [25] developed a one-dimensional, isothermal, two-phase
mass transport model for the DMFC. The respective effects of three
water transport mechanisms through the membrane, as well as
the effect of the MEA design on the water crossover and cell
performance, were investigated. Rice and Faghri [30] proposed a
transient, two-dimensional, multi-phase model for a DMFC with
a passive fuel delivery system. The passive delivery system uti-
lized a porous medium to passively deliver methanol to the fuel
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cell while controlling the concentration of methanol at the anode
side to limit the amount of methanol crossover. Rice and Faghri
[31] further developed a thermal model to study the thermal and
start-up characteristics of a passive DMFC system. Their model also
included continuous and discontinuous phase limitations, as well
as a probabilistic spread of the porous properties. Recently, Xu
and Faghri [3] investigated the water transport characteristics in
a passive liquid-feed DMFC using a two-dimensional, two-phase,
non-isothermal model. The effects of various operating param-
eters, such as current density, methanol concentration, and air
humidity, as well as the effect of the cathode hydrophobic air filter
layer, on the water transport and cell performance, were investi-
gated.

However, with regard to tubular PEFCs and DMFCs, only
one investigation about the modeling of tubular PEFCs was
reported. Al-Baghdadi [32] developed a three-dimensional, non-
isothermal, mass transport model of a tubular PEFC, which was
used to understand the many physicochemical interactions, com-
plex electrochemical reactions, and transport phenomena that
cannot be studied experimentally. The model was also used to
study the effects of various material parameters on the cell per-
formance. To the authors’ knowledge, no numerical work in
relation to the tubular DMFC has been reported in the litera-
ture.

The objective of this work was to develop a two-dimensional,
non-isothermal, two-phase mass transport model for a tubular
liquid-feed DMFC. The liquid-gas, two-phase mass transport in the
porous anode and cathode was formulated based on the multi-fluid
model in the porous media, and the two-phase mass transport
in the anode and cathode channels was modeled using the drift-
flux and the homogeneous mist-flow models, respectively. Since
the micro-porous layers (MPLs) play an important role in fuel and
water management, this model also includes MPLs between the
diffusion and catalyst layers of both the anode and the cathode.
Firstly, an evaluation of the advantage of a tubular DMFC system
in terms of energy density compared to a planar system was pre-
sented. Then, the model developments of the tubular DMFC and the
numerical results obtained were introduced. Both the mass trans-
port characteristics and the heat behavior of the tubular DMFC, with
different current densities and fuel and oxygen flow rates, were
investigated.

2. Energy density evaluation of the tubular DMFC

The energy density of a DMFC stack can be increased by increas-
ing the reactive surface area per unit volume. For a tubular DMFC
stack, the reactive surface area depends greatly on the geometry
size of the unit tubular cell, particularly the radius of the tube chan-
nel. To elucidate the benefit of a tubular DMFC stack versus a planar
stack with regards to the energy density, the reactive surface areas
per unit volume were evaluated for each.

Consider a standard planar DMFC stack, as shown in Fig. 1a, hav-
ing a cross-sectional area of W (width) x H (height) and a length of L.
The total cell number can be approximated by H/(Tyga + Tgp), Where
Tmea is the thickness of the MEA, and Tgp is the thickness of the
bipolar plate. Thus, the reactive surface area corresponding to the
unit stack volume is W x L x (H/(Tyga + Tgp)). While for a unit tubu-
lar DMFC stack, which has the same volume size as the standard
planar stack, the total cell number depends on both the tube size
and distance between the tubes. Assuming the shortest distance
between the electrodes of two adjacent tubular cells is n times the
radius of the inner tubular channel (R), as shown in Fig. 1b, the total
cell number can be expressed by W x H/(2R +nR +2Tyga)?. Thus,
the reactive surface area corresponding to the unit stack volume is
7T x (2R+ Tyga) x (W x H/(2R+TIR+2TMEA)2).
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Fig. 1. Sectional views of (a) a planar fuel cell stack and (b) a tubular fuel cell stack.

Accordingly, the ratio of the reactive surface area of the tubular
fuel cell stack to the planar fuel cell stack is:

7 x (2R+ Tymea) x L x (W x H/(2R +nR + 2Tyea)?)
W x L x (H/(Tmea + Tsp))
_ 70 x (Tviea + Tep) x (2R+ Tvea) 1)
(2R +nR + ZTMEA)Z
For a standard planar fuel cell, the thicknesses of the bipolar plate
and MEA are about 3 mm and 0.6 mm, respectively. Fig. 2 shows the
variation in the ratio of the reactive surface area, which indicates
the ratio of the stack energy density when the cell performance of
a unit area in the planar and the tubular stack is assumed to be the
same.
It is seen that the ratio depends on both the tube radius and
distance between the adjacent tubular cells. For instance, when
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Fig. 2. Variation of the ratio of the reactive surface area of a tubular fuel cell stack
to a planar fuel cell stack which have the same volume (assume: Tyga = 0.6 mm;
TBp =3 lTllTl)
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Fig. 3. (a) Schematic of a tubular DMFC cross-section and (b) the computational
domain.

n=1, the ratio first decreases sharply and then slowly continues
to decrease with an increase in the tube radius. When the radius
becomes a critical value of 2.0 mm, the ratio is 1.0, which means
that the reactive surface areas are the same for both the tubular
and planar stacks. When the radius is larger than the critical value
(2.0 mm), the reactive surface area of the tubular stack, as well
as the energy density, is less than that of the planar one. With a
decrease in the distance between adjacent tubular cells, the critical
value is increased. When n=0, which means the adjacent tubu-
lar cells come into contact, the critical value increases to about
4.7 mm. Therefore, to achieve a higher energy density when using
a tubular DMFC stack, both the tube radius and distance between
the adjacent cells should be considered.

