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A three-dimensional two-phase non-adiabatic model is proposed for air-breathing micro direct
methanol fuel cells (DMFC). The coupled heat and mass transport, along with the electrochemical
reactions occurring in the air-breathing DMFC are modeled. Based on this new non-adiabatic model,
the reactants distribution and concentration distribution, the pressure and flow velocity distribution, the
saturation distribution, the potential and current density distribution, the temperature distribution and
their effects on the cell performance are carefully examined.
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1. INTRODUCTION

With the popularization of mobile portable electronic products and the enhancement of their
functions, higher performance is needed for the power supply system. Compared with other micro
energy, fuel cell is a very promising energy, because it has the advantages of high energy conversion
efficiency, more environment friendly, low temperature and rapid start-up, easy to integration and so
on [1-3]. The fuel methanol in DMFC is not only low cost and easy to get and store, but also do not
need reforming and purification. Moreover, low requirements of the operation condition are presented
by DMFC. All merits mentioned above make DMFC more suitable for the future application of
portable electronic products as an update power sources. However widespread application of the
DMFC is also faced with many challenges, such as cathode water management, methanol crossover
and anode gas management. In order to solve these problems in a better way, mathematical models
plays an important role in the DMFC system, since it can provide a powerful and economical tool to
analyze the complex transport processes, which are also hard to be studied experimentally.

According to the different fuel supply, DMFCs are divided into two types: passive and active.
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Active DMFC requires additional devices such as fluid pump, blowers or fan to transmit reactants and
products [4, 5]. These auxiliaries not only complicate the fuel cell system, but also reduce the energy
density. On the other hand, the passive DMFC does not require auxiliary supplying devices, and
provides the reactants and products on the basis of diffusion and natural convection. Although the
performance of the passive DMFC is lower than the active one, it is still the best choice for portable
power devices because of its simple structure, low weight, and limited parasitic power losses [6-11].

In order to comprehend the essentially coupled physicochemical processes occurring in DMFC,
the experimentally interrelated parameters that affect the operation of the DMFC must be quantified.
Numerical modeling is important to guide the experiments and optimize the parameters in DMFC.
Most of the previous models were developed based on the 1D or 2D model [12-21]. However, the 1D
or 2D model cannot reflect the all aspects of two-phase mass transfer processes occurring in the
DMFC. Hence, in order to simulate the mass transfer process of DMFC, the development of the 3D
two-phase mass transport model is necessary [22-26].

In recent years, several two-phase models for DMFCs have been published in the literature.
Murgia [22] put forward a 1D model in view of phenomenological transport equations. Take into
account of the interaction of the two-phase flow in the diffusion layer, this model introduced a
Gaussian function to approximately calculate the effect of capillary pressure on the effective gas
porosity. Chen [26] presented a 2D two-phase thermal model for passive DMFCs. In which the heat
transfer effect had been developed based on the unsaturated flow theory in porous media. Their model
simulated and studied the effects of different operating and design parameters of the current collectors
on cell performance. Yang [25] developed a 3D two-phase mass transport model for DMFCs. This 3D
mass transport model was formed by integrating five sub-models, each simulating a specific
component of the DMFC. The effect of non-equilibrium evaporation/condensation at the gas-liquid
interface was also considered in this model. Wang [24] proposed a two-dimensional (2D) non-
isothermal model for passive DMFC in vertical operation. This model considered the effect of natural
convection at the anode and coupled heat and mass transport of the whole cell with the electrochemical
reactions occurring in the DMFC.

The purpose of this paper is to establish a 3D two-phase non-adiabatic model for air-breathing
micro-DMFC, the main significance is more comprehensive consideration of actually environment and
analysis of the influence of various parameters on the performance of the DMFC, so as to better
optimize the performance of the DMFC. With this model, the distribution of the reactant concentration,
the temperature, the potential and current density as well as the methanol crossover are studied and
analyzed.

2. MATHEMATICAL MODEL

The calculation area of the 3D two-phase simulation model of the self-breathing DMFC is
shown in Fig.1, which consists of an anode current collector(ACC), an anode diffusion layer(ADL), an
anode catalyst layer(ACL), a proton exchange membrane(PEM), a cathode catalyst layer(CCL) and a
cathode diffusion layer(CDL).
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Figure 1. The computation domain of the model

In order to simplify the computations and processes, the mathematical model is formulated
under the following assumptions and simplifications:

1. The DMFC is assumed to operate under steady-state conditions.

2. The heat and over-voltage generated by the electrochemical reaction and the Joule heat
caused by current flowing through each component are ignored.

