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ABSTRACT
Small-scale direct methanol fuel cells (DMFCs) are expected to be next
generation power sources for portable applications. High performance of a portable
DMFC is determined by the methanol, water and heat transport processes, as well as their
complex interactions under a wide variety of operating conditions and design regimes.
The present thesis aims to developing a theoretical understanding of these transport
phenomena and hence their effects on electrochemical performance of the DMFC. Based
on the latest experimental observations, two-phase mathematical models have been
developed.
A one-dimensional (1D) model for the membrane-electrode-backing layer
assembly in a DMFC is developed for the first time to predict not only polarization
curves and methanol crossover but also water crossover and transient discharge behavior
coupled with the temperature evolution in a portable DMFC. The model results show
good agreement with experimental data of overall cell performance, methanol and water
crossover rates through the membrane, as well as reveal a positive interactive feedback
mechanism between the transient temperature and methanol crossover profiles, coupled
by transient cell voltage and cell energy efficiency profiles, under varied operating
conditions.
Next, a multi-dimensional (multi-D) model, making use of a multi-phase mixture
(M2) formulation, is developed to encompass all components in the DMFC in a single
computational domain. A commercial computational fluid dynamics (CFD) software
package, Fluent®, is employed to solve species transport and electrochemical equations
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simultaneously. The model results discover an interesting interplay between the local
current density and methanol crossover rate distributions for the first time, indicating that
the anode flow field design and methanol feeding concentration are two key parameters
for the optimal cell performance. When considering electron transport and interfacial
liquid coverage on the cathode backing surface, the predicted results provide further
insight into the geometrical effect on current density distribution and water transport
through the membrane. With an accurate interfacial coverage correlation, water balance
between the anode and cathode can be potentially tailored to accommodate the use of
high concentration of methanol as fuel, without sacrificing cell performance.
The future work of numerical modeling should involve more complete solutions
including both steady state and transient state, and more efficient solutions using
improved numerical algorithms. This future work is expected to have important impact
on the further development of DMFC technology as portable power.
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Chapter 1
INTRODUCTION

With increasing demand for high efficiency power generation, efforts to explore
new power sources are of critical importance to the future of society. The great potential
for higher power density and longer run time compared with battery systems makes fuel
cells the most promising among next generation power sources. Among all fuel cell
types, the direct methanol fuel cell (DMFC) is presently considered a leading contender
for next-generation portable and micro power, offering a combination of simplicity,
stability and high energy density due to use of liquid fuel.

1.1 Background and Motivation

The fuel cell can be traced back to the 1800s. Sir William R. Grove built a device
that could combine hydrogen and oxygen to produce electricity, the world’s first gas
battery, later renamed the fuel cell. The history of these very early years has been
described elsewhere [1-4]. Although Grove’s invention advanced the understanding of
energy conservation and widened the vision of energy generation, interest diminished
very quickly after cheap fossil fuels were discovered and successfully applied to the new
boosted combustion engine.
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Fast-forwarding to the 1960s, the National Aeronautics and Space Administration
(NASA) adopted fuel cell technology to provide electricity as the main power source
needed in the Orbiter, since neither battery nor solar energy could fulfill the critical
requirements of long space flight missions at that time. An additional benefit of fuel cells
was that astronauts could consume the fuel cell’s by-product, water.
Since its adoption by the space program, fuel cell technology has received much
attention from industry and government and is widely regarded as the next generation of
clean energy alternatives. With the amount of interest in fuel cell technology expanding
exponentially, billions of dollars have been invested in fuel cell technology research and
development of commercial application in transportation, stationery power generation
and portable electrical devices.
Fuel cells used in portable applications are expected not only to provide high
energy density and long operating time beyond that of advanced batteries [5], but also to
offer the convenience of instant recharging. With fuel cells, it is also easy to increase the
power density instead of stacking many heavy batteries in a bulky, complex power
system. Additionally, batteries need time to recharge, but a fuel cell never “runs down”
as long as the fuel is continuously provided.
Hydrogen proton exchange membrane fuel cells (PEMFCs) and DMFCs are
presently considered to be the two primary types of fuel cells for portable applications.
Compared to the hydrogen PEMFC, the DMFC has further advantages, such as easier
fuel delivery and storage, no cooling and humidification needs, and simpler system
design. Methanol is liquid at room temperature and pressure, which means it can be
easily stored in the fuel container and safely transported. This liquid-feed feature in the
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DMFC system helps to humidify the membrane and hence exhibit high conductivity, and
cool down the whole system more efficiently compared with gas-fed hydrogen PEMFC.
Therefore, DMFC systems are more compact and easier to maintain than hydrogen
PEMFC systems.

1.2 Fundamentals of Direct Methanol Fuel Cells

1.2.1 The Chemistry of DMFCs

As explained, a DMFC is an electrochemical cell that generates electricity based
on the oxidation of methanol and reduction of oxygen. Figure 1-1 illustrates the cell
schematic and species transport processes in a DMFC.
On the anode side, an aqueous methanol solution of low molarity acts as the
reducing agent that traverses the anode flow field. Once inside the flow channel, the
aqueous solution diffuses through the backing layer, comprised of carbon cloth or carbon
paper, and comes into contact with the anode catalyst layer, which normally uses
supported or unsupported Platinum-Ruthenium (Pt-Ru) catalyst.

