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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 
C0            Average concentration of methanol at 
the channel/ADL interface………………. molm-3 
CI           Concentration of methanol at the 
ADL/ACL interface……………………….. molm-3 
CII         Concentration of methanol at the 
ACL/membrane interface………………... molm-3 
𝐶           Molar Concentration ………….kmolm-3 
𝐷          Diffusion coefficient ………… ...... m2s-1 
X           Mass fraction  
F           Faraday’s constant, 96,487…… Cequiv 
𝐼𝐶𝑒𝑙𝑙     Cell current density…………….…...Am-2 
𝐼𝐿𝑒𝑎𝑘      Leakage current density ……..…. Am-2 
𝐼𝑜,𝑟𝑒𝑓
𝑀𝑒𝑂𝐻   Exchange current density of methanol 

……………………………………..…….....….Am-2 
𝐼𝑜,𝑟𝑒𝑓
𝑂2     Exchange current density of oxygen 

…………………………………………… …… Am-2 
𝑁𝐶𝑟𝑜𝑠𝑠 𝑂𝑣𝑒𝑟
𝑀𝑒𝑂𝐻           Methanol crossover 

…………………………………………....molm-2 s-1 
P         Pressure ………………………..……...Pa 
T        Temperature……………..……………. K 
UMeOH                Thermodynamic equilibrium 
potential of methanol oxidation…..….….Volt 
UO2                            Thermodynamic equilibrium 
potential of oxygen oxidation………..…… Volt 
𝑉𝑐𝑒𝑙𝑙         Cell voltage………………….… Volt 
 UO2                    Thermodynamic equilibrium 
 potential of oxygen oxidation………...… Volt 

M             Molecular weight ….……...……km/kg    
Greek 
𝛼𝐴           Anodic transfer coefficient 
𝛼𝐶          Cathodic transfer coefficient 
𝛿𝐴𝐶          Anode Catalyst layer thickness……...m 
𝛿𝐴𝐷         Anode diffuser layer thickness……...m 
𝛿𝑀          Membrane thickness…………….…...m 
𝛼            Void fraction 
µ             Dynamic viscosity…….............kgm-1s-1 
ρ             Density……………..……………...kgm-3 
𝜂𝐴          Anode over potential………….……Volt 
𝜂𝐶           Cathode over potential……….…...Volt 
𝜉𝑀𝑒𝑂𝐻    Electro-osmotic drag coefficient of                                    
methanol 
κ             Ionic conductivity of the membrane 
…………………………………..……….Scm -1 
𝑥 ,         Quality 
Subscripts 
ADL                          Anode Diffuser Layer 
ACL                         Anode Catalyst Layer 
M                            Memberrane 
Superscripts 
MeOH                     Methanol 
O2                           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) .  

CH3OH+ H2O               CO2+6 H+ + 6 e-     (1) 
           
3/2 O2 + 6H++6e-            3 H2O                    (2)                          (2) 

 

 

 
 

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.  

 
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.  

∇. (𝜌𝑚𝑖𝑥𝑈��⃑  ) = 0                                                    (3) 
 
∇. �𝜌𝑚𝑖𝑥𝑈��⃗ 𝑈��⃗ � = −∇𝑃 + ∇.𝑇 + 𝜌𝑚𝑖𝑥𝑔                    (4) 
 
𝑇𝑖,𝑗 = 𝜇𝑚𝑖𝑥 �𝜕𝑢𝑖

𝜕𝑥𝑗
+ 𝜕𝑢𝑗

𝜕𝑥𝑖
− 2

3
𝛿𝑖,𝑗

𝜕𝑢𝑛
𝜕𝑥𝑛

�                         (5)   

           
∇. �𝜌𝑚𝑖𝑥𝑈��⃗ 𝐶𝑘� = ∇. �𝜌𝑚𝑖𝑥𝐷𝑘∇Ck�                          (6)  
                      
𝜌𝑚𝑖𝑥 = 𝛼𝜌𝑙 + (1 − 𝛼)𝜌𝑔                                     (8)  

𝛼 is void fraction and related to quality 𝑥 , by, 
 

𝛼 =
1

1 + (1 − 𝑥 ,

𝑥 ,   
𝜌𝑔
𝜌𝑙

)
                                     (9) 
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                                                 Fig. 4. MSFF configuration , boundary conditions and Meshing Scheme 