3. Model formulation

This section presents a comprehensive steady state, two-
dimensional, two-phase, non-isothermal model of a tubular-
shaped DMFC, as illustrated in Fig. 3. The tubular DMFC includes
an anode flow channel (ACF) inside the tubular cell, anode diffu-
sion layer (DL), anode micro-porous layer (MPL), anode catalyst
layer (CL), polymer electrolyte membrane (PEM), cathode CL, cath-
ode MPL, cathode DL, and an annular cathode flow channel (CFC)
outside of the tubular cell. The following presents the model to
formulate the mass and heat transport in different regions of
the computational domain. The following main assumptions were
made in the model:

(i) The flow is symmetrical about the axis. Therefore, all /00
terms are neglected in the governing equations, and the
governing equations for transport within the MEA become
two-dimensional.

(ii) Two phase flow in the anode and cathode channels are based
on one-dimensional drift-flux flow and homogeneous flow
along the direction of the channel, respectively.

(iii) The porous layers are homogeneous and isotropic.

(iv) Both the gas and liquid phases are continuous in the porous
layers, and the flows of gas and liquid are all controlled by
Darcy’s law.

(v) Only water and methanol are considered the condensable
species.

(vi) The membrane is impermeable to both gas and liquid, and
only dissolved methanol and water can crossover through the
membrane.

(vii) The liquid and gas phase temperatures are the same.

3.1. Transport multiple governing equations

3.1.1. Mass transport in the anode porous region

The anode porous region includes the anode DL, anode MPL, and
anode CL. Due to the coexistence of hydrophilic and hydrophobic
pores, both liquid and gas phases exist in the porous region. The
general governing equations of the mass and momentum conser-
vation corresponding to each phase, as well as the conservation of
species, are given by:

Mass: V. I:,Olfll} = 3(/8);:11) %3(r§vl) = Th]ya (lquld phase)
(2)
- d(pgu 1 (rpgv. .
V- [pgillg) = (pai ) +o ( 'gf g _ fhga (gas phase) (3)

where ul = ui + vk represents the superficial velocity vector based
on the total cross-sectional area of the fluids and porous medium.
The rate of mass generation is represented by .

Momentum : i = —I<Z—rl Vpia (liquid phase) (4)
|
- krg
Ug = —I(M—Vpg,é1 (gas phase) (5)
g

where K is the intrinsic permeability of the porous medium and k;
denotes the relative permeability of the phase.

Substituting Eqs. (4) and (5) into Egs. (2) and (3), respectively,
yields the governing equations for the anode liquid pressure (p;,)
and gas pressure (pg,a):

ad oKk 3p1,a 10 oiKky 3p1,a o
S ( m ox ) rar\ o o )" Ma (6)
0 [ pgKkrg Opg a 10 [ peKkeg Opga\ .
T ox ( ug Ox ) ror Ta o )T Me2 7
. O(uCmr,a) | 10(rv1Cu,a) . d off 0CmL,a
Species : i tr o = Dyi.a o
190 ACw, .
+ F & (rDle\g_’a ar a) + RML,a (8)
a(ugCMV,ga) 1 a(rVgCMV,ga) _ 3 peff aCMV,ga
ox T or ox \ MViga gy
190 aG .
- (rDﬁﬁfv,ga “gxga) + Ruv,ga (9)
8(ugCWV,ga) n 1 8(r'/gCWV,ga) _ 2 off acWV,ga
ox r or ax \ Wv.ea gy
10 L .

where Cur,a, Cmv,ga, and Cwy ga are the liquid methanol concentra-
tion, methanol vapor concentration, and water vapor concentration
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in the anode side, respectively. Dl?ff represents the effective diffu-

sion coefficient of species i and R; denotes the mole generation rate
of species i.

3.1.2. Mass transport in the cathode porous region

Similar to the anode porous region, both liquid and gas phases
exist in the cathode porous region which includes the cathode DL,
cathode MPL, and cathode CL. The general governing equations
of the mass and momentum conservation corresponding to each
phase, as well as the conservation of species, are given by:

a(p1n) 41 a(rpoin)
r

Mass: V- [pjil] = =iy (liquid phase)

ox ar
(11)
-1 O(pgug)  10(rpgvg) .
V- [pglig] = ot =TMgc (gas phase) (12)
Momentum : ﬁ1=—I<I;L—erp1.c (liquid phase) (13)
VP
- krg
ugz—KM—Vpg,c (gas phase) (14)
g

Similarly, the governing equations for the cathode liquid pres-
sure (p;c) and gas pressure (pgc) can be obtained from Egs.
(11)-(14), which give:

E P1Kky 3131,6 1& 1Kk, apl’c .
T < w ox ) ror\| g ar )T M (15)
0 ([ pgKkeg Opg,.c 10 [ peKkeg Opgc\ .
T ox ( we ox ) ror Ta o )" Mec (16)
.. O(ugCoygc)  10(rvgCo,ec) 3 [ o 9Co,8c
Species : x T T oox \ 028 3x
19 (L per 9Copec |, 4 17
+ Tor TOML,a or + Ro,,8c (17)
8(ugCWV,gc) l a(rngWV,gc) _ ﬁ peft 8CWV,gc
ax r or x \ WV ox
10 G .
+?§ (rD\e,\f,ﬁ,’ga\g’:’g> +RWV,gc (18)

where Co, ¢c and Gy gc are the gas oxygen concentration and water
vapor concentration in the cathode side, respectively.

Here it should be noted that the capillary pressure for the porous
region is given by [33]:

P = pg — p1 = o cosO(e/K)**J(s) (19)

where J(s) represents the widely used Leverett function:

(20)

1.417(1 —s) — 2.120(1 —s)* + 1.263(1 —s)* 0 <6 <90°
I(s)=
90° < 6 < 180°

1.417s — 2.120s% + 1.263s3

When the gas and liquid pressures are solved in every iteration,
the liquid saturation is determined by Eqgs. (19) and (20). Recently,
some efforts have been devoted toward the determination of the
capillary property of the fuel cell porous media. However, there
are inconsistencies in the newly developed capillary functions, and
thus, the Leverett function is still used in this work [34].