3. Because the thicknesses of ACL and CCL are much thinner than those of ADL, CDL
and PEM, the catalytic layers are regarded as interfaces.

4. Methanol that penetrates into the cathode is assumed to be fully reacted.

5. The CO, gas that is dissolved in the liquid is negligible.

6. The cathode gas contains only nitrogen and oxygen, the carbon dioxide produced by
oxidation of the methanol solution that permeates into the cathode is neglected.

7. The temperatures of the external walls of the cell are assumed to be constant according

to the environmental conditions.

2.1. Two-phase mass transport in the ADL

At the anode of the cell, methanol is provided by the anode channel, transported through the
diffusion layer to the catalytic layer, where some methanol permeates the cathode and is
electrochemically oxidized to form carbon dioxide and electricity. The carbon dioxide produced by the
reaction will be transported back through the diffusion layer to the channel and eventually exit the cell
with the methanol solution stream. In the anode, the two-phase mass transport includes the anode flow
field and the transmission of porous media is mainly related to the mass transfer of methanol, the
production of emissions and electronic conservation. Several of the most important variables in the
study were methanol concentration, liquid pressure, liquid saturation and gas fraction.

In the inner flow model of the channel, the incompressible flow N-S equation is used to express
the momentum transfer of the methanol solution in the flow:

~oVu=0 (1)
PtV 1 =V[=p+n(Vu+ (Vi) )]+ F )
Where u is the velocity of solution, p is the density of the solution, u is the dynamic viscosity
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coefficient, p is liquid pressure and F is liquid phase pressure. u can be derived from Darcy's law.
V(pu) =Q, (3)
—Kk

r| _Kkr
“Vp o, = ~Vp, (4)

1 g

Where K, k., and_u: denoting the absolute permeability of the ADL, the relative permeability of

H =

the liquid phase and the viscosity of the liquid phase, respectively. The pressure difference between the
gas phase and liquid phase is related to the capillary pressure:

P. = Py — B =0 005(8,)( )**I(6) ©)

Where J(s) represents the Leverette function, which is a function about liquid saturation in
porous media:

2 3 0

30s) :{1.417(1—3)—2.120(1—3) +1263(1-s)’  0<6, <90

6
1.417s-2.120s% +1.263s’ 90° < 6, <180° (6)

The mass transport in the porous medium of the anode is mainly convection and diffusion,
which can be described as:
V-(-D,4Vc)=R-uv-c (7)
Where Dei is the effective diffusivity of methanol in porous medium, c is the concentration of
methanol solution, R is the reaction rate of methanol liquid.

2.2. Mass transport in the PEM

The membrane layer allows for the transfer of protons and insulates the electrons between ACL
and CCL. Through the membrane, however the methanol solution also can penetrate from the anode to
the cathode. Methanol permeates the membrane as the result of the concentration gradient and electro-
osmotic drag by the proton transfer. Accordingly, the flux of methanol through the membrane, Ncoss
can be determined from:

N _ Deff de,mem +nm I 9
cross m,mem dX d F ( )
Where _perr s the effective diffusivity of methanol in the membrane, F is the Faraday’s
TILTIET
constant, ,,m is the electro-osmotic drag coefficient of methanol, which can be determined from [27] :
ng =nyx, (10)

Where ny is the electro-osmotic drag coefficient of water, x, is the molar fraction of methanol.

2.3. Two-phase mass transport in the CDL

At the cathode of the cell, the oxygen is absorbed from the air and transferred to the CCL, react
with electrons and protons to produce gaseous water. A portion of the oxygen reacts with the
permeated methanol to produce liquid water and carbon dioxide, forming an internal current and a
mixed potential. The liquid water is generated in the CCL and that permeated from the anode will
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move outside of the cathode by the capillary force. Thus, this two-phase flow mass transport in the
CDL can be modeled with the following equations:

-V-(-Dg;VCq) =0 (gas phase) (11)

-V-(-D{"VC")-R,=0 (gas phase) (12)

—V-(ﬁu,)+RW=O (liquid phase) (13)
|

Where DE/Fand D/ represent the effective diffusivity of the oxygen and water vapor, p,and

M; denote the density and molar weight of the water, R, is the interfacial transfer rate of water, u; is
the superficial velocity vector based on the total cross-sectional area of fluids and porous medium,
which can be obtained from Darcy’s law:

KK,
u=—-—=oVvp 14
| H ! ( )
The flow rate of the gas u,can be derived from Darcy's law:
Kk, v
Ug=~ P 15
g 4, 9 (15)

2.4. Electrochemical kinetics

Two different potential fields should be considered: one is the potential of the membrane
phase, @, which governs the transport of the protons, and the other is the potential of the electric
phase, @, which governs the transport of the electrons. There is no electrochemical reaction in the
diffusion layer, and the source term of the electron current is set to zero, the expression is as follows:

—V(—O'SV¢S) =0 (16)

The equation of conservation of electrons and protons in the ACL is described as:
V-(-o,Vd,)=—].s, a7
V(-0,V¢,)= i, (18)

Where o, and a,,, denote the electric conductivity and the protonic conductivity, respectively.
s, represents the specific surface area of the ACL, j, represents the anode reaction rate and can be
expressed by empirical formula:

- et Cheon a,F
Ja_IMeOhmeXp RT (19)

Similarly, under the influence of methanol permeation, the equation of conservation of
electrons and protons in the cathode catalyst layer is described as:

|
V-(-o,Vd)=js, —I—p (20)

ccl

o
V(o) =-lse+ (21)

ccl

: _iref Coz ex _acF
Jc -0 Ccr)ezf p RT 77‘3 (22)
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Where ;';f;;H, i7" Crreon Co, s C;‘?;H, c=f represent the methanol reference exchange

current density, oxygen reference exchange current density, methanol concentration in the ACL,
oxygen concentration in the CCL, methanol reference concentration and oxygen reference

concentration, respectively.

2.5. Heat transfer

Heat transfer is crucial for a DMFC, the heat transfer of the DMFC:
pCU-VT =V-(k,,VT)+Q (23)

The heat transfer of the DMFC system needs to be optimized to overcome the problems such as
methanol crossover, water crossover and diffusion of carbon dioxide. In the anode, the heat generated
by the electrochemical reactions in the ACL is given by:
AH, - AG,

nF

Where the first term represents the heat generated by the activation and mass transfer over
potentials on the anode, and the second term represents the entropy change of the anodic
electrochemical reaction, AH_ denoting the anodic reaction enthalpy and A&, represents the Gibbs free
energy. Ignoring the joule heat of the membrane, we can use the temperature gradient across the
membrane to represent heat g ,;:

Qe = i(na - ) (24)

dT
Qo = _;I’men & (25)
Where 4,,.,, represents the effective thermal conductivity of the membrane.
The heat generated in the CCL can be determined by:
- .AH_-AG
qccl = (I +|p)ﬂc -1 CnF : _h/NHQO (26)

Where the first term represents the heat generated by the activation and mass transfer over
potentials at the cathode and the mixed potential caused by the methanol crossover through the
cathode. AH_denoting the cathode reaction enthalpy and AG, represents the Gibbs free energy. The
third term indicates that the liquid water in the CCL evaporates heat. The above formula can also be
written as:

Qo = (I + ip)nc _ﬂ3 _ﬂ4 (chl _298) - hv NHZO (27)
With
[ [ 1
By :E(AHCO_AG(?) B, ZE(CHZO_ECOZ)
2.6. Cell performance

In the catalyst, the temperature, the anode, the cathode over potentials and the reactant
concentrations of methanol and oxygen are determined from the model equations presented above. The
cell voltage can be estimated as follows:
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vV ell = Ecell /P IRceII (28)

C

Where E__;; is the thermodynamic equilibrium potentials of the cell. This variable can be

determined by:

= E° +AT(%) (29)

cell cell

E

Where the open circuit voltage at 298 K is EZ.;. | is the mean current density of the cell, which
can be calculated by:

| = Il [iay (30)

R_.; isthe cell resistance, which is given by:

5m m
Rcell = : + Rcontact (3 1)

m

Where the first term represents the membrane resistance, with é,,.., denoting the membrane
thickness, and the second term R, ... denoting the contact resistance of the cell.

2.7 Boundary conditions

At the entrance of each flow path, all variables are given based on the reaction condition
environment. The boundary conditions at the outlet of each flow path are based on certain assumptions.
The assumption is that the laminar flow fully fills the flow path and the concentration gradient of each
substance is zero, which the solution is filled with the flow path and the solution is everywhere. Each
substance has a uniform concentration distribution. For the external wall, the set flow path is a non-slip
flow boundary condition, and the material in the battery including mass transfer is designated as a non-
permeable wall surface. The setting of the internal interface conditions of the self-breathing DMFC
follows the continuity and material flux balance theory and requires that each internal boundary meet
the conditions of the material transfer and material conservation of the entire fuel cell. The detailed
boundary conditions are follows.

