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Abstract

Based on Maxwell-Stefan diffusion and convection equations and Darcy’s law mass transport and momentum transport of gas fuels in a PEMFC were modeled using the COMSOL program. Hydrogen would accumulate at the outlet of the anode due to the electro-osmotic drag of water. Oxygen would be consumed along the flow at the cathode. The velocity of gases would increase around the corners of electrochemical reactions. The model was validated through comparing the modeling results with literature report. And the effect of water transport on gases transport would be discussed.    
1. Introduction

Since the first oil crisis of 1973 the world energy prospective seeks a sustainable energy source. Also more and more significantly an environmental benign energy source is needed [1]. The widespread use of hydrogen can meet these needs. It can reduce the dependence on oil and benefit environment by reducing greenhouse gas emissions and pollutant emissions. In 2003, President George W. Bush announced the Hydrogen Fuel Initiative to accelerate the research and development of hydrogen and fuel cell technologies [2]. Fuel cells generate electricity energy from hydrogen with high efficiency, in which proton exchange membrane fuel cells (PEMFCs) are promising with prototype efficiency of up to 64% [3] and with high energy density [4, 5].  

Proton conductivity membranes play a key role in PEMFC [6]. There are different types of membranes: polymer membrane [7, 8], solid acid membrane 
 ADDIN EN.CITE 
[9, 10]
, and composite membrane [11, 12]. In PEMFCs protons are generated at anode and pass through membranes to the cathode, while electrolyzed electrons flow through an external circuit to generate electrical power. At the cathode water will be generate when oxygen is reduced reacting with protons [13]. Water is the proton carrier in the membranes. Liquid water transport or liquid/gas transport is one of major concerns in the fuel cell modeling [14].
Nowadays, many of the transport phenomena inside a fuel cell or electrolytic cell still cannot be observed or measured directly. Therefore, mathematical modeling will be an effective tool to understand these transport phenomena. The one-dimensional models by Verbrugge and Hill [15, 16], Bernardi and Verbrugge [17, 18], and Springer et al. [19] laid a good foundation for PEMFC modeling. Springer et al. presented empirical relations for such parameters as water diffusion coefficient, electro-osmotic drag coefficient, water adsorption isotherms, and membrane conductivities, etc. Gurau et al. [20] developed a two-dimensional PEMFC model that included fluid flow, mass transfer and the electro-kinetics and introduced the computational fluid dynamics into fuel cell modeling. Wang et al. [21] and You and Liu [22, 23] developed PEMFC models that applied two-phase flow model for the cathode of the PEMFC. 

In this project, our work will be to construct a computer model using the COMSOL program. The objective of this model is to simulate two-dimensional mass and momentum transport of fuel gases in a PEMFC with considering convection and diffusion effects. 

2. Governing Equations

Referenced from Sun etc [24] and Liu etc [14], a two-dimensional PEMFC model was constructed to modeling species mass transfer and electro-kinetics in the cell. The schematic of the PEMFC model was shown in Fig 1 (GDL is gas diffusion layer). 
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Figure 1. Two dimensional PEMFC model.
There were some assumptions applied for the model:

1) Catalyst layer was assumed to be an ultra-thin layer as integrate parts of the system;

2) Water would not condense in the flow channels;

3) Oxygen and hydrogen would not dissolve in water
Model equations are:

1. The continuity equation is


[image: image2.wmf]0

)

(

)

(

=

×

Ñ

+

¶

¶

u

t

er

er

                                                    (1)
2. For the two-phase mixture in the gas channel, the Maxwell-Stefan mass transport equation was used
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Where, Fi is the driving force on i, at a given T and p, 
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, ζi,j is the friction coefficient between i and j, xj is mole fraction of j. u is velocity. 
3. For the multiphase mixture flow in the GDL, Darcy’s Law was used for momentum transport modeling
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4. The species conservation equation for the multiphase mixture is 
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Boundary and initial conditions at the interface between the membrane and the cathode are: 
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3. Solution

Using the COMSOL program mass transport and momentum transport of gas fuels in a PEMFC were modeled at constant temperature of 80 °C. Three domains were considered: an anode, a proton exchange membrane, and a cathode. The mass contour and velocity field were shown in Figs 2 & 3.