3.1.3. Mass transport in the membrane
Due to its extremely low permeability, the membrane is usually
regarded as a gas insulator. However, liquid water and methanol
in the porous region can dissolve into the electrolyte with the
effect of adsorption to form the dissolved phase and cause trans-
port between the anode and cathode through the membrane. The
transfer of the dissolved water through the membrane depends on
molecular diffusion, electro-osmotic drag and convection. Accord-
ingly, the molar flux of water crossover (Ny,ocr) through the

membrane can be given by:
I Kmem 01

Nu,0cr = —Dwe(A)VCwe + N Hy0 5 —

21
F pMn,o (21)

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

I
V- Niggorr = V- (-Due1)VCue)+ V- (g0 ) =0 (22)

Note that the dissolved water concentration Cye can be trans-
formed to the water content A in the electrolyte and the relationship
between Cye and A is given by A = Cwe(EW/pgry).

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

1 K Apl -
NmLer = =Dv,NnVCuL + MdME ~ (m;n;(sca CmL (23)
mem

where Ap,._, represents the liquid pressure difference between
the cathode and the anode.

3.1.4. Energy
The energy equation used in the entire computational domain
can be expressed as follows:

9((pgcp,gg + p1Cp1u)T) N 1 3(r(pgCp,gvsg + P16, 1W1)T)
ox r ar

_ 0 (petdT 19 (e dT
T ox (kT x ) T rier or +S1 (24)

where k%ff represents the effective thermal conductivity of the heat
transfer media, and St denotes the heat generation rate.

3.1.5. Anode flow channel (inside the tube)

Since complicated two-phase flow patterns in the DMFC anode
and cathode channels have not yet been established quantitatively,
a one-dimensional drift-flux flow model and a homogeneous mist
flow model, along the flow direction, are used to describe the two-
phase flow in the anode and cathode channels, respectively. The
general governing equations of the mass, momentum, species, and
energy conservation corresponding to each phase are given by:

d(o1(1 —5g)uy) _ 2my

Mass conservation :
0x 51

(25)

0(pgSgilg)  2Mgafc

0x m (26)

where Sg represents the cross-sectional averaged gas void fraction
in the anode channel, i and g denote the cross-sectional aver-
aged velocities of the liquid and gas phases, respectively, and mj 5t
and mg 45 represent the liquid and gas mass fluxes at the interface
(r=rp) toward the anode channel.

d(pi(1 = Sg)uyiyy) n (pgSgligilg)

Momentum equation :
q ox 0x

__ Opm fm - -
—_W—zpmmume‘ (27)
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Table 1
Boundary conditions for the tubular DMFC model.
Location Variables Mass/molar flux Heat flux
r=n p]‘+ :I_Jms 51‘+:(1 *gg)> m]‘+ = My afc qL = (afc
Cwit |4 = Civieot»» Mg|, = Mgt
T|+ = Qafc/hTa + 7--afc NMeOH |+ = NMeOH.afc
Ni |+ = Ni,afc
r=ry ol <o, %] =o, ml_ =0 a_=aql,
Kae|, = Hoew+ Ry = Mien)sl mg| =0
Ni|_=0
r=rs Cueon |, =0, 5| =0, mil, =0 q_=ql,
g | _ -
ar |y 0, mg|+ 0
A‘\tve = )“tNe,u + ()L\tve.] - )‘\ive.v)sh N;i |+ =0
r=rs Pg B =Pm, sil-=(1 —gg), myl_ = my e ql- = qcfc
Copge| = Eoz.cfcsv mg|7 = Mg cfc
T|_ = qete/hre + Tege Ni|_ = Nicte
0<r<ryand (x=0) Civieon L = CMeOH,in» Pm | = 1atm
T=Tin’ El]‘+ = Uajin; §g N =0
rg <r<rg and (x=0) Co, . = Co,.in; EWV|+:CWV.ina
ﬁm|+ =1latm, T =T,
ﬂg =uc.ina§l|+=0
. +
ry<r<rgand (x=0 '1,%‘ =0, %er =0 ml,. =0 q.=0
orx=L) * *
mg| =0
+
N; |+ =0

Nymeon |4 =0

where py, represents the pressure inside the anode channel, and i,
represents the volumetric velocity of the liquid—-gas mixture, and
is defined as:

fim = i)(1 — Sg) + ilgSg (28)

The relation between the gas velocity and liquid velocity is
defined by the drift-flux model [11,12]:

fig = Coltm + flg; (29)

where the distribution parameter, Co =(1.2-0.24/pg/01)(1 —

e~18:05%) and the drift velocity, iig; = 0.37/2r1(p — pg)g/p1, are

suitable for a bubbly flow in a pipe [35].

a((1 f§g)ﬂ1€MEOH) _ 2NMeoH, afc

Species : i -

(30)

a(ggﬂg(-:i,afc) _ 2Ni,afc
0x - 1

(31)

where N, represents the molar flux of the species (i.e., Cmpa,
Cmv,ga» Cwaga) at the interface (r=r) toward the anode channel.

8((ngp,gug + plcp,lul)Tafc) . 24r, afc
0x - 51

Energy : (32)

where T, represents the cross-sectional averaged temperature of
the mixture, and gr.e represents the heat flux at the interface
(r=rq) toward the anode channel.

