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Abstract—This study presents a 3D CFD model for modeling gas evolution in anode channels of a DMFC under
high stoichiometric feed. The improved two-phase model includes a new submodel for mass source and interphase
transfer in anode channels. Case studies of typical flow field designs such as parallel and serpentine flow fields illustrate
applications of the CFD model. Simulation results reveal that gas management of typical flow fields is ineffective under
certain operating conditions. The CFD-based simulations are used to visualize and to analyze the gas evolution and
flow patterns in anode channels. The developed CFD model is useful in flow field design for improving gas manage-

ment in DMFC.
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INTRODUCTION

Direct methanol fuel cells (DMFC) are considered as a potential
energy source to replace batteries for portable electronics due to
potentially higher energy density, nearly zero recharge time and ul-
tralow emissions. However, the wide application of DMFC still re-
quires solving some critical problems such as methanol crossover
and gas management. Gas management greatly influences the per-
formance of fuel cells. On the anode side, carbon dioxide is pro-
duced by electrochemical oxidation of methanol. Inefficient removal
of CO, bubbles may block anode channels and decrease efficiency
of the fuel cells due to the limited mass transport and maldistribu-
tion of reactants.

A few papers are devoted to the flow field design and gas man-
agement in DMFC. The most complete information on the influence
of the whole factors can be obtained from experiments. Argyropou-
los et al. [1999] used transparent DMFC to visualize gas evolution
and to analyze the flow behavior. They found that increasing the
liquid phase inlet flow rate was extremely beneficial for gas removal.
Arico et al. [2000] compared the performance of the serpentine (SFF)
and interdigitated (IFF) flow field designs. They found that the in-
terdigitated flow field significantly enhanced mass-transport inside
DMEFC and provided higher maximum power outputs compared to
the classical serpentine geometry. Geiger et al. [2000] used neutron
radiography for exploring gas evolution patterns in anode flow fields
of DMFC. They reported that gas accumulated to a large extent at
the inner section of spiral channels and it blocked a considerable
part of the active area. Zhao et al. [2005] observed that open ratio
and flow channel length significantly influence the fuel cell perfor-
mance and pressure drop in the case of single serpentine and parallel
flow field designs. Yang et al. [2004] measured two-phase flow pres-
sure drop in the anode flow field of a DMFC. The experimental
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results revealed that the pressure drop became almost independent
of the current density when the methanol solution flow rate was
sufficiently high. Bewer et al. [2004] presented a new experimental
method for studying gas evolution in a test cell made of perspex.
The method is based on the decomposition of hydrogen peroxide
solution (H,0,) to oxygen and water in aqueous media. Argyropou-
los et al. [2000] developed a pressure drop model for a DMFC and
analyzed the effects of various operation parameters on the pres-
sure drop behavior.

Most published models are models of the fuel cell. Baxter et al.
[1999] developed a one-dimensional model of a liquid-feed DMFC
for transport and electrochemical processes in the single-phase anode
catalyst layer. Sundmacher et al. [2001] developed a lumped param-
eter model for studying the steady state and dynamic behavior of a
DMEFC. Kulikovsky developed a simple one-dimensional model of
the flow with bubbles in the anode channel of a DMFC. The author
indicates large potential for improving the DMFC performance by
proper “bubbles management” in the anode side flow field.

Complex anode flow field design requires a 3D DMFC model
in order to accurately simulate the gas evolution and mass transfer.
This study addresses a model development for simulating the gas-
liquid flow and gas evolution in anode channels. The improved two-
phase model includes a new submodel for interface mass transfer
in anode channels without using empirical correlation. The model
is implemented in a computational fluid dynamics (CFD) package
to evaluate typical and new flow field designs. The CFD simula-
tions are used to visualize and to analyze the flow patterns and to
reduce the number of experiments. A better understanding of these
transport processes would provide more efficient gas management
and better cell performance.

MODEL FORMULATION

1. Two-Phase Model for Anode Channels
Fluid dynamics and mass transfer processes influence significantly
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the gas management and fuel cell performance. Mathematical de-
scription of momentum and mass transfer processes in gas-liquid
flows is generally based on a two-phase model [Sokolichin and Figen-
berger, 1997; Wang and Wang, 2003]. As shown by Triplett et al.
[1999], homogeneous model is true for bubbly two-phase flow in
microchannels. According to the flow regime maps presented by
Yang et al. [2004], bubbly flow occurred in square channel at low
volumetric flux of air and high volumetric flux of liquid. The two-
phase model in this paper considers anode channels under the fol-
lowing assumptions.

e The two-phase flow is isothermal, incompressible and homo-
geneous (Newtonian).

o Methanol crossover is neglected.