In the anode, through the external auxiliary equipment such as pump, supplying methanol
solution from the feed port to the cell to provide fuel, the boundary speed of methanol solution in the
flow inlet, set the inlet is U,,,:

nxu=U, (32)

The flow channel wall is assumed to be a non-sliding laminar flow, the wall flow rate u; is set
to zero:

u =0 (33)

The outlet of the flow channel does not have any other force, so the boundary condition of the
outlet is set to atmospheric pressure:

P=P

atm

(34)

At the entrance of the channel, the concentration of methanol solution supplied to the inlet of
the anode flow channel is C,, ., which is derived from the material conservation equation, and the
liquid saturation is set to 0.95, the boundary conditions for the inlet of the runner are:
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C,=Coi $=09% (35)
At the interface in the ADL and the ACL, the boundary conditions of the methanol flux is:
[
N =—+N 36
m 6F m,Cross ( )
The boundary conditions for the fluid velocities of the ADL and the ACL are:
N_-M
n-u, =———" 37
£ S
The boundary conditions of the PEM and ACL are set as follows:
1+(A, ) = N 4 Ngts 1 (Pyabha) =0 (38)
n (_va¢m)ad = n(_amv¢m)mem n- (_O-mv¢s) =0 (39)
ff
N (~Dytecn V Crreonth 2) = Niveon (40)
The boundary conditions of the PEM and CCL are set as follows:
n'(pl,cul,a)zo n'(pg,cug,a)zo (41)
n:(-o,Vg,) =0 (42)
n-(-0,V¢,)"™" =n-(-o,V4,)" (43)
n-No, =0 NNy, =0 (44)

In the cathode, the inlet pressure is the atmospheric pressure, that is:
Py = P (45)
In the cathode diffusion layer and the outer atmosphere interface, the mass fraction of oxygen
and the mass fraction of water are:

Wo, =Wo, in Wh,0 = W00 (46)
The liquid saturation is set to 0.05 and the interface potential is equivalent to 0.7V:
$=005 ¢, =07 (47)

At the interface between the cathode diffusion layer and the cathode catalyst layer, the water
flux can be described as:

[
N,o=—=+n,= 48
"0 oF UF (48)
The boundary conditions for oxygen flux are expressed as:
i
Ny, =——% 49
OZ 4F ( )

All the walls of the cell, the boundary conditions are set to insulation or symmetry.

2.8. Model parameters

The setting of the important parameters in the process of establishing the model is shown in
Tablel:
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Table 1. Self-breathing model parameter setting
Parameter Value Refs.
Cell length, D 0.008[m] Assumed
Channel height, H 0.0005[m] Assumed
Membrane electrode width 0.002[m] Assumed
Pore radius 0.0004[m] Assumed
Temperature, T 298[K] Assumed
Pressure, p-atm 1.013e5[Pa] —
Gas constant, R 8.314[J/mol-K] —
Faraday constant, F 96485[C/mol] —
Molar mass of water, m,, , 0.018[kg/mol] —
Molar mass of methanol, M,,, 0.032[kg/mol] —
Liquid water density, p, , 1000[kg/mol] —
Methanol density, p, 791.7[kg/mol] —
Water permeability coefficient, n!*-° 2.9exp(1029%(1/333-1/T)) [28]
Liquid Kinetic viscosity, g, 0.9x107*[kg/m/s] [29]
Gas kinetic viscosity, 4, 14.96x10°[kg/m/s] [29]
Methanol diffusion coefficient, D, 2.8x10 exp(2436x(1/333-1/T)) [m?/s] [30]
Effective diffusigré's/lo’egfzfsismnt of methanol in 4.9x10 Pexp(2436x(1/333—1/T)) [m?s] [30]
Diffusion coefficient of oxygen, D, 1.775x10°%(T/273)-4[m?/s] [31]
Diffusion layer permeability, K= 1.2x10™2[m?] —
Diffusion layer porosity, & 0.6 —
Surface tension coefficient, & 0.0625[N/m] [28]
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Electronic conductor conductivity, o, 4000[S/m] [34]
Proton conductor conductivity, o, 7.3exp(1268%(1/298-1/T)) [S/m] [28]
Anode reference current density, i 94.25exp(35570x(1/353-1/T)) [A/m?] [32]
Cathode reference current density, ig] 0.04222exp(73200/Rx(1/353-1/T)) [A/m’]  [33]
Reference methanol concentration, c™ 1000[mo|/m3] _
Reference oxygen concentration, Cg' 0.21*p_atm/(R*T) [moI/m3] _
ACL transfer coefficient, «, 0.35 [28]
CCL transfer coefficient, «, 0.8 [28]
Methanol oxi?)it::r:]ﬁgel?cé;?n equilibrium 0.046[V] [29]
)Xygen reduction reactIiE?qn equilibrium potential, 1.223[V] [29]
Enthalpy of anode reaction, Ha 130.98e3[J/mol] —
Anode Gibbs free energy, Ga 9.35e3[J/mol] —
Enthalpy of the cathode reaction, Hc -857.49e3[J/mol] —
Cathode Gibbs free energy, Gc -711.24e3[J/mol] —
Oxygen supply concentration, C:* 8.58[mol/m’] _
Contact resistance, R, 8x10°[Qm’] [34]