3.1.6. Cathode channel (outside the tube)
Similar to the anode, the governing equations for the homoge-
neous mist flow in the cathode channel are listed as follows:

A oiSitly)  2rgmy g

Mass conservation : % = (rg — r§) (33)
d(g(1 — 35p)iig) _ zrsmg,cfc (34)
ox (12 —12)
. 1 5\
Momentum equation : op 121;11”1) + 9pg( 8Xsl)ugug)
9P fo - -
T 2Pm Dn,cfc i |um’ o)
(1 - §)itgC; 2rgN;
Species : (( Sé)ug n,cfc) _ rz8 1,c2fc (36)
X (r§ —rg)
A(peCp.oll cp u)T, 2
Energy : ((ogCp,glig + 01 bl DTete) _ 4T8qr,cfc (37)

Z @)

3.2. Sub-models

In the anode of the DMFC, the Kkinetics of the methanol oxi-
dation reaction (MOR) is modeled by the widely used Tafel-like
expression:

Y
i—A iref CiM oaf
Ja = Av,alp MeoH cref €Xp RT la
MeOH

(38)

where the reaction order (y) is related to the methanol con-
centration and is assumed to be zero order when the methanol
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Table 2

Constitutive relations in the governing equations for the tubular DMFC model.
Parameters Expressions
Relative ky=s*° Liquid
permeabilities

Effective diffusion
coefficients of
species

Effective thermal conductivity in the porous regions

Generation rate of
mass in liquid
phase

Generation rate of
mass in gas phase

Mole generation
rate of species

krg=(1-5s)*> Gas

DEf = Dy ge!5(1 —)" 05, WV, MV

off _ DM»]51'551'5(€+96)
MLa = { 6/ Dy 1615515 106/ Dy el Iyt (ADL(AMPL)/ACL/PEM)
esk; +&(1 - s)kg + k
et — & T EPLNRLCL b (MPL,CL)/PEM)
kmem

Mu,0Ry — MuRwv.ga

). = _ Nimox B W (ADL(AMPL)/ACL)
Mio (R — —22C _ Ja ) g (R Ja

H,0 ( vl S 6F M MV.ga + 6F + 6Foug

Mu,oRu

Tty e = Mo (R o Mo, Gy [a) | Iy (CDL(CMPL)/CCL)

Seal 2F 3F8¢q

. —Mu,0Ru1 + MuRwv.ga

litg q = ) . ) (ADL(AMPL)/ACL)
—Mu,0Ry1 + MmRwv, ga + Mco, Reo, .ga

. 7MH20RVI

Mg.c = ' _ (CDL(CMPL)/CCL)
—MOZJC/4F + Mco, Ip/6FScq — Mu,0Rvi

. 0 . -

Ro,.gc = . , Rwvg =—Ry (CDL(CMPL)/CCL)
~je/AF
*RMV.ga

{ _RMV,ga _ja/GF
Rwv.ga = =Ry, Ruv.ga = Rmv.ga  (ADL(AMPL)/ACL)

Rua (ADL(AMPL)/ACL)

Ry Ahy — Rmy,g Ahwy ADL(AMPL)
ja(”a — TASMQR/(SF) + IZ/O'S{Em + vaﬂhv — RMV.gAth ACL
) ? /Ulneln PEM

Heat generation rate St = .

Je(Imel — TASorr /4F) — Iy TASmoR /6FScci CCL

+12 /U;fgm + iélehv

Ry Ah, CDL(CMPL)

Table 3
Cell geometric dimensions and operating parameters used in the tubular DMFC model.

Parameters Symbols Value Unit
Tube inner radius 21 1.0x103 m
Anode DL thickness ry—T1 2.6x10* m
Anode MPL thickness r3—r; 03x104 m
Anode CL thickness T4—T3 02x10* m
Membrane thickness (Nafion 115) s —T4 1.25x 104 m
Cathode CL thickness e —Ts 02x10* m
Cathode MPL thickness r7—Tg 03x10* m
Cathode DL thickness g —r7 26x10* m
Flow channel length L 5.0x 1072 m
Annular cathode channel size T9 —T1g 1.0x103 m
Fuel/Air inlet temperature Tin 333.15 K
Anode channel inlet pressure Diin 1.013x 10 Pa
Cathode channel inlet pressure Pgin 1.013 x 10> Pa
Inlet methanol concentration at anode CMiin 1000 molm—3
Inlet oxygen concentration at cathode Co,.in 0.21 x pg/RT molm—3
Inlet water vapor concentration at cathode Cwv.in 0 molm~3
Inlet carbon dioxide concentration at cathode Cco,.in 0 molm—3
Inlet gas saturation at anode Sg 0 -
Inlet liquid saturation at cathode 51 0 -
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Table 4
Physicochemical properties used in the tubular DMFC model.
Parameters Symbols Value Unit Ref.
Porosity, permeability ADL Eadl» Kadl 0.75,1.0x 1012 -, m? [25]
AMPL Eampls Kampl 0.3,25x10°13 -, m? [25]
ACL Eacts Kacl 03,1.5x 1014 - m? [25]
MEM Emem» Kmem 0.3,2.0x 1018 -, m? [25]
ccL Eccts Keal 03,1.5x 1014 -, m? [25]
CMPL Ecmpls Kempl 0.3,2.5x10°13 -, m? [25]
CDL eedls Keal 0.75,1.0 x 10-12 -, m? [25]
Nafion volume fraction ACL Eeac 0.3 - [25]
CCL Eeccl 0.3 - [25]
Diffusivities MeOH in water Dy 1.58 x 10-9¢0:02623(T-298) m2s! [25]
MeOH in Nafion Dun 4.9 x 10-10¢l2436(1/333-1/7)] m?s! [25]
Methanol vapor Dmg —6.954 x 10°6+4.5986 x 10-8T+ m?s! [25]
9.4979 x 10~ 1172
0, in gas Do, ¢ 1.775 x 10°° (ﬁ) 15 m2 s-1 [25]
2334
Water vapor Dwvg 2.56 x 107> (ﬁ) m?s-! [25]
Dissolved water Dye 417 x 10-81(161e~* +1)e2436/T m2s! [25]
in Nafion
Thermal conductivity of membrane Kmem 0.2 Wm! K1 [29]
Thermal conductivity of DL and CL kpr (kcL) 1.5 Wm-1K-! [29]
Thermal conductivity of MPL knmpL 1.5 Wm!K! [29]
Thermal conductivity of gas kg 0.026 Wm-1K-! -
Thermal conductivity of liquid ki 0.62 Wm-1K! -
Heat capacity of liquid water Cpl 4200 Jkg 1K1 -
Heat capacity of gas Cpg 1007 Jkg 1K1 -
Viscosity of gas phase Mg 2.03x107° kgm-1s! [11]
Viscosity of liquid phase I 4,05%x 104 kgm1s1 [11]
Absolute entropy of liquid methanol (1 atm, 298 K) EUMeoHV] 126.8 Jmol-' K1 -
Absolute entropy of liquid water (1 atm, 298 K) 5320.1 69.95 Jmol-1K-! -
Absolute entropy of CO, (1 atm, 298 K) S:go2 213.685 Jmol-1 K1 -
Absolute entropy of 0, (1atm, 298 K) 5002 205.033 Jmol-' K1 -
Electro-osmotic drag coefficients of water and methanol 4,10 %A - [25]
Nam N4, H,0XM - [25]
Evaporation rate constant for water ke 5 (atms)! Assumed
Condensation rate constant for water ke 5.0 x 10* s1 Assumed
Interfacial transfer rate constant for methanol hig 0.05 m?s! [11]
Specific interfacial area between liquid and gas Aig 10° m-! [11]
Proton conductivity in membrane Omem 7.3el1268(1/298-1/1)] Q- 1m-! [25]
Henry law constant for methanol knm 0.096¢0-04511(T-273) atm [25]
—2.1794 + 0.02953(T — 273)
The saturation pressure of water vapor logopiey, -9.1837 x 1075(T — 273)2 atm [11]
+1.4454 x 1077(T — 273)}
The saturation pressure of methanol vapor Py Kuxmy atm [11]
Latent heat of methanol evaporization Ahwmy 37.7x 103 Jmol-! -
Latent heat of water evaporization Ahy 449 x 103 Jmol-! -
Thermodynamic voltage Vo 1.21 \% [25]
Transfer coefficient of anode 'R 0.52 - [25]
Transfer coefficient of cathode o 1.0 - [25]
Anode exchange current density Avaifhy 1x10° exp (@ (3% - %)) Am-3 [25,29]
Cathode exchange current density A‘,,Cj{fg2 2111 exp (% (3% - %) ) Am-3 [29]
Anode reference concentration C,{jf 100 molm—3 [12]
Cathode reference concentration Cgezf 36.5 molm—3 [11]
Surface tension o 0.0644 Nm™! [25]
Equivalent weight of ionomer EW 1.1 kg mol-! [11]
Dry membrane density Pdry 1980 kgm-3 [11]
Contact resistance Reontact 0.45 Qcm? Assumed
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Anode side Cathode side
%7 7.68
875 7.66
812 7.64
750 7.63
687 7.61
625 7.59
562 7.57
500 7.55
437 7.54
375 7.52
32 7.50
250 7.48
187 7.47
125 7.45
62 7.43
Methanol Oxygen