¢ Consumption of oxygen in cathode compartment is neglected
due to high feeding ratio of air and methanol.

As applied to the anode channels, model equations are given in
Table 1.

Mixture parameters - in (1)-(5), the mixture variables and prop-
erties are given by

Density Feapat(1-g)p,
Concentration PC=Cse:0,+Ci(1-&)p;
Velocity prEuEpeu(1- )0
Viscosity M=ttt 11— &)

where &; is gas volume fraction. The model equations for two-phase
model in diffusion layer are listed in Table 2.

Details of model variables and mixture properties in the diffusion
layer are described by Wang and Wang [2003].
2. Boundary Conditions

The standard boundary conditions are used at channel inlets, exits

Table 1. Governing equations for anode channel

Governing equations Mathematical expression

Continuity equation® V- (pi)=0 Q)

Momentum equation® V-(pud)=—VP+V-T+pg )

Stress tensor’ T,=u, oy, + oy, _ %5,6—11) 3)
0x;, 0x; 3 "0X,

Continuity equation V- (&0606)= 1 4)

for gas phase”
Species conservation’  V-(puC"=V-((1-&)pD;,VCi  (5)
+£30:D6,,V Ce)

“Taken from Sokolichin and Eigenberger [1997].
"Taken from Wang and Wang [2003].

Table 2. Governing equations for anode diffusion layer’

Governing equations Mathematical expression

V:(pi)=0 (©)

Momentum conservation U= £(VP +0ig) @)
)7

Continuity equation

L
V-(7.pUCY=V-(pD1,VCi  (8)
+ P05V Ce) =V ((C1—Cg)jy)

Species conservation

"Taken from Wang and Wang [2003].
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and walls. The detailed boundary conditions are given below. At
the inlet of anode flow channels, the boundary values are prescribed
from the stochiometric flow rate and mass fractions:

u,, Cl,.,=Cu™", C|

CO,
ul[nle/ = inlet inter Ci” (9)

On anode channel walls the no-slip condition and impermeable ve-
locity are applied:

P_o, u=0 (10)

on
Methanol oxidation includes an electrochemical reaction on catalyst
layer and multicomponent mass transfer in diffusion layer. The fol-
lowing electrochemical reactions take place in the fuel cell:

CH,OH+H,0—CO,+6H"+6¢ (11)
0,+4H'—2H,0~4e (12)

Electrochemical reactions are taken into account by means of bound-
ary conditions at the interface. The next condition of flux continu-
ity is valid for the methanol mass flux at diffusion layer-catalyst
layer interface:

Me meor1 1
N 0H|DL:_MM OHEi 13)

The carbon dioxide mass flux at the interface is

- M“’ill

N, =M™

(14)
On the rest walls, no-flux boundary condition is applied for each
component:

aC MeOH B P Cco:

=0, =0 15
on on 13

3. Submodel for Interface Mass Transfer

The mathematical basis of the two-phase model is given by Egs.
(1)-(5). The homogeneous model assumes that the phases move
with the same velocity. The presence of bubbles is reflected by gas
content &; and source term /. The difficulty in modeling con-
cerns the physical transfer processes taking place across interface
such as multicomponent mass transfer.

In accordance with the two-fluid model, gas content is found from
continuity Eq. (4). The conventional submodel for estimating the
interface mass transfer and the mass source is based on the mass
transfer equation [Wang and Wang, 2003 ]

N, ¢Co s+ psfeACq

Iy= .

(16)
where N, ~total mass flux transferred from liquid to gas phase; 4.~
mass transfer coefficient; AC,-driving force of mass transfer. Mass
transfer coefficient from bubbles to the liquid phase is a compli-
cated function of hydrodynamics. A limited number of empirical
correlations are available for channels.