𝑥 , =
𝜌𝑔(𝑋𝑔𝐶𝑂2 + 𝑋𝑔𝐻2𝑂 + 𝑋𝑔𝑀𝑒𝑂𝐻)
𝜌𝑙(𝑋𝑙𝐻2𝑂 + 𝑋𝑙𝑀𝑒𝑂𝐻 + 𝑋𝑙𝐶𝑂2)

                                          (10) 

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

1
𝜇𝑚𝑖𝑥 = 𝑥 , 1

𝜇𝑙
+ (1 − 𝑥 ,)

1
𝜇𝑔

                                                     (11)  

 
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, 
  
𝜌𝑚𝑖𝑥  𝑈��⃗ .𝑛 ���⃗ 𝑋𝑀𝑒𝑂𝐻 + 𝜌𝑚𝑖𝑥 𝐷𝑀𝑒𝑂𝐻  𝜕𝑋

𝑀𝑒𝑂𝐻

𝜕𝑋
= 𝑀𝑀𝑒𝑂𝐻 𝐼𝑐𝑒𝑙𝑙

6𝐹
+ 𝑀𝑀𝑒𝑂𝐻𝑁𝐶𝑟𝑜𝑠𝑠 𝑂𝑣𝑒𝑟

𝑀𝑒𝑂𝐻                (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 
 
𝜌𝑚𝑖𝑥𝑈��⃗ .𝑛 ���⃗ = 𝑀𝑀𝑒𝑂𝐻 𝐼𝑐𝑒𝑙𝑙

6𝐹
+ 𝑀𝑀𝑒𝑂𝐻𝑁𝐶𝑟𝑜𝑠𝑠 𝑂𝑣𝑒𝑟

𝑀𝑒𝑂𝐻 + 𝑀𝐻2𝑂 𝐼𝑐𝑒𝑙𝑙
2𝐹

                      (13)   
   
If we replace the 𝜌𝑚𝑖𝑥𝑈��⃗ .𝑛 ���⃗   from equation (16) into the equation (15) it gives the diffusion 
flux from the channel into the diffuser layer. 
 
𝜌𝑚𝑖𝑥  𝐷𝑀𝑒𝑂𝐻  𝜕𝑋

𝑀𝑒𝑂𝐻

𝜕𝑥
= 𝑀𝑀𝑒𝑂𝐻 𝐼𝑐𝑒𝑙𝑙

6𝐹
(1 − 𝑋𝑀𝑒𝑂𝐻) + 𝑀𝑀𝑒𝑂𝐻𝑁𝐶𝑟𝑜𝑠𝑠 𝑂𝑣𝑒𝑟

𝑀𝑒𝑂𝐻 (1− 𝑋𝑀𝑒𝑂𝐻)     +

𝑀𝐻2𝑂 𝐼𝑐𝑒𝑙𝑙
2𝐹

𝑋𝑀𝑒𝑂𝐻            (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, 
 
𝜌𝑚𝑖𝑥𝐷𝑐𝑜2 𝜕𝑋

𝑐𝑜2

𝜕𝑥
= 𝑀𝑐𝑜2 𝐼𝑐𝑒𝑙𝑙

6𝐹
                                               (15) 

 
2.3. Mathematical modeling 
The porous media regions are divided to the diffuser, catalyst and 
membrane layer, Fig4. Mathematical modeling has been studied  
in the detail by Brenda[9]. Here only the results have been shown, 
 

CACMeOH =
ICell

12FδACDAC
MeOH  X2 + C1X +  C2              (16)  
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C1 =
CIIC − CIC

δAC
−

ICell(2δAD + δAC)
12FδACDAC

MeOH                         (17) 

 

C2 = CIC −
(CIIC − CIC)δAD

δAC
+

IcellδAD(δAD + δAC)
12FδACDAC

MeOH                      (18) 

 

CIC =
δACDM

MeOHKII �DAD
MeOHC0D −

IcellδAD
12F � + δMDAC

MeOH(DAD
MeOHC0D − (1 + 6   ξ MeOH) IcellδAD

6F )

DAD
MeOHKI�δACDM

MeOHKII + δMDACL
MeOH� + δADDAC

MeOHDM
MeOHKII

           (19) 

 
𝐶𝐼𝐼𝐶  

=
δM(DAC

MeOHDAD
MeOHC0D − δACDAD

MeOHKI(1 + 12   ξ MeOH) ICell
12F − δADDAC

MeOH(1 + 6   ξ MeOH) Icell
6F )