The backing layer

collects the electrons generated by the oxidation of aqueous methanol and transports the
electrons laterally to lands in the flow field, providing electricity to drive the external
load. The global oxidation reaction occurring at the Pt-Ru catalyst of the anode is given
by

CH 3OH + H 2O = CO2 + 6 H + + 6e −

1-1
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As shown in Eq. 1-1, the methanol molecule breaks into carbon dioxide, protons
and free electrons in the presence of the anode catalyst. Carbon dioxide generated from
the oxidation reaction emerges from the anode backing layer as bubbles and is removed
via the flowing aqueous methanol solution. The protons will bond with a water molecule
on the membrane surface, forming a hydronium ion (H3O+), which travels through the
membrane electrolyte to the cathode.
On the cathode side, air is fed to the flow field and oxygen in the air is transferred
through the backing layer and comes into contact with the catalyst layer, with higher
Platinum (Pt) loading than in hydrogen PEMFC so as to mitigate the oxidation effect of
crossover methanol through the membrane from the anode. Combined with hydrogen
protons that travel through the membrane and electrons by the external circuit, oxygen is
consumed to generate water at the Pt catalyst sites. The reduction reaction taking place
on the cathode is given by
3
O2 + 6 H + + 6e − = 3H 2O
2

1-2

These two electrochemical reactions above can be combined into one overall cell
reaction as
3
CH 3OH + O2 = CO2 + 2 H 2O
2

1-3

1.2.2 The Polymer Electrolyte Membrane

The membrane used in the DMFC is actually a polymer. It not only separates the
anode and cathode electrodes, acting as an electrical insulator, but also allows ions to be
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transferred from one side to the other, acting as a short bridge, when well saturated by
water.

Although individual companies produced their own proprietary polymer

electrolyte membranes, the common trait is the use of sulphonated fluoropolymers,
usually fluoroethylene. Among those membranes, Nafion (® Dupont) is the best known
and most widely applied by most research labs and industries, such as Los Alamos
National Laboratory, Electrochemical Engine Center at Penn State University, MTI
MicroFuel Cell Inc, and etc.
As showed in Figure 1-2 [6], polytetrafluoroethylene (or PTFE) chains, also sold
as Teflon, form the backbone of the membrane. Attached to PTFE chains are side chains
ending with sulphonic acid (HSO3) groups. The bonds in the HSO3 groups are ionic, thus
the end of the side chain is actually SO3- ion. An interesting feature of this material is
that the long PTFE chains are hydrophobic (water-repelling), yet the sulphonate side
chains are highly hydrophilic (water-attracting).
The hydrophilic chains must absorb large quantities of water to maintain adequate
conductivity of the membrane. Within the hydrated region, the H+ ions are relatively
weakly attached to the SO3- group, and thus are able to move around. Figure 1-3 [6]
illustrates such “micro-phase separated morphology,” in which the hydrated regions must
be as large as possible in order to allow H+ ions to move easily through the molecular
structure.
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1.2.3 The Cell Voltage

The equilibrium electrical potential of the DMFC can be determined by the
change of standard Gibbs free energy in the reaction equations 1-1, 1-2 and 1-3. Based
on thermodynamic data [7], the change of standard Gibbs free energy in the anode is
shown as follows,
∆g ao = ( g of ) CO2 − ( g of ) MeOH − ( g of ) H 2O
1-4

= −394.38 − (−166.29) − (−237.18)
= 9.09 kJ/mol
Thus the anode standard potential can be calculated by
U ao =

− ∆g ao
− 9.09 kJ / mol
=
= −0.016 V
6F
6 × 96485 C / mol

vs.

SHE

1-5

Similarly, we have cathode standard potential as
U co =

− ∆g co
711.54 kJ / mol
=
= 1.229 V
6F
6 × 96485 C / mol

vs.

SHE

1-6

The theoretical equilibrium potential of the DMFC can thus be determined by the overall
change in Gibbs free energy,
∆U =
o

− ∆g o
6F

=

702.45 kJ / mol
= 1.213 V
6 × 96485 C / mol

vs.

SHE

1-7

This ideal cell voltage of DMFC is about the same as hydrogen PEMFC, 1.23V in
identical conditions (25oC, 1atm). However, there are many other factors leading to a
much lower operating cell voltage of practical DMFCs, compared with hydrogen
PEMFCs. As shown in Figure 1-4, the primary losses in the cell voltage are:
•

Fuel crossover and internal current. In DMFCs, the actual open circuit
voltage is much lower than the thermodynamic value of 1.21V, largely due to
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fuel crossover through the membrane.

Crossed-over methanol does not

release its electrons at the anode catalyst, but reacts with oxygen at the
cathode catalyst directly, leading to a large mixed cathode potential.
Methanol crossover is an important topic in DMFCs and will be fully
elaborated in the section on methanol transport in the next chapter.
•

Activation loss. This is dictated by slow methanol oxidation kinetics at the
anode as well as oxygen reduction kinetics at the cathode. A portion of the
thermodynamic cell potential, expressed in Eq. 1-7, is lost in order to drive the
chemical reaction that transfers the electrons to or from the electrodes. A
DMFC suffers this voltage loss second only to the low open circuit voltage
caused by methanol crossover.