It is generally assumed that multicomponent gas phase is in equi-
librium with liquid phase. Sundmacher and Scott [1999] and Argy-
ropoulos et al. [2000] showed an application of the equilibrium flash
equation for computing gas content under the assumption of com-
plete mixing in anode channel. For given component molar frac-
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tions, the local vaporization factor yis calculated from solving equi-
librium flash equation:

Mmll\'
3 (Ki_l)civ
Y =0 (7
S (K —Dy+1

where K-the distribution of each component between vapor and
liquid phases, K=y/x;; ythe local vaporization factor, y=V/(V+L).
Vaporization factor is the ratio of evaporated molar gas flow rate
to total flow rate. For anode channel, the carbon dioxide is the product
of electrochemical reaction Eq. (11) defined at diffusion layer inter-
face Eq. (14). Concentration of methanol in channel is decreased
due to electrochemical reaction Eq. (11) and boundary condition
Eq. (13). Gas evolution results from interface mass transfer of carbon
dioxide in anode channels. Multicomponent mixture in gas phase in-
cludes carbon dioxide, methanol and water in equilibrium with liquid
phase. By definition, the source of mass in gas phase in Eq. (4) is

FG:MG§ (18)

Another way of estimating interface flux 4G in Eq. (18) is to use

the equilibrium condition. For volume 8V in anode channel in Fig. 1,
we define vaporization factor as follows:

X
L+No/ M) S8
where dG-molar flow rate transferred from liquid to gas phase; L-
liquid molar flow rate in channel with volume JV; dS-area, 6S=
oVh.
Using equilibrium condition Eq. (19), we suggest the following
equation for estimating mass source /; in Eq. (4):

19

Noviie
I=Mo{yr+ St o)
where M-molecular weight of gas phase; y-coefficient, y=L/5V.

Derivation of the auxiliary equation for coefficient y is given
below. To evaluate the coefficients, we use the total mass balance
for gas phase in anode channels,

(Gou=Gi) =I5V e @1

where G;,-gas flow rate at inlet section, G,=0; V,,...-volume of anode

a

channels. Gas flow rate at outlet section G, is

out
Gom:ub{ mup G‘Et‘i Du/Sou/ (22)

where S,,-area of the stream outlet section; u,; ,,~velocity of gas at

Fig. 1. Control volume of anode channel with volume 5V and area
SS.

section S,,; &; ,.~gas content in two-phase stream at section S,,,,.
Mean mass source is

ﬁ(_'();
I5=M; }7( v+ M—‘g’g’h ) 23)

L jav.
anode

Finally, solving Eq. (21) and Eq. (23) for ywe have

where y-mean fractional vaporization, y=

—=CO,

— Grm/_Gin _ N(mmh’
VanudeMG }7 MCO:h

It should be noted that the new submodel for mass source Eq. (20)
corresponds to an equilibrium model of multicomponent mass trans-
fer between liquid and gas in anode channels [Danilov et al., 2005].
4. Electrokinetics

Using the Tafel equation for methanol oxidation, the anode over-
potential is expressed as

RT 1
= 0(_1F ln(l MeOH) @9
4 o

% (2]

where a,-charge transfer coefficient of the anode. Anode exchange
current density is

weon aeon( cpO Y
I() = Ib)my' (MeLT) (26)
cL./hreshold
MeOH - MeOH

where ¢, esnia-threshold methanol concentration, €, jpeso=0.1 M.
Electrochemical reaction of methanol oxidation is zero-order (n=0)
when methanol concentration is higher than ¢}’

Cathode overpotential derived from Tafel equation for oxygen

reduction at catalyst layer is given by

ne=RE 1n(l0) @7

ack >

where o ~charge transfer coefficient of the cathode. Cathode exchange
current density is

0,
1=10, () (3)
CLoref
where Ifff,.gf -reference current density at reference concentration
0, 0, . . P
C..,s; Cry-concentration of oxygen at gas liquid interface.
Uniform current density is essential for a fuel cell. Local current

Table 3. Operating conditions of DMFC

Channel height 2.0 mm

Channel width 2.0 mm

Operating temperature 80°C

Anode channel pressure 1 atm

Inlet methanol stream flow rate 2°ml/min; 27.37 ml/min
Inlet methanol concentration M

1x107* mass fraction
)’>)Vmin
2,000 A/m>

Inlet carbon dioxide concentration
Feeding ratio of oxygen and methanol
Average current density

“Case study 1.
“Case study 2-4.
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density is defined from the cell voltage equation as follows:

1= ﬁ(U[,O2 — USM)H— Vear—|n4~11d) 29

For a fuel cell, reactant stoichiometry is defined as the ratio of the
reactant supplied over the reactant theoretically required to produce
the current. According to the mass balance, high stoichiometric feed