Fig. 4. Distribution of methanol concentration in the anode electrode and mem-
brane and oxygen concentration in the cathode electrode (methanol solution: 1 M;
current density: 120mAcm~2; anode flow rate: 0.015ms™'; cathode flow rate:
1.0ms™').

Anode side Cathode side

0.95 0.27
0.90 0.25
0.84 0.23
0.79 0.21
0.74 0.19
0.68 0.17
0.63 0.15
0.57 0.13
0.52 0.11
0.47 0.09
0.41 0.08
0.36 0.086
0.31 0.04
0.25 0.02
0.20 0.00

Fig. 5. Distribution of liquid saturation in the porous region (methanol solution:
1 M; current density: 120 mA cm~2; anode flow rate: 0.015 ms~!; cathode flow rate:
1.0ms™1).
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Fig. 6. Distribution of liquid saturation in the porous region at different channel

positions (methanol solution: 1 M; current density: 120 mA cm~2; anode flow rate:
0.015ms~'; cathode flow rate: 1.0ms™1).

concentration is higher than a reference value [12]. Otherwise, the
first-order reaction is applied.
The cell current density can be calculated by

I=/ Ja dx (39)
ACL

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

Ip = 6FNMLcr (40)

Anode side PEM

Cathode side

G G Y
NWhOoO
WWwWwhoo

1. 12
1.01
0.90
0.79
0.68
0.57
0.46
0.36
0.25
0.14

Fig. 7. Distribution of cell temperature rise (methanol solution: 1 M; current den-
sity: 120 mA cm~2; anode flow rate: 0.015ms™!; cathode flow rate: 1.0ms1).



C. Xu, A. Faghri / Journal of Power Sources 196 (2011) 6332-6346 6341

(a) 0.06 T T T T

laa & A A h A A A, ,

o o0 0 0 -0—0-0- oo o 5 A , N
0.04 T0—0—qd

2

Methanol crossover, umol/cm”s

6— — o Diffusion flux
& - - -8 Electroosmotic drag flux
0.021 v— - -v Convection flux 8

A— — A Total methanol-crossover flux

e -B-8-8-&+- O G -B-B-8-8-8 0O -3F-8-8-8- 24

[¥ - - F—V —9— ¥ —9— V¥ V—F -¢—F — V- ¥

-0.02 . . . .
0 0.01 0.02 0.03 0.04 0.05

x location (along the channel), m

(®) 6 - - - -

Ad—aA A A A A A A A A b —hAA A A A A

4} |
bo—O0—0—0—0— 06— 66— - 6-6 6 —©-—0—0—0—0—0—04

F-8-8-60-9- O G -G-8-8-8-8- 0O -3 -G-8-8-484

2 ]

6— — o Diffusion flux
= - - -8 Electroosmotic flux

v— - —v Convection flux

Water crossover,.umol/cm?s

A— — A Total water-crossover flux

Y -~ V- 9V —F— ¥ —¥— V—F V—F -F—F¥ - - ¥

0 0.01 0.02 0.03 0.04 0.05

x location (along the channel), m

2

Fig. 8. Axial distributions of fluxes of (a) methanol crossover and (b) water
crossover (methanol solution: 1 M; current density: 120 mA cm~2; anode flow rate:
0.015ms!; cathode flow rate: 1.0ms™1).

where the molar flux of methanol crossover, Ny, is given by Eq.
(23).