The self-breathing three-dimensional two-phase model established in this paper couples
multiple physical fields, including material conservation, material transport, momentum transport,
proton and electron transport and heat transfer. The entire model consists of four computational regions,
divided into 520,000 degrees of freedom and meshed volumetric maps as shown in 1 below. Make the

calculation process as accurate as possible.
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Figure 2. The mesh of the model

3. RESULT AND DISCUSSION

3.1. Effect of reactant concentration

In order to study the effect of methanol concentration on the performance of self-breathing
DMFC, the model was simulated and analyzed when the methanol concentration was 0.5M, 1.0M,
1.5M and 2.0M, respectively. Fig.3 (a) shows the distribution of the methanol concentration at 1.5M. It
can be seen from the figure that the methanol concentration in the flow channel is high and constant.
This is because the transmission of methanol in the flow channel mainly relies on convective
movement. Under the certain flow velocity, the consumed methanol will be supplied rapidly. The
concentration of methanol in the diffusion layer is lower and varied obviously, because the process of
methanol transmission from the anode channel to the diffusion layer is hindered by the current
collector and the anode porous medium, it mainly depends on the diffusion movement [27]. Fig.3 (b)
shows the distribution of the methanol concentration in the anode diffusion layer at 1.5M. It can be
observed that the methanol concentration decreases in the direction of methanol flow. The trends of the
distribution of the methanol concentration predicted by the model presented in this paper are in
accordance to the ones proposed by W.W. Yang [27, 28].

Methanol concentration ( mol/m3) 4 1500

1400

@) (b)
s
< 1000
RS ;ii:i S R |
R NN 600
~ < >~ = — ;,t; a00

200

W 21.507

Figure 3. (a) Distribution of the methanol concentration in the anode channel and diffusion layer. (b)
Distribution of the methanol concentration in the anode diffusion layer.
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The effect of methanol concentration on cell performance is mainly reflected in two
phenomena: the increase in methanol concentration leads to an increase in the coverage of methanol on
the catalyst layer, leading to an increase in the concentration gradient of methanol at the anode and
cathode and methanol permeation through the nafion membrane. Another important problem is that the
polarization characteristics of the mass transfer region are directly related to the methanol
concentration, while increasing the current density means an increase in the limit current density. Fig.4
shows the power density and the Ul curve of the cell. The simulation results show that when the
methanol concentration is low, the open circuit voltage is higher [29]. When the voltage fluctuates
between 0.4v and 0.7v, the current density of the ACL is maximized when the concentration of the
methanol solution is 0.5M. When the voltage is smaller under the simulation parameters, the difference
in current density between different concentrations of methanol solution is greater. At the same time,
the higher the concentration of the methanol solution, the greater the current density. It can be
concluded that the performance of the cell is better when the methanol concentration is 1.5M. As
reported in previous works [29-33], the optimum methanol concentration range is 1M to 2M. So our
conclusion is reasonable.

—=—05M]| | —=—0.5M
—e—1.0M
06k —a—15M| |
—v—2.0M

N
o
=3

=
@
=}

H
8
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°
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Power density (W/m?)

o
N

50 A/

1 1 1 il 0.0 1 1 1 3
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Current density (A/m?) Current density (A/m?)
. @ | ® .
Figure 4. Model predictions for power density (a) and voltage (b) with varying current density for

different

Fig.5 shows the distribution of oxygen concentration in the cathode. It can be seen from the
figure that the oxygen concentration is the largest in the vent hole and decreases from the inlet center
to the periphery. The diffusion coefficient of the gas is large, so the distribution of oxygen
concentration in the cathode porous medium is not as obvious as the methanol concentration
distribution, and the concentration change range from the CDL to the CCL is very small (The
minimum oxygen concentration is 7.1341 and the maximum value is 7.35). The distribution of oxygen
affects the reaction rate of the catalytic layer. The higher the oxygen concentration, the higher the
reaction efficiency. V.B. Oliveira [34] also analyzed the oxygen distribution of the cathode, but he did
not adequately consider the effect of the vent hole on the gas distribution. Compared to his results, our
data is more comprehensive and closer to the actual situation.
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Figure 5. The distribution of oxygen concentration in the cathode