(@

Gas volume fraction
6.866e-001
6.17%e-001 l
5.493¢-001
4.806e-001
4.120e-001
3.433e-001

2.746e-001

2.060e-001

1.373e-001
6.866e-002 I
1.192e-007

outlet

®) CH,OH

3.200e-002 l
3.140e-002

3.080e-002

3.020e-002

2.960e-002

2.900e-002

2.840e-002

2.780e-002

2.720e-002

2.660e-002

2.600e-002

outlet
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of air results in a small changing of oxygen concentration in cath-
ode channels and nearly uniform overpotential. In addition to the high
feeding ratio, the kinetics of anode reaction has zero order (n=0) in
the range of high methanol concentration. Local current density Eq.
(29) with the above overpotentials Eq. (25) and Eq. (27) is nearly
uniform for small variation of concentrations under high feeding
ratio. Thus, the assumption of uniform current is valid for high sto-

Co,
3.313e-004 l
3.181e-004

3.049e-004

2.916e-004
2.784e-004
2.652e-004
2.520e-004
2.388e-004

2.256e-004
2.124e-004 I

1.991e-004

outlet

Fig. 2. (a) Development of velocity and gas content profiles along the length of anode channel. (b) Distribution of methanol and carbon
dioxide in anode channel predicted by the CFD model. Uniform current density (Table 3).
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chiometric feed of air and methanol. As current density is given,
we avoid solving conservation equations on the cathode side. The
DMFC model with uniform current distribution (I=const) is based
on hydrodynamics Egs. (1)-(8) with boundary conditions Egs. (9)-
(15).

CASE STUDY

The coupled nonlinear transport Egs. (1)-(8) describe the spe-
cies and gas evolution in anode channels of the DMFC. The above
model equations are coupled closely, so the whole set of equations
must be solved simultaneously and iteratively. The DMFC model
is implemented in a CFD code to calculate the distribution of veloc-
ity, pressure and concentration on anode side for a given flow field
design subject to gas management.

Different flow field designs have been reported in literature. A
typical design is usually based on parallel or serpentine flow fields.
In this study, typical flow fields are evaluated by using flow features
such as computed velocity and gas content profiles in anode chan-
nels. Table 3 shows flow and operating conditions used in simula-
tions. New flow field designs are developed and evaluated by modi-
fying typical flow field designs.

1. Horizontal Channel

The most simple flow field design is a horizontal channel with
2 mm height and 70 mm length. The developed CFD model with
new submodel Eq. (20) is used to simulate the gas evolution in 1.4
cm’ DMFC channel under high stoichiometric feed (Table 3). Phys-
icochemical properties of liquid and gas are calculated from equa-
tions cited by Wang and Wang [2003]. Fig. 2 shows the development
of velocity and gas volume fraction profiles along the anode chan-
nel at different cross sections from the inlet. As seen, the velocity
profile in the channel corresponds to laminar flow regime. The in-
crease in velocity along the channel is due to volume expansion of

Gas content
[ 0.29
0.25

-0.22

inlet

~0.19
—0.16
-0.13

—0.10
0.06
[0,03
0.00

Liquid velocity

IO.ZOG

—0.154

outlet

N
\\3\

N
\
.
L.

Fig. 3. Gas content and velocity distribution in anode channels for
DMFC with parallel flow field. Uniform current density
(Table 3).

—0.103
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two phase stream and the increase in gas content. It should be noted
that the CFD model predicts a stable wall peak of the gas volume
fraction in the channel. The simulation results display symmetrical
distributions of gas volume fraction with clear accumulations near
walls.

The calculated distribution of velocity, concentration and gas vol-
ume fraction agrees with typical trends reported in literature for bub-
bly flow in pipes and channels.

2. Parallel Flow Field

The parallel flow field is a typical design for a DMFC (Fig. 3).
The simulation results in Fig. 3 predict the nonuniform distribution
of velocity and gas volume fraction in the anode channels. Gas evo-
lution in parallel channels has a distinguishing feature when low
velocity in middle channels leads to the accelerated increase of gas
volume fraction along the channels. Higher velocity in the bound-

inlet
Methanol Mass Fraction

0.032064
[o 032052
~0.032039
~0.032027
z=h2 —0.032015

~0.032002

~0.031990
0.031978

Io,umss

outlet 0.031953

€O, Mass Fraction
[o.nonm
0.000100

—0.000088

~0.000077
—0.000066
z=h/2

—0.000055

~0.000044

0.000032
[04000011
outlet 0.000010

L

Fig. 4. Distribution of methanol concentration in anode channels
for DMFC with parallel flow field. Uniform current den-

sity (Table 3).

