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Abstract: Here the 3D two phase homogenous CFD modeling for the anode channel and 1D two phase
mathematical modeling for the porous media were considered. The challenging issue is to define the interface
boundary conditions such as gradient of CO2 and methanol mass fraction between the diffuser layer and the
anode channel. To overcome this difficulty, CFD modeling in the anode channel and mathematical modeling in
the porous media were coupled. This combination models gives an accurate model to evaluate the cell
performance and also to predict accumulation of CO2 in the channel and its negative effects on the cell
performance. Output results of the combination’s model are in very good agreement with the experimental data.

The distribution of CO2 in the anode channel shows that the accumulation of CO2 in the MSFF is less than
SSFF and PFF configuration so the negative effect of CO2 decrease in the MSFF case relative to two other
cases. Accumulation of CO2 is more in the channel rib relative to other places of channel. This is true for all

three channel configurations.

The cell voltage-Current density graph shows that the MSFF performance is better than two other cases.
Comparing MSFF configuration with the SSFF shows that the performance of MSFF is a little more than SSFF.
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Nomenclature

Co Average concentration of methanol at
the channel/ADL interface.................. molm™
C Concentration of methanol at the
ADL/ACL interface... ‘e .. molm’™
Concentratlon of methanol at the

Cn
ACL/membrane interface... .................. molm’™
C Molar Concentration ............. kmolm
D Diffusion coefficient ............ ...... m’s™
X Mass fraction
F Faraday’s constant, 96,487 ...... Cequiv
Icen  Cell current density...................... Am”
Liearx  Leakage current density ... ......... Am”
I g’reeOfH Exchange current density of methanol
I 00, 2 f Exchange current density of oxygen
Ngfgfo,,er Methanol crossover
...molm™ s
P Pressure .. e Pa
T T empemture . K
Umeon T hermodynamzc equzllbrlum
potential of methanol oxidation............. Volt
Uo: Thermodynamic equilibrium
potential of oxygen oxidation................. Volt
Veenr Cell voltage......................... Volt
Uo: Thermodynamic equilibrium
potential of oxygen oxidation............... Volt
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M Molecular weight ................... km/kg
Greek

ay Anodic transfer coefficient

ac Cathodic transfer coefficient

Sac Anode Catalyst layer thickness... ...... m
Sap Anode diffuser layer thickness... ...... m

Sy Membrane thickness...................... m

a Void fraction

u Dynamic viscosity... ................ kgm'ls'l
p DenSity ... cececeeeeee e e egm™
Na Anode over potential...................Volt
Nc Cathode over potential... ... .......... Volt

EMeOH  Electro-osmotic drag coefficient of
methanol

K lonic conductivity of the membrane
................................................... Sem™
X’ Quality

Subscripts

ADL Anode Diffuser Layer
ACL Anode Catalyst Layer
M Memberrane
Superscripts

MeOH Methanol

02 Oxygen

co2 Carbon dioxide

K Species
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1. Introduction

Direct methanol fuel cells (DMFCs) are currently being investigated as an alternative power
source to batteries for portable applications such as cell phones, laptop computers and video
recorders. DMFCs with advantages of high energy density, rapid startup and response, low
operation temperature, zero emission and refueling instantly, stand out as a most promising
candidate to the applications of present and next generation of portable electronic devices
[1, 2].Regarding the DMFCs studies have been focused on two categories, materials of the
cell and the anode electrochemical reaction. Water, methanol and gas management are the
three main issues that some attempts have been investigated to optimize these effects on the
cell performance. A good understanding of this complex, interacting phenomena to optimum
the design parameters of system leads to numerous experimental and comprehensive
mathematical modeling of cells.

Kulikovsky et al. [3] developed a vapor-feed two-dimensional DMFC model. Their model
based on the mass conservation equations for concentrations of species and conservation
equations of proton and electron currents, which govern the distributions of electrical
potentials of the membrane and carbon phases. In his study, he neglected the methanol cross
over the membrane.