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

1+1p=/ je dx (41)
CCL

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

) " Co acF
Je= (1 =9Audh, | % ) exo (%) (42)
2
Finally, the cell voltage can be determined from:
8
Veen=Vo —na—nc—1 (RComact + == ) (43)
Omem

where Vy, Rcontact and omem present the thermodynamic equilib-
rium voltage of the DMFC, the contact resistance, and the proton
conductivity of the membrane, respectively.

For the phase change between liquid water and water vapor,
the rate of condensation and evaporation can be modeled using
the finite-rate approach [11,25]:

Ry = hy(ywvpg — P3N (44)

where pf,?,ﬁ, is the saturation pressure of water vapor, and yyy is the
molar fraction of water vapor in the gas phase. The mass-transfer
coefficient (hy;) can be given by:

sat

ot — kee(1 = s)ywy 14 ‘YWng = Dwv
VT TRT Ywvbg — PR

~ |ywvps - D

YwvDg — DY,

keesp
+ WM, (45)
where k. and ke are the condensation and evaporation rate con-
stants.

The rate of methanol condensation and evaporation between
the liquid phase and vapor phase is modeled by the following
expression:

(PR3, — Pmv)

RT (46)

RMV,g = Alghlgs(l — S)
where p3at is the saturation pressure of methanol vapor.

Up to this point, the formulation of two-phase mass transportin
all of the regions of the tubular DMFC has been presented. To solve
the above equations, boundary conditions and additional constitu-
tive correlations are needed, which are described in Tables 1 and 2,
respectively. The cell geometric dimensions and operating param-
eters are listed in Table 3, and the electrochemical properties are
listed in Table 4. A simulation code, which was based on the SIM-
PLER algorithm with the finite-volume method [3,25], was written
for the above-described governing equations and boundary condi-
tions. It should be noted that both the main physical framework
and the electrochemical parameters used in the present model are
based mainly on previous well-developed two-phase models for
planar DMFCs [3,25]. The grid independence of the present simu-
lation model has also been fully investigated.

4. Results and discussion
4.1. Detailed information

The distributions of several species, including methanol concen-
tration, oxygen concentration, liquid saturation, and temperature,
at a current density of 120 mA cm~2 for 1 M solution are presented
in Figs. 4-7. The methanol solution and oxygen are fed at veloci-
ties of 0.015 and 1.0m ™!, respectively. Fig. 4 shows the methanol
concentration distribution in the anode porous region and the
membrane, as well as the oxygen concentration distribution in the
cathode porous region. It can be seen that, due to the electrochem-
ical consumption in the anode CL and the methanol crossover from
the anode to the cathode through the membrane, the methanol
concentration decreases sharply from the surface of the anode DL
to the anode CL. While along the flow direction in the channel, the
methanol concentration only shows a very slight decrease, which
indicates that the anode flow rate is large enough to maintain a uni-
form distribution of methanol along the flow direction. Due to the
oxygen consumption in the cathode CL, the oxygen concentration is
decreased from the channel to the cathode CL, and from the inlet to
the outlet. Due to the rather low oxygen transport resistance in the
gas phase, the decrease in oxygen concentration from the channel
to the CL is relatively small.

Fig. 5 shows the liquid saturation distribution at both the anode
and the cathode sides. For the anode side, the liquid saturation is
relatively large especially in the anode DL and CL (~0.7-0.95), while
in the anode MPL, the liquid saturation is rather small (~0.2) due to
its high hydrophobicity and low permeability. In each layer, the lig-
uid saturation is higher in the region close to the channel and lower
in the region close to the membrane. That is because carbon dioxide
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Fig. 9. Variations in cross-sectional averaged (a) gas void fraction in the anode channel, (b) methanol concentration in the anode channel, (c) oxygen concentration in the
cathode channel, and (d) temperature rise in the cathode channel along the channel length for various current densities.

gas generated in the anode CL is transported from the anode CL to
the channel, and is swept along the channel by the liquid flow. Due
to the gas accumulation, the liquid saturation is evidently decreased
along the channel direction. The accumulation of carbon dioxide gas
may significantly hinder the methanol supply from the channel to
the anode CL. For the cathode side, the liquid saturation is rather
small, especially in the cathode MPL and DL (<0.2). Accordingly,
the oxygen transport resistance is rather small. The liquid satura-
tion distribution and the discontinuity at the interfaces between
different porous layers in this tubular DMFC are similar to that of a
planar DMFC, as shown by Xu et al. [25]. Also, contrary to the liquid
saturation in the anode side, it is seen that there is no evident dif-
ference in the liquid saturation between the inlet and outlet region,
which means that liquid water can be effectively swept out of the
cathode by the air flow through the cathode channel. Previous find-
ings can also be clearly seen by plotting the radial distribution of
liquid saturation at different channel positions (i.e., inlet, middle,
and outlet), as shown in Fig. 6.

The temperature rise distribution across the whole MEA is pre-
sented in Fig. 7. As can be seen, the temperature increases slightly
along the flow direction due to the heat generation associated with
the electrochemical reaction. Moreover, the temperature in the
cathode side is generally larger than that in the anode side. For
instance, the temperature rise in the anode DL increases from 0.14
to 0.9°C from the inlet region to the outlet region, while it increases
from about 0.8 to 1.66°C in the cathode DL. That is because, due

to the much higher heat transfer coefficient of liquid flow than gas
flow, heat can be removed more effectively through the anode side.