Fig. 5. Tracer distribution in parallel flow field in the case of sin-
gle-phase flow in a transparent dummy cell.

Korean J. Chem. Eng.(Vol. 23, No. 5)
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ing channels compared to that in middle channels leads to the lower
increase of gas content along the channels.

Fig. 4 shows a cross section of anode channels with distribution
of methanol and carbon dioxide. As seen in Fig. 3 and Fig. 4, flow
distribution affects concentration and volume fraction profiles in
the anode channel.

Similar distribution of the velocity profile was also observed from
the experiment with transparent dummy cell as shown in Fig,. 5.
The main drawback of the parallel flow field design is that stag-
nant zones and a reverse flow occur in anode channels under the
certain operating conditions. Redistribution of gas volume fraction
leads to the accelerated bubble growth and channel blocking in these
Zones.

3. Modified Parallel Flow Field

A simple way of improving the velocity profile is to increase the
flow path in channels. A new modification of the parallel flow field
is presented in Fig. 6. The channels are combined to make a long
flow path. Fig. 6 and Fig. 7 predict flow maldistribution and forma-
tion of stagnant zone. As seen, liquid flow rate in channels increases
with distance from inlet section. High concentration of carbon diox-
ide results in intensive gas evolution in first two channels from the
inlet section. The simulation results indicate that nonuniform flow
distribution and channel blocking occur in the new design with modi-
fied parallel flow field. This modification is not suitable for gas man-
agement in the DMFC.

4. Serpentine Flow Field

The most widely used design is serpentine flow field as shown
in Fig. 8. Due to long channels, serpentine flow-fields have high
pressure drops between the inlet and outlet. Simulation results also
reveal specific stagnant zones located at the corners where bubbles
may increase in size and block the reactant flow in the channel. It
should be noted that flow fields in Fig. 6 and Fig. 8 have the same ele-

Gas content
—0.29
lO.ZS
-0.22
-0.19
—0.16
-0.13

—0.10

‘*Dvﬂﬁ

< outlet [”3
0.00

Liquid velocity

l’B.!ZD

—0.248

~0.083

lnono

Fig. 6. Gas content and velocity distribution in anode channels for
DMFC with modified parallel design. Uniform current den-

sity (Table 3).
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= outlet

inlet Methanol Mass Fraction

0.032068
-0.031998
~0.031964
—0.031931

~0.031898

~0.031864
0.031831
. outlet 0.031765

€O, Mass Fraction
[ﬂ 000471
0.000441

- 0.000411

inlet

~0.000381

z=h2 ~0.000351

~0.000321

h outlet 0.000200
Fig. 7. Distribution of methanol concentration in anode channels

for DMFC with modified parallel flow field. Uniform cur-
rent density (Table 3).

Gas content
—0.239
lo.z1z
~0.186
—0.159
-0.133
~0.106

—0.080

—0.053
outlet F

[ 0.027
0.000
Liquid velocity

I0,367

—0.275
—0.184

—0.092

l‘OAUOO

Fig. 8. Gas content and velocity distribution in anode channels for
DMFC with serpentine design. Uniform current density
(Table 3).

ment in design when a gas-liquid stream in channels sharply changes
the flow direction. Simulation results show that the sharp change
of flow direction in the channel is a critical point for gas evolution.
In addition, stagnant zones and channel blocking phenomena may
occur in these critical points.

Taking into account the results from the experiments and simu-
lations, different modifications of serpentine design are developed by
using multi-inlet and outlet [Lim et al., 2005]. The modified designs
provide a high average velocity and nearly uniform distribution of
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inlet Methanol Mass Fraction
0.03206
[ 0.03204
=0.03201
~0.03198
z=h/2 ~0.03195

~0.03192

~0.03189
0.03186
[mnzm)
0.03180

€O, Mass Fraction
0.00044

= |
0.00041

~0.00038

outlet

inlet

~0.00036
—0.00033
z=h2 - 0.00030

~0.00028

outlet [:::::
Fig. 9. Distribution of methanol concentration in anode channels
for DMFC with serpentine flow field. Uniform current den-

sity (Table 3).

reactants in channels. However, the modifications of serpentine flow
field still have some difficulties in gas management related to stag-
nant zones and high pressure drop.