3.2. Effect of flow velocity and the pressure

Fig.6 is the volume distribution of liquid pressure in anode porous media. The liquid pressure is
greatest at the liquid inlet and decreases along both sides of the inlet. The methanol solution moves in
the direction of decreasing pressure. The movement speed of methanol is set in the y direction.
Therefore, with the obvious convection in the y direction and the existence of convection in the
methanol solution, the corresponding current is collected. Sublayer methanol transports faster. Since
the pressure of the cathode liquid is higher than that of the anode, convection is caused, which
significantly hinders the transport of the liquid and the transfer of methanol is mainly diffusion, so the
pressure in the z direction does not change significantly. In the anode range, the pressure distribution of
the liquid phase mass will have a certain degree of influence on the movement of the mass. For
example, if the pressure difference of the methanol solution is high, the convection is obvious. It can
be seen from the figure that the anode liquid pressure is almost constant, and it is similar to
atmospheric pressure. The reason for this phenomenon is that the methanol solution is distributed
throughout the porous medium and that the rate of methanol in the anode reaction is not significant and
the convection is not severe. It is confirmed that the transfer process of methanol is largely through
diffusion. The result is consistent with the conclusion obtained by D!ngding Ye [36].

=
yL,x

v

Figure 6. Volume distribution of liquid pressure in anode porous media
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Fig.7 is the gas pressure distribution in the cathode porous media. It can be seen from the figure
that the oxygen pressure at the inlet is the largest and the pressure is gradually reduced with the inlet as
the center. The variety of gas pressure in the cathode porous media is very small, because a large
amount of material in the cathode porous medium is gas and the gas flow properties are very good.
When the cathode oxygen pressure is large, there are many advantages that can hinder methanol
permeation, weaken the polarization phenomenon and improve the cathode reaction. Another key point
is that increasing the pressure can promote the water to reach the proton exchange membrane faster
and better, thereby increasing the water content of the proton exchange membrane and reducing the
internal resistance of the proton exchange membrane, thereby enhancing the cell performance.

A 1013x10°

z
yL'x

Figure 7. Distribution of gas pressure in cathode porous media

When the concentration of methanol solution is 1.5M, the anode flow velocity distribution is
shown in Fig.8 and the flow rate is indicated by arrows in the vector diagram. If the size and direction
of the arrow has a certain directionality, it can indicate the speed and direction of the flow, respectively.
The flow velocity in the porous media corresponding to the flow channel is more balanced and the
flow velocity at the edge of the runner and the ridge is greater. Due to the methanol permeation, if the
flow velocity of the methanol solution is too fast, the hydraulic pressure becomes large, and the mixing
potential generated by the penetration is greater, which lowers the cell performance; but if the
methanol flow velocity is too slow, the cell performance is not high.

v_cell(9)=0.3 Arrow: Velocity field

Figure 8. Distribution of flow velocity in the anode
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The effect of different methanol flow velocity on the cell performance is shown in Fig.9. These
curves are obtained at a methanol concentration of 1.5M. The flow velocity of the methanol solution
were 0.0009m/s, 0.0016m/s, 0.0023m/s, 0.003m/s, respectively. When the methanol flow rate is
increased from 0.0009m/s to 0.003m/s, the voltage can be obtained within the range of low current and
the voltage is almost the same. However, when the current density increases again, the difference in
cell performance is apparent depending on the rate of supply. When the mass is transported, if the flow
velocity is too small, the limited is still very obvious. The reason is that the generated bubbles cannot
be effectively discharged to the outside during the whole operation, if the current density is small.
Therefore, the bubble block will occupy a certain area, which is not conducive to mass transfer. It can
be seen from the figure that not the greater the flow rate, the cell performance will be better. We can
think that this situation is caused due to methanol penetration. We can also clearly know from the
figure that there is a state of equilibrium in the case where the mass transfer is restricted and the
methanol is permeable to the cathode. The result of this model is that when the methanol concentration
is 1.5M, it is reasonable to synthesize other factors to take the flow rate at 0.0016m/s. When the
concentration of methanol solution is 1.5M, the oxygen flow velocity distribution is shown in Fig 10.
As can be seen from the figure that the gas flow velocity at the edge of the pores is higher while the
flow velocity at the center of the pore is lower. All the pores are the channels of the gas mixture. In the
self-breathing geometry designed by this model, the pores not only serve as the inlet for reactant O,
but also form the outlet for the production of product H,O. Oxygen is continuously consumed because
of the oxidation reaction, after transported by the pores to the porous medium. At the same time, the
water vapor is generated and the water is removed through the cathode porous medium, during the
reaction process.
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Figure 9. Variation of power density (a) and voltage (b) with current density at different methanol flow
rates