Feed gases (humidified hydrogen and air) treated as ideal gases were transported through diffusion and convection. Their momentums were modeled with Darcy’s law, in which velocities were governed by the continuity equations. Mass transport of gases (H2 at the anode, and O2 and N2 at the cathode) were modeled with Maxwell-Stefan equations. 

Considering boundary settings, at inlet of each electrode mass fractions of gases were specified (at inlet of the anode 0.1 of weight fraction of H2 was used, and at the inlet of the cathode 0.21 of weight fraction of O2 and 0.79 N2 were put). At outlets, convective flux boundary conditions were applied. At the electrode-membrane boundaries mass flux of H2 and O2 were determined by electrochemical reactions. 
For other constants their values were put as reference recommended. For example, 0.09 S/cm of conductivity of membrane was used, 1-13 m2 of electrodes permeability was used, Faraday’s constant is 96485 C/mol, water drag coefficient was 3, the referenced pressure is air pressure 1.0135 Pa, and H2 and air inlet pressure were set as 1.1 time of reference pressure.
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Figure 2. Mass distribution in the PEMFC.
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Figure 3. Velocity field of the PEMFC.

4. Validation

The modeling results of pressure drop and velocity distribution using our COMSOL model were compared with literature report [25]. From literature result (Figure 5), the pressure near inlet and outlet were shown to keep constant and the pressure along the inlet was higher than that along the outlet. The pressure dropped to the fairly constant level at the outlet rapidly. Our pressure drop modeling was shown in Figure 4. The trend was the same with that in Figure 5, but there was no constant pressure along the inlet and outlet.
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Figure 4. Pressure versus y-orientation (COMSOL Model)    Figure 5. Pressure versus y-orientation (Yi and Nguyen)

    The velocity distributions of COMSOL modeling results were also compared with those from literature. Comparing the relationship between Y-direction velocity and y-orientation in Figure 6 with that in Figure 7, we found that the results from COMSOL modeling matched precisely with those from Yi and Nguyen modeling. Also, the magnitudes calculated from our model were comparable to those given in the Yi and Nguyen’s paper [25]. 
    [image: image15.emf][image: image16.emf]
  Figure 6. Y-direction velocity versus y-orientation        Figure 7. Y-direction velocity versus y-orientation 

      (COMSOL Model)                                    (Yi and Nguyen)

5. Parametric Study

There are many parameters that affect the gas (hydrogen, the oxygen stream or air) flow and performance of a PEMFC, such as, conductivity of the membrane, fuel cell operation temperature, relative humidity of the cell, fuel concentration, gas diffusivity, porosity of electrode, effectiveness of catalyst etc. Feed supply with pure oxygen or with air is a factor which affects the performance of a PEMFC greatly. A fuel cell will generate a power density of 380 mW/cm2 with oxygen feed, while only generate a 260 mW/cm2 with air feed. The ratio of oxygen to hydrogen inside the cathode also must be optimized. If the ratio is too low, the lack of oxygen reactant will reduce the reaction rate and the output power within the cathode. If the ratio is too high, the gas will cause the polymer membrane to dry out. Another key parameter will be humidity of the cell. To obtain desirable current with optimum mass and momentum transport, proton conductive membrane has to be maintained at high relative humidity. This humidification can be realized with wet hydrogen feed or with water generated at the cathode. Thus, the effect of water mass and momentum transport on the modeling results will be preferable to be discussed. 
The velocity distribution of flow gases without water included was shown in Figure 8. Without water transport hydrogen and oxygen in the cell were almost stagnant, which diminished the fuel cell performance. Compared with Figure 3, it can be concluded that water transport is important for fuel gases flowing in the cell.
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Figure 8. Velocity distribution of flow gases in a PEMFC without water species. 

6. Conclusions 
Based on Darcy’s law and Maxwell-Stefan diffusion and convection equations momentum transport and mass transport of gas fuels in a PEMFC were modeled at constant temperature of 80°C. From the mass distribution modeling results we found that hydrogen mass fraction at the anode increased as flux flowed towards the outlet. This was the result of the electro-osmotic drag of water through the membrane. So, water is important in realizing the correct modeling. At the cathode, oxygen content decreased with the flow. The velocity of gases reached at highest value at the corners of electrochemical reactions. Our results of pressure and velocity modeling were compared with those from literatures. It was shown that the results from our COMSOL modeling matched with literature ones. 
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