Wang and Wang [4] presented a 2-D, two-phase model of liquid — feed DMFC. They
extended their previous two-phase PEMFC model [5] to include two phase flow and transport
phenomena in a liquid feed DMFC.1- D drift flow model was used to describe the methanol
flow in the anode channel.

Here a comprehensive 3-D, homogenous two phase model for the anode channel and 1D two
phase mathematical modeling for the porous region were considered. This combination model
results in the easily managing and optimizing of effective parameters on DMFC.

A typical DMFC consists essentially of a membrane-electrode assembly (MEA) sandwiched
between two bipolar plates which have a channel for distribution the fuel, an aqueous
methanol solution in the anode and oxygen from air in the cathode, Figure (1).In an operation
DMFC, methanol solution diffuses through one of the porous diffusion layer and is oxidize at
the anode to produce carbon dioxide, protons and electrons. At the cathode, Oxygen diffuses
through another porous diffusion layer and is reduced with the proton passing through the
proton exchange membrane as well as electrons flowing through load from the anode to
produce water, equations (1), (2) .

CH30H+H20 —» CO2+6H +6¢ (1)

3/202 + 6H +66 — 3 H20 ) )

Fig. 1. Schematic view of DMFC with different layers

2. Model description

Here 3-D homogenous, two phases, multi component flow for the anode channel and 1D two
phase mathematical modeling for the porous regions were considered. For the anode channel
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three type of flow patterns, parallel flow field (PFF), single-serpentine flow field (SSFF) and
multiple serpentine flow field (MSFF) were considered, fig2.

Fig. 2. Schematic view of DMFC with different anode configurations

The combination of CFD modeling and mathematical modeling has been shown in fig3.

Data Tramsfer
Data Transfer Data Transfer
Solving 3D CFD —Beundarrsondition Solving M athema tical
Modeling N calculation Modeling

!

E.C Assumptions

Fig. 3. Coupling CFD modeling and mathematical modeling

2.1. CFD modeling

In this study, two phase homogenous model have been used to describe the fluid flow in the
anode channel. The study of Triplett [6], Fukano and Kariyasaki [7], showed that the
homogeneous model is valid for two-phase bubbly flow because the tube diameter is smaller
than 5.6 mm. In this model it is assumed that the thermodynamics equilibrium are available
between the phases and two phases are well mixed and therefore travel with the same
velocities so the mixture is treated as a pseudo-fluid that obeys the usual equations of single-
phase flow.

V.(pm*U) =0 3)

V.(p™*UU) = —VP + V.T + p™i*g (4)
o mix (Qwi 0% 2o Oup

Tl'] —H (6xj + ox; 3 6” 6xn) ®)

V. (p™*UCk) = v. (p™*D*vCk) (6)

P = ap; + (1 - a)pg (8)

a is void fraction and related to quality x’ by,

1
1—x
x:

©)

a =
1+ (

Pg
Pl)
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Fig. 4. MSFF configuration , boundary conditions and Meshing Scheme

o pg(XgOZ +X£I]'IZO +X£/160H)
pl(XlHZO +Xll\4€0H +XlCOZ)

(10)
The Isbin equations have been used to calculate the mixture viscosity [8].

1 1
—=x—+(1-x)— 11
pm I Hg (1)

2.2. Boundary Conditions

Fig 4 shows the view of MSFF with the different boundary conditions. In the inlet, mass flow
rate of dilute methanol is defined. In the outlet, fully developed condition for the SSFF, MSFF
and pressure outlet for the PFF is applied. In the boundary between the anode channel and
diffuser layer the mass fraction of MeOH and CO2 are defined.