DAD
MeOHKI�δACDM

MeOHKII + δMDAC
MeOH� + δADDAC

MeOHDM
MeOHKII

    (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       60oc 
Operation Pressure                                       P                                             1At 
Rib Height                                                   𝐻                                             0.001   (m) 
Rib Width                                                    𝑊                                            0.0013 (m) 
Diffuser layer thickness                              𝛿𝐴𝐷                                           0.0015 (m) 
Catalyst layer thickness                              𝛿𝐴𝐶                                           0.00023(m) 
Membrane layer thickness                          𝛿𝑀                                            0.0018  (m) 
 

Table  2.  Physicochemical properties 
Parameters                                                  Symbols                     Values              Ref 

Binary diffusion coefficient                                      DMeOH-Water       1.74 ×  10−6          [11] 
Binary diffusion coefficient                                      DCO2-Water          3.19 ×  10−6          [11] 
MeOH diffusion coefficient,diffuser layer               𝐷𝐴𝐷𝑀𝑒𝑂𝐻              8.7 × 10−3            [9] 
MeOH diffusion coefficient,catalyst layer               𝐷𝐴𝑐𝑀𝑒𝑂𝐻     2.8 × 10−9𝑒2436( 1

353−
1
𝑇)  [12]   

Methanol diffusion coefficient,memberane             𝐷𝑀𝑀𝑒𝑂𝐻         4.9 × 10−𝑒2436�
1
353−

1
𝑇�     [12] 

Thermodynamic potential of oxygen (Volt)             𝑈𝑂2                  1.24                        [4]                     
Thermodynamic potential of methanol (Volt)         𝑈𝑀𝑒𝑂𝐻              0.03                        [4] 
Ref, exchange current density of anode (A/m2)      𝐼0,𝑟𝑒𝑓

𝑀𝑒𝑂𝐻       94.25 𝑒
35570
𝑅 ( 1

353−
1
𝑇)          [4]          

Ref, exchange current density of cathode (A/m2)     𝐼0,𝑟𝑒𝑓
𝑂2        42.22𝑒

73200
𝑅 ( 1

353−
1
𝑇)          [15] 

Anodic transfer coefficient                                        𝛼𝐴                   0.52                        [4] 
Cathodic transfer coefficient                                     𝛼𝐶                   1.55                        [4] 
Ionic conductivity of the membrane(S/Cm2)            𝜅                    0.036                      [11] 
Electro-osmotic drag coefficient                               𝜉𝑀𝑒𝑂𝐻              2.5𝑋𝑀𝑒𝑂𝐻               [14] 
Partition coefficient                                                   𝐾𝐼                     0.8                        [13] 
Partition coefficient                                                   𝐾𝐼𝐼                    0.8                        [13] 
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3. Performance Evaluation 
To obtain the polarization curve the cell voltage of DMFC can be written as, 

𝑉𝑐𝑒𝑙𝑙 = 𝑈𝑂2 − 𝑈𝑀𝑒𝑂𝐻 − 𝜂𝐴 − 𝜂𝐶 −
δMEMICell 

κ 
                                                      (21) 

The over potentials term 𝜂𝐴 and 𝜂𝐶  can be determined from the Tafel equations, 

𝐼𝐶𝑒𝑙𝑙 =  𝐼0,𝑟𝑒𝑓
𝑀𝑒𝑂𝐻 𝐶𝐴𝐶𝑀𝑒𝑂𝐻

𝐶𝑀𝑒𝑂𝐻,𝑟𝑒𝑓
𝑒𝛼𝐴𝜂𝐴𝐹/𝑅𝑇 = 𝐼0,𝑟𝑒𝑓

𝑂2 𝐶𝑜2
𝐶𝑜2,𝑟𝑒𝑓

𝑒𝛼𝐶𝜂𝐶𝐹/𝑅𝑇 − 𝐼𝑙𝑒𝑎𝑘            (22) 

𝐼𝑙𝑒𝑎𝑘is the leakage current density due to the oxidation of the methanol crossover. 

Ileak
6F

= NCrossover
MeOH = (−𝐷𝑀𝑀𝑒𝑂𝐻

𝑑𝐶𝑀𝑀𝑒𝑂𝐻

𝑑𝑥
+ 𝜉𝑀𝑒𝑂𝐻

𝐼𝑐𝑒𝑙𝑙
𝐹

)                   (23) 
  
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 60oc 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 
from1M 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. 
 
 
 
 
 
 
  
 
  
 
  
       (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/m2 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. 
 
 

 

   

   

 

  

  
Fig. 9. Comparison of anode configuration on cell voltage (9.a) and effects of temperature on 
cell performance (9.b) 
 

(9.a) (9.b) 
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5. Conclusions 
DMFCs 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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