Fig. 8 presents the axial distributions of methanol and water
crossovers through the membrane from the anode to the cathode at
the same operating conditions as Figs. 4-7. Both the methanol and
water crossovers are driven by diffusion, electro-osmosis, and pres-
sure gradient caused convection. As shown in Fig. 8a, the methanol
crossover is dominated by the diffusion, and the diffusion flux
accounts for about 95% of the total methanol crossover. The convec-
tion flux is negative, indicating that the pressure gradient caused
convection is from the cathode to the anode. Due to the relatively
low methanol concentration in the membrane, the convection flux
is rather small. However, it is worth noting that the convection flux
may be significantly enhanced by adjusting the cathode structure,
and thus, the total methanol crossover can be evidently lowered. On
the other hand, the methanol crossover increases slightly and then
decreases slightly along the flow direction. That is because along
the flow direction, the methanol concentration is decreased, lead-
ing to a decreased methanol crossover, while the temperature is
increased, leading to an increased diffusivity and hence, methanol
crossover. The trade-off of these two effects results in the arch-
shaped methanol crossover distribution.

Different from the rather small flux of methanol crossover, the
flux of water crossover, as shown in Fig. 8b is much larger. Also,
although the water crossover flux is dominated by both diffusion
and electro-osmosis, the effect of convection on the total water
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Fig. 10. Variations in cross-sectional averaged (a) gas void fraction in the anode channel, (b) methanol concentration in the anode channel, and (c) temperature rise in the
anode channel along the channel length for various anode flow rates (methanol solution: 1 M; current density: 160 mA cm~2; cathode flow rate: 1.0ms™").

crossover flux becomes considerable. Along the flow direction, the
water crossover remains almost the same, which is due to the fact
that the species in the CLs, as shown in Figs. 4-7, are almost the
same in the axial direction.

The effect of current density on the distributions of species,
including the gas void fraction, methanol concentration, oxygen
concentration, and temperature rise, in the channels are shown in
Fig. 9. Different current densities ranging from 30 to 190 mA cm~2
were tested. The distributions of the cross-sectional averaged gas
void fraction in the anode channel at different current densities are
shown in Fig. 9a. It can be seen that the gas void fraction increases
along the flow direction. For instance, it increases from 0% to 24%
from the inlet to the outlet for the current density of 120 mA cm~2.
With the increase in the current density, due to the increased car-
bon dioxide generation, the gas void fraction at the same axial
location increases nearly linearly: it increases from about 7% to
33% at the outlet when the current density is increased from 30 to
190 mA cm~2. Clearly, the increased gas void fraction decreases the
area for the mass transport of the liquid methanol solution, which
reduces the methanol transport from the channel to the anode elec-
trode. The effect of carbon dioxide gas removal on the methanol
transport should be well investigated so as to enhance the uni-
form supply of methanol to the anode CL. It should be noted that,
as discovered by Yang et al. [36], the removal of carbon dioxide
gas through the channel mainly forms bubbly and slug flow. The
present one-dimensional mixture model in the anode channel can-

not capture the complex two-phase flow behavior, and thus, more
realistic two-phase flow models are needed to better reveal the
bubbly flow effect on the methanol transport.

Fig. 9b shows the methanol concentration distributions in the
anode channel at different current densities. Due to the electro-
chemical consumption in the anode CL, the methanol concentration
decreases along the flow direction. With the increase in the current
density, the methanol concentration also decreases. However, the
decrease in the methanol concentration from the inlet to the outlet
is rather small, i.e., it decreases only 1.3% at the limiting current
density of 190 mA cm~—2, which indicates that the present anode
flow rate (0.015ms™1) is large enough to maintain a uniform dis-
tribution of methanol along the anode channel. Even at this large
methanol flow rate, the gas void fraction in the channel outlet is still
considerable, as shown in Fig. 9a. Therefore, the carbon dioxide gas
bubbles may affect the methanol transport greatly, and an exces-
sive anode flow rate is needed to avoid severe bubble accumulation
in the channel.

Similar to the methanol concentration distribution in the anode
channel, the oxygen concentration in the cathode channel, as
shown in Fig. 9c, also decreases slightly along the channel due to
the electrochemical consumption. A higher current density leads to
alarger decrease in oxygen concentration from the inlet to the out-
let. Since the liquid saturation is almost zero in the cathode channel
(not shown here), and it is relatively small in the cathode DL (as
shown in Figs. 5 and 6), the presence of liquid water in the cath-
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Fig. 11. Variation in the (a) cell voltage, (b) flux of methanol and water crossover
through the membrane with current density for various anode flow rates (methanol
solution: 1 M; cathode flow rate: 1.0ms=').

ode has a much lesser influence on the oxygen transport when the
oxygen is supplied in an active mode. The cross-sectional averaged
temperature in the channel also depends on the current density, as
can be seen in Fig. 9d for the cathode channel. The cell tempera-
ture increases along the flow direction due to the heat generation
in the MEA, and the increment becomes larger for higher current
densities. For the largest current density of 190 mA cm~2, the tem-
perature in the cathode channel is increased about 2.3 °C from the
inlet to the outlet.

4.2. Effect of anode flow rate

The distributions of the cross-sectional averaged methanol con-
centration, gas void fraction, and temperature rise in the anode
channel for various anode flow rates at a current density of
160mAcm~2 are presented in Fig. 10. It can be seen that the
methanol concentration (Fig. 10a) decreases with the decrease in
the anode flow rate. When the anode flow rate is decreased from
0.05 to 0.005ms~!, the decrease in the methanol concentration
from the inlet to the outlet is increased from about 0.2% to 3.4%.
Even for the smallest anode flow rate, the change of methanol
concentration is still rather small. On the contrary, the gas void
fraction (Fig. 10b) clearly increases with the decrease in the anode
flow rate. When the anode flow rate is decreased from 0.05 to
0.005ms!, the gas void fraction in the anode channel outlet is
significantly increased from about 11% to 55%. That is because less
carbon dioxide gas leaves the anode channel during a lower flow
rate. Therefore, a large anode flow rate, which may seem excessive
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Fig. 12. Variations in cross-sectional averaged (a) oxygen concentration in the cath-
ode channel, (b) temperature rise in the cathode channel along the channel length for
various cathode flow rates (methanol solution: 1 M; current density: 160 mA cm~2;
anode flow rate: 0.015ms~1).

for a uniform supply of methanol along the channel, is still neces-
sary to avoid severe gas accumulation in the anode channel which
may significantly block the methanol supply to the anode CL. For
the temperature rise in the anode channel as shown in Fig. 10c,
due to the heat removal by the liquid flow, the temperature is
increased along the flow direction. With the decrease in the anode
flow rate, the heat removal per unit mass flow is increased, and
thus, the temperature is further increased. When the anode flow
rate is decreased from 0.05 to 0.005ms~!, the temperature rise at
the channel outlet significantly increases from about 0.7 to 7.5°C.
Therefore, a too low anode flow rate not only results in a severe gas
accumulation in the channel, but also leads to a highly non-uniform
temperature distribution along the flow direction.