2.2.1. Channel/ Anode diffuser layer interface boundary conditions

Consumed methanol in the anode catalyst layer and methanol cross over the membrane are
equal to methanol transfer due to convection and diffusion in Channel/ Anode diffuser layer,

MeOH
mix 77 = yMeOH mix pMeoH 9X _ ngMeOH lcell MeOH p\yMeOH
P UunX +p D “ox M oF +M NCross Over (12)

The consumptions of the methanol, water and methanol crossover are equal to the total mass
flow rate that goes out of the interface, so

.=
mixjt = _ nsMeOH lcell MeOH \tMeOH H20 Icell
,0 U.‘I’l - M 6F + M NCross Over + M 2F (13)

If we replace the p™>* U.7 from equation (16) into the equation (15) it gives the diffusion
flux from the channel into the diffuser layer.

MeOH
mix pnMeOH 9X — nfMeOH lcell MeOH MeOH nfMeOH MeOH
p D ax M 6F 1-X )+ M Neross Over(l —X ) +

MH20 I;LFIIXMeOH (14)

For the carbon dioxide the diffusion flux, which comes into the channel via the diffuser layer
is equal to the CO2 production in anode catalyst layer ,diffusion via convection neglected, so,

mix nyco2 w — pgco2 Leetl ADL ACL Membrane

pD ax M 6F (15)

2.3. Mathematical modeling Gl

The porous media regions are divided to the diffuser, catalyst and h e

membrane layer, Figd. Mathematical modeling has been studied Eobee L

in the detail by Brenda[9]. Here only the results have been shown, ' ;:;‘w

CXICeOH — ICell X2 + C1X + Cz (16) 0 . I I um
12F6AC DXI(?OH - == IeDH concentration
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_ Cii —Cr  lcen(28ap + 8ac)

C 17

L7 8¢ 12F8,DYeOH a7

C_ C
¢ (€—=Cdap | leendap(Sap + Sac)
Ieenn® Ieenn®

_ SacDMeOMKy (DYEOMC — TesbnAR) + 5y, DY DYSOICE — (146§ yreon) D)

Cr = (19)
DX K (8acDN Ky + SMDYEDH) + 8ap DA D OH Ky

Cii

I I
_ Bu (DXEPTDRSMCE — 8acDAS T KI(L + 12 & meon) 755 — 8apDACT (1 +6 & meon) 3

B DYEOHK, (8,cDMEOHKyy + 8MDYEOM) + 8,4 DY DMEOHK,

(20)

The operation conditions, geometry and physicochemical properties have been come in
table 1 and 2.

Table 1. Operation and Geometry values

Parameters Symbols Values
Operation Temperature T 60°c
Operation Pressure P 1At
Rib Height H 0.001 (m)
Rib Width w 0.0013 (m)
Diffuser layer thickness Sap 0.0015 (m)
Catalyst layer thickness Ouc 0.00023(m)
Membrane layer thickness Sy 0.0018 (m)

Table 2. Physicochemical properties

Parameters Symbols Values Ref
Binary diffusion coefficient DMeOH-Water 1.74 x 107° [11]
Binary diffusion coefficient Dcor-water 3.19x 10°° [11]
MeOH diffusion coefficient,diffuser layer D}ieoH 8.7x 1073 [9]

1 1
MeOH diffusion coefficient,catalyst layer DMeOH 2.8 x 1079¢%*+36Gss™7) [12]
1 1
Methanol diffusion coefficient,memberane DMeoH 49 x 10‘e2436(ﬁ?) [12]
Thermodynamic potential of oxygen (Volt) Uo? 1.24 [4]
Thermodynamic potential of methanol (Volt) yMeoH 0.03 [4]
35570, 1 1
Ref, exchange current density of anode (A/m2)  If%%0"  94.25¢™ & Gss [4]
73200, 1 1

Ref, exchange current density of cathode (A/m2) 1838 F 42.22e¢ R Gss [15]
Anodic transfer coefficient a, 0.52 [4]
Cathodic transfer coefficient ac 1.55 [4]
Ionic conductivity of the membrane(S/Cm?2) K 0.036 [11]
Electro-osmotic drag coefficient gMeOH 2.5xMe0H [14]
Partition coefficient K; 0.8 [13]
Partition coefficient K;; 0.8 [13]
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3. Performance Evaluation