It can be seen from the mutual restriction between the products and the consumables that the
volume of the gas constituted by each component will increase. Therefore, the mixed gas in the
cathode porous medium flows outwards for the purpose of continuous reaction. The figure shows that
the maximum velocity appears at the edge of the hole. This is because the resultant (water vapor)
accumulates in the active layer under the current collector and is discharged directly from the edge of
the hole. In contrast, the gas flow rate at the center of the hole is relatively small, because the product
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of the pore area is discharged directly from the area.
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Figure 10. Distribution of oxygen flow rate

3.3. Distribution of liquid saturation

In order to simplify the mathematical model, the catalytic layer is simplified as a plane. The
distribution of liquid saturation in the porous anodic medium is shown in figure 11. The saturation of
the diffusion layer corresponding to the flow channel is higher, and the saturation is smaller in the sub-
ridge. In the z-direction, the liquid saturation decreases along the ADL to the ACL. The reason for this
phenomenon is that the amount of methanol solution is reduced due to the anodic reaction, carbon
dioxide is generated, resulting in an increase in gas content, and a confluence of methanol solution and
carbon dioxide convection.
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Figure 11. Distribution of liquid saturation in the anode

Whether the water produced by cathode reduction reaction can be quickly removed is the main
factor determining the output performance and stability of the cell. Fig.12 shows the liquid saturation
distribution of the cathode diffusion layer. It can be seen from the figure that the saturation increases
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with the diffusion zone around the gas port, and the fuel inlet presents an increasing trend towards the
outlet.
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Figure 12. Distribution of liquid saturation in the cathode

Air-breathing uDMFC has no auxiliary oxygen supply device, the cell structure is relatively
simple, but there is a disadvantage that the cell is not conducive to water transmission. When the cell is
in operation, the water generated by the reaction needs to be transferred to the outside of the cell
through the CDL. Because it is air-breathing, oxygen flow rate will not be high, which cause the water
cannot be timely and effectively out of the cell, causing "flooding”. "Flooding" is the key factor to
limit discharge performance. The water vapor generated by part of the electrochemical reaction is
converted into a liquid. The water left in the CDL is not conducive to gas transmission to a certain
extent, and the effective reaction area is reduced in disguise, which is detrimental to the performance
of the cell. But the operation of the cell must have the participation of water that is the product.
However, the PEM as the electrolyte layer must have a strong proton conductivity, a very weak
electron conductivity and chemical properties cannot be active, so it must contain a solid polymer
membrane and liquid water, so that protons can be transmitted normally and efficiently. Therefore,
maintaining a good balance of balance is quite critical and is a guarantee of cell performance.

3.4. Distribution of potential and current density

Fig.13 is the distribution of proton current density. In the proton exchange membrane region
corresponding to the flow channel, the proton flow has a high density and decreases toward both sides.
In the Z direction, the cathode catalyst layer slowly decreases. The distribution of proton flow and the
magnitude of the value reflect the reaction of the anode to a certain extent. The proton are generated in
the ACL and transported in the PEM, reacts with oxygen and electrons to generate water the CCL. Fig.
14 shows the distribution of the electron current density in porous media.
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Figure 13. Distribution of proton current density
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Figure 14. Distribution of the electron current density

It can be seen from the figure that the distribution of the electron current density changes with
the shape of the current collecting layer, the electron current reaches the peak at the edge of the current
collecting layer on both sides of the flow channel.

The current density distribution of the ACL is shown in Fig.15. It can be seen from the figure
that the current of the ACL decreases from the middle to both sides in the xy plane, and the current
density distribution of the ACL depends on how the methanol is distribution. The concentration of
methanol in the corresponding catalytic layer under the channel is higher, and the current density in the
catalytic layer corresponding to the flow channel is higher and the change is weak. Due to the drastic
decrease of the concentration of methanol in the diffusion layer, the corresponding current density
under the ridge is drastically reduced. The higher the effective diffusion coefficient of methanol, the
more able to promote the transmission of methanol to the anode catalytic layer. The higher the catalytic
activity of the catalyst layer, the more efficient oxidation of methanol. It will have a higher electronic
conductivity, more convenient for electronic transmission. Larger methanol concentrations and over
voltages produce local current densities that result in uneven distribution of anode current density. The
overall trend of current density is the same as the conclusion of R. Chen [26] and W.W. Yang [28], but
compared to their data, our data on the variation in current density of the flow channel is more detailed
and comprehensive.
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Figure 15. The current density distribution of the ACL