The cell performance, as well as the flux of methanol and
water crossovers, for various anode flow rates ranging from 0.05
to 0.005ms~! is shown in Fig. 11. It is found that the anode flow
rate can greatly affect the cell performance. The cell limiting current
density increases with the flow rate, which is similar to the results
of a planar DMFC [11]. For instance, when the anode flow rate is
decreased from 0.05 to 0.005ms~!, the limiting current density
decreases by about 14%. Since the methanol concentration in the
channel (Fig. 10a) only decreases by about 3%, the marked decrease
in the limiting current density is mainly caused by the significant
increase in the gas void fraction in the channel (Fig. 10b), which
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Fig. 13. Variation in the (a) cell voltage, (b) flux of methanol and water crossover
through the membrane with current density for various cathode flow rates
(methanol solution: 1 M; anode flow rate: 0.015ms™').

hinders the methanol transport from the channel to the anode
DL. It should be noted that investigating the effect of gas bubbles
in the channel on the methanol transport using the present one-
dimensional drift-flux model is just an initial approximation, and
more realistic investigations need extremely sophisticated two-
phase flow modeling in the porous region and the channel.

It is seen in Fig. 11b that the methanol crossover decreases
sharply with the current density, and approaches zero at the lim-
iting current density. That is because, with the feeding of 1M
solution, the methanol concentration in the anode CL significantly
decreases with the current density, which decreases the methanol
diffusion through the membrane. At low current densities, the
methanol crossover is almost the same for the different anode
flow rates, while at large current densities, the methanol crossover
slightly decreases with the decrease in the anode flow rates. That
is also due to the blockage effect of gas accumulation in the
anode channel on the methanol transport. Also, it is seen that the
water crossover increases with the current density. For instance,
it increases from about 3.6 to 5.7 umol cm~2 s~! when the current
density increases from 0 to 180 mA cm~2. This trend is also similar
to that of a planar DMFC, which has been well addressed elsewhere
[25]. On the other hand, since the anode flow rates cannot evidently
alter the water status in the MEA, the water crossover is almost the
same for the different anode flow rates.

4.3. Effect of cathode flow rate

The distributions of the cross-sectional averaged oxygen con-
centration and temperature rise in the cathode channel for various

cathode flow rates at a current density of 160 mA cm~2 is presented
in Fig. 12. From Fig. 12a, the oxygen concentration decreases along
the flow direction due to the electrochemical consumption, and
the decrease becomes larger with the decrease in the oxygen flow
rate. When the oxygen flow rate is decreased from 10 to 0.2 ms™1,
the decrease in the oxygen concentration from the inlet to the out-
let is increased from about 0.1% to 11%. For the temperature rise
in the cathode channel (Fig. 12b), due to the heat removal by the
gas flow, the temperature also increases along the flow direction.
With the decrease in the oxygen flow rate, the temperature is fur-
ther increased. When the oxygen flow rate is decreased from 10 to
0.2m s, the temperature rise at the channel outlet increased from
about 0.6 to 2.4 °C. Therefore, a too low oxygen flow rate also leads
to a highly non-uniform distribution of temperature along the flow
direction.

On the other hand, it should be noted that due to the homoge-
neous model used in the cathode channel, as well as the Leverett
relation used in the cathode porous region, the predicted liquid
saturation in the channel (<0.01) and in the cathode porous region
(<0.2) is rather small. Accordingly, the effect of liquid water accu-
mulation in the cathode on the oxygen transport is underestimated.
Moreover, the change of liquid saturation with oxygen flow rate is
also rather small, leading to a negligible influence on the cell per-
formance, as shown in Fig. 13a. It is seen that the cell performance is
almost the same for the different oxygen flow rates ranging from 0.2
to 10ms~!. More accurate modeling depends on the measurement
of the capillary property of the cathode porous region, as well as
the micro-scale modeling of the two-phase flow. For the methanol
and water crossovers as shown in Fig. 13b, it is seen that the fluxes
of methanol and water crossovers are all almost independent of the
oxygen flow rate. That is because, on the one hand, the methanol
crossover mainly depends on the state of the anode side, which is
almost unchanged during the increase in the oxygen flow rate. On
the other hand, the water saturation in the cathode porous region
does not evidently change with the oxygen flow rate, which leads
to an unchanged water crossover.

5. Conclusions

Through a simple analysis, it is shown that a tubular DMFC sys-
tem canyield a higher energy density than a planar DMFC system by
properly choosing the tube radius and the distance between adja-
cent cells. Furthermore, based on a steady state, two-dimensional,
two-phase, non-isothermal model, the mass and heat transport
characteristics in a tubular DMFC, with different current densi-
ties, methanol flow rates and air flow rates, were numerically
investigated. The results showed that along the flow direction, the
temperature slightly increases, while the temperature in the cath-
ode side is larger than that in the anode side. Due to the trade-off
between the decrease in methanol concentration and the increase
in temperature, the methanol crossover first increases and then
slightly decreases along the flow direction. It is also found that to
avoid severe bubble accumulation in the anode channel, a larger,
excessive anode flow rate is needed to maintain a uniform distri-
bution of methanol along the anode channel. Lowering the flow
rates of the methanol solution or air leads to a higher tempera-
ture increase along the flow channel, while resulting in negligible
changes in the methanol and water crossovers through the mem-
brane.
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