To obtain the polarization curve the cell voltage of DMFC can be written as,

o [
Veen = U2 = UMeOH — gy, — g — 2 1)
K
The over potentials term 14 and 1, can be determined from the Tafel equations,
MeOH Cys
ICell = I(I)erofH A eaAnAF/RT = I()O,Eef ;eacncF/RT - Ileak (22)
' CMeOH,ref Coz,ref

L1.qx1s the leakage current density due to the oxidation of the methanol crossover.

lleak — NMeOH — (_DMeOH IyeOH + scMeOH @) (23)
6F Crossover M dx F
4. Results

4.1. Effect of mass flow rate and inlet feed concentration on the cell performance

The model has been validated by comparison of the results from SSFF configuration with its
experimental data from Q. Liao and X. Zhu [10].The cell performance have been calculated
for the methanol inlet feed concentration of M=1, temperature of 60°c and two different inlet
mass flow rate. As it can be seen the model results are in the good agreement with the
experimental data. In the right figure the variation of cell voltage with the current density at
different inlet feed concentrations have been shown and it is obvious that the cell performance
will improve while the inlet feed concentration increase. The performance improvement
fromIM to 2M is more than from 0.5M to 1M. This can be attributed to increasing methanol
concentration, which satisfies the additional requirement of the electrochemical reaction in the
anode due to higher current densities.

—+— Expearimental 8 mlimin

(R —s— Experimental 2 mifmin
07 ; ;

E a6 1 —-—Numer!cale mlfm!n

05 —a— Mumerical 2 milfmin

=

£

= .

202

= 0.1

I;_} I:I - h- TT T TT = T T T T 1T T T T T 7T LI
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(6.a) (6.b)

Fig. 6. Numerical and experimental cell data performance for two different inlet mass flow rate (6.a)
and Cell performance at different inlet feed concentration (6.b)

4.2. Effect of flow configuration on CO2 and methanol concentration

Distribution of CO2 molar concentration in the anode channel for different configurations at
the inlet feed concentration and current density 2M, 1500A/m” respectively, have been
shown in fig7.CO2 molar concentration increase incrementally from inlet to outlet and reach
the maximum value 0.03 , 0.025 and .02 for PFF, SFF and MSFF respectively. Fig8 shows the
distribution of methanol molar concentration. Here the methanol concentration decreases
incrementally from inlet to outlet and reaches the minimum value of 0.5, 0.71 and 0.81 for
PFF, SFF and MSFF respectively in the outlet of the channel. The distribution of the CO2 in
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the MSFF is more smoothly relative to two other cases and the coalescence of gas bubbles in
the corner of the ribs are less than other cases.

Fig. 7. Distribution of CO2 molar concentration for PFF, SFF and MSFF flow configuration

Fig. 8. Distribution of MeOH molar concentration for PFF, SFF and MSFF flow
configuration

4.3. Effect of flow configuration and temperature on the cell performance

The performance of the cell is depended on the mass fraction of methanol in the catalyst layer
that is depended on the average methanol mass fraction in the anode channel. By calculation
the cell performance using mentioned combination method, it can be seen that the MSFF
configuration has better performance relative two other cases fig9a. In the right picture9.b the
effects of temperature on cell performance have been shown. As it can be seen with
increasing the temperature the cell performance will increase, especially at high current
density.

0.5 —e— Temperature 30°C

0.7 e EFF 0.7 —=—Temperature 40°C

= 06 - s 06 T ture 50°¢

30 > 05 —a—Temperature ;
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Fig. 9. Comparison of anode configuration on cell voltage (9.a) and effects of temperature on
cell performance (9.b)
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5. Conclusions

DMEFCs have the following advantages; easy fuel delivery and storage, no need for cooling or
humidification, simpler system design and may even achieve higher overall energy efficiency
than PEMFCs with further developments. This new modeling design is the way to find the
exact cell performance with different geometry. From the results, MSFF flow configuration
can give a better performance relative to two other cases so this kind of cell geometry can
solve the problems regarding lower overall energy efficiency of DMFCs relative to PEMFCs.
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