It can be seen from Fig.16 that the current density distribution of the CCL is similar to that of
the anode catalytic layer, and it decreases from the corresponding position of the flow channel to both
sides in the XY plane. The cathode reduction reaction requires the participation of oxygen and the
proton electrons generated by the anode oxidation reaction, so the reaction of the CCL depends on the
reaction of the anode and the oxygen concentration. From the above analysis of the anode reaction, it
can be seen that the concentration of the methanol solution in the flow channel is higher, the current
density of the CCL corresponding to the flow channel is higher. In the range of the ridge, the product
distribution of the anode is less, and the oxygen concentration is slightly lower, the corresponding

cathode current density is smaller.
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Figure 16. The current density distribution of the CCL

3.5. Effect of temperature

As can be seen from fig.17 and fig.18, the overall temperature distribution of the uDMFC is
reduced from the inlet to the outlet of the raw mass and is the lowest at the point where the product is
excluded. In the Z direction, the temperature increases from the anode channel to the cathode, and the
temperature is highest at the CCL. The mass transfer and water management in uDMFC will have a
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restricted effect on the temperature distribution inside the cell, such as when water is discharged, it will
take away part of the heat. Conversely, the temperature also affects mass transfer, water management
and catalyst activity, so the temperature is very important to the operation of the cell. Appropriate to
enhance the temperature, the cell performance also increased. The performance of the cell is good at
higher temperature, mainly because the electrochemical activity of the catalyst is directly proportional
to the temperature, and the reaction rate is improved. Moreover, with the increase of temperature,
contribute to the transfer of mass. The increase of temperature will also result in the increase of oxygen
diffusion rate, and promote better transmission. At the higher temperature, the water evaporation rate
of the cathode increases, which slows down the water flooding. The PEM in the higher temperature
environment, the ionic resistivity becomes smaller, conduction capacity and velocity are accelerated.
However, too high temperature will lead to serious methanol penetration. The temperature is still
compatible with other parameters such as reactant concentration, flow rate, pressure and so on, there
will be a better performance of the cell equipment.

When the methanol concentration is 0.5M, 1M, 1.5M, 2M, the temperature distribution of the
open circuit is shown in fig.18. As can be seen from the figure, the temperature distribution and the
amount of the change in the cell varies with the concentration of the feed. In the extreme case of open
circuit, most of the heat is generated by the reaction of the penetration of methanol and oxygen which
Is consumed in the catalytic layer. Methanol permeability will change according to the concentration of
methanol, the rule is that the concentration is more concentrated, the effect is more intense.
Accordingly, the temperature of the fuel cell is increased at a high concentration of the feed material.
The increase of temperature leads to strong natural convection in the channel, so the whole cell system
has obvious temperature difference.

The result is similar to the results obtained by V.B. Oliveira [34] and R. Chen [26]. But our
results are more comprehensive because we can get the temperature distribution of each part of the cell.
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Figure 17. Volume distribution of cell temperature
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4. CONCLUSIONS

This paper developed a three-dimensional two-phase non-adiabatic model for air-breathing
micro DMFC, the computational domain includes: flow channels, porous media, and PEM. Mainly to
improve the cathode structure, thus enhancing the performance of DMFC under the condition of the
air-breathing. The components of the model and the influence of the distribution on the performance of
the cell was analyzed. Based on the simulation results, the following conclusions are obtained:

1) The feeding condition of the cell has a great influence on the results. The fuel
concentration decreases along the channel to the PEM. The oxygen concentration is reduced from the
diffusion layer to the catalytic layer, but the concentration difference is less than the concentration
difference of methanol in the cathode. Within a certain range, increasing the concentration of methanol
is beneficial to achieve better performance. Increasing the oxygen concentration in the cathode can
also significantly increase the performance.

2) When the cell is initially operated to discharge to an external load, the voltage drops
sharply and then slowly. When the current density is constant, the phenomenon of methanol
permeability is related to the fuel. The performance of this phenomenon can be intensified when the
concentration is high. The increase in the operating temperature can also increase methanol penetration.
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When the cathode hydraulic pressure is greater than that in the gas, the flow of liquid to the anode can
be promoted, and the penetration phenomenon can be effectively inhibited.

3) The proton potential is mainly affected by the concentration of methanol. If the
methanol concentration distribution is not uniform, it can lead to the non-uniform distribution of
proton potential. The electron flux density is mainly affected by the shape of the current collecting
layer.

4) In the anode flow field, the liquid saturation decreases with the movement trend, and
the porous media module slowly decreases along the direction of motion. The saturation of the liquid
phase of the cathode changes slightly along the direction of methanol movement. As the reaction
proceeds, the content of the liquid phase substance in the anode porous medium increases, resulting in
obstruction of the gas movement and leading to significant differences in pressure.
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