RESULTS AND DISCUSSION

Gas management depends on various parameters, €.g., material
properties, cell design and operating conditions. The presence of
large gas slugs reduces the free area for the flow and penetration of
reactants to the catalyst layer. Channel blocking restricts the supply
of reactants to the catalyst layer and hence leads to deterioration in
the cell electrical performance. The efficient removal of carbon di-
oxide is an important factor in DMFC design.

The main objective of gas management is to determine a DMFC
flow field design and operating conditions providing uniform dis-
tribution of liquid without gas accumulation in channels. Utilization
of empirical correlations restricts the application of conventional
two-phase model in a new flow field design for gas management
in a DMFC. We developed an improved two-phase model of DMFC
without using empirical correlations for interface mass transfer. In
contrast to Wang and Wang [2003], we used a new equilibrium sub-
model for mass source and interphase transfer in anode channels.
Uniform current distribution (I=const) under high stochiometric feed
allows us to consider only hydrodynamics and gas evolution on the
anode side. This study shows application of the CFD model for ex-
ploring gas evolution in DMFC with typical flow fields. Simulation
of gas evaluation in a horizontal channel of 1.4 cm* DMFC indi-
cates that velocity trends to form a fully developed laminar profile.
Distribution of velocity and gas volume fraction in the horizontal
channel agrees well with trends reported in literature for bubbly flows
in channels and pipes.

Simulation results reveal that typical flow fields (parallel and ser-
pentine) have problem areas which lead to ineffective gas removal
under certain operating conditions. The simple modification of typi-
cal flow field by using multiple inlet and outlet or changing the flow

path is inefficient for gas management. The proposed two-fluid mod-
el includes the main factors and it is valuable for gas management
in DMFC design. The CFD model can be extended to complete
fuel cell model taking into account anode and cathode electrochem-
ical reactions in case of non-uniform current distribution.

CONCLUSION

A CFD-based two-fluid model is developed for gas management
in a DMFC design under high stoichiometric feed. The improved
two-phase model allows studying gas evolution in DMFC with dif-
ferent flow fields without using empirical correlations. Typical flow
field designs such as parallel and serpentine flow fields are simu-
lated and evaluated by using the CFD model. Computed velocity
and gas volume fraction distributions are visualized to evaluate the
characteristics of flow fields. This study reveals that the parallel
flow field design is inefficient for gas management in the DMFC.
The newly developed CFD based two-phase model is valuable in
flow field design for a DMFC to improve gas management.
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NOMENCLATURE

: mass fraction [kg kg™']

: effective diffusion coefficient [m® s™']

: Faraday constant [C mol™']

: gas flow rate [kg s™']

: acceleration [m s72]

: permeability of porous material [m?]

: distribution of the components [-]

: molar flow rate [mol s™']

: membrane thickness [m]

: current [A m™]

: channel height [m]

: molecular weight [kg mol™']

: mass flux [kgm™=s™']

: pressure [Pa]

: gas constant [J mol ™' K™']

: area [m’]

: temperature [K]

: velocity [m s™']

U,"  : thermodynamic potential of oxygen reduction [V]
Uy“" : thermodynamic potential of methanol oxidation [V]

X

EAUJW"UZZLT’—‘EFWW‘UQ C}’TJFUO

V., : Volume of anode channels [m’]

V., :cell voltage [V]

X : molar fraction in liquid phase [mol mol™']; coordinate [m]
y : molar fraction in gas phase [mol mol']; coordinate [m)]
z : coordinate [m]

Greek Letters
a  :transfer coefficient
&  :gascontent [m’ m™]
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: local fractional vaporization; kinetic factor [-]
: advection correction factor [-]

: density [kg m™’]

: source of mass in gas phase [kgm ™ s™']

: ionic conductivity of membrane [m Q']

: coefficient [mol m~ s7']

: viscosity [Pa s]

: overpotential [V]

: feeding ratio of air and methanol [-]

mq‘tsqc’jbxw

Subscripts

i : component
in :inlet

out :outlet

L :liquid

G :gas

A :anode

C : cathode

eff :effective

mix :mixture

DL : diffusion layer
ref :reference

t : total
S : interface; solid
Superscript

k : component (MeOH, CO,, H,0)
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