•

Ohmic losses. These losses are resistances to the electric current through the
various components of the DMFC, including ohmic resistance of the electrode
materials, protonic resistance of the electrolyte, and contact resistances at
interfaces of mating components. The potential drop due to ohmic losses is
directly proportional to the operating current density.

Due to the well

hydrated polymer electrolyte in the DMFC, the ohmic losses are relatively
small.
•

Mass transport losses.

This voltage drop results from the concentration

change of reactants at surfaces of catalyst layers during reactions.
Specifically, either oxygen supply is insufficient at the cathode catalyst due to
mass transport resistance and/or presence of liquid water, or methanol may be
inadequately transported through the porous anode backing because of low
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mass diffusivity in liquids, thus leading to shortage of methanol at the anode
catalyst. These mass transport losses cause a dramatic drop in cell voltage at
high operating current density because of the large rate of reactants needed.

1.2.4 Cell Efficiencies

The total energy efficiency of the DMFC, η , is determined by the theoretical
thermodynamic efficiency, voltaic efficiency and fuel efficiency, shown as

η = η thη voltη fuel

1-8

where the thermodynamic efficiency, η th , defined as the ratio of maximum possible
electrical work to the total chemical energy, can be written with the standard Gibbs free
energy and standard enthalpy of the reaction as
∆g o
η th =
× 100%
∆h o

1-9

and
∆h o = (h fo ) CO2 + 2(h fo ) H 2O − (h fo ) MeOH
= -393.5 + 2 × 285.8 + 238.7
= -726.4kJ/mol

1-10

Therefore, the theoretical thermodynamic efficiency of a DMFC is calculated as 96.7% at
25oC.
The practical energy efficiency, however, is much lower after accounting for
voltage and fuel losses. The voltaic efficiency, η volt , is defined as the ratio of the actual
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electric work to the maximum possible work, or the actual cell voltage divided by the
theoretical equilibrium potential, i.e.

η volt =

Vcell
× 100%
∆U o

1-11

For example, if the cell is running at 0.4V, then the voltaic efficiency is only 33%. This
low efficiency is caused by substantial overpotentials existing in both anode and cathode
of the DMFC.
In addition, not all the fuel consumption in a practical DMFC contributes to
power generation and some must always pass through the membrane. The fuel efficiency
can then be defined as

η fuel =

i
i + i xover

1-12

where i and ixover stand for the current density of the cell and parasitic current density at
the cathode which is caused by methanol crossover, respectively.
Considering a DMFC running at 0.4V with fuel efficiency of 80%, the overall
efficiency of the DMFC may be calculated as

η = 96.7% ×

0.4
× 80% = 25.6%
1.213

1-13

This means that 25.6% energy of the fuel in the DMFC is converted to electric
energy, while the other 74.4% energy is released from the cell in the form of waste heat.
It is obvious that the lower the cell voltage, the lower the energy efficiency and the more
chemical energy is released in the form of waste heat. Therefore, in order to achieve
higher energy conversion efficiency, one must minimize methanol crossover so as to
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maintain high fuel efficiency as well as operate the cell at higher voltages with better
voltaic efficiency in the portable DMFC.

1.3 Technical Challenges of DMFC for Portable Power

In order to be competitive with batteries, a portable DMFC system must show
higher energy density in Wh/L, which is the first and foremost property.

This

requirement entails overcoming several significant technical challenges.
First, the low anode methanol oxidation kinetics and methanol crossover through
the polymer membrane affect cell performance greatly, especially under almost ambient
operating conditions characteristic of portable power. To deal with this challenge, the
ongoing research work includes material efforts, such as searching for a more reactive
anode catalyst for improved electrochemical kinetics and a more stable cathode catalyst
for stronger resistance to poisoning from parasitic methanol reaction in the cathode
catalyst, as well as better mass transport control to reduce methanol crossover.
Innovative water management is highly desirable for the requirement of both high
energy density and simplicity of portable power.

The external water recycling

mechanism in a conventional DMFC is incompatible with portable electronics due to the
existence of a water pump and condenser, which not only consume extra power from the
power source, but also lead to a more bulky system that is difficult to maintain.
Therefore, an efficient water control scheme without the use of additional devices is a
must in the portable DMFCs, for example, an internal water transport method will be
discussed in detail in the section on water transport in the next chapter.
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Heat management is another important issue for the portable DMFC system.
Although elevated temperature helps to improve cell performance by promoting the
electrochemical kinetics and mass transport of reactants, it has a serious negative effect
on cell operation under portable conditions. For example, water transport characteristics
strongly depend on the operating temperature in air-breathing DMFC systems without the
external water circulation devices. If too much water evaporation occurs due to higher
temperature, the cell might dry out and cease to work eventually. Thus, an optimized
temperature control scheme should be achieved by means of a good sensing and control
system.
In addition, such a DMFC portable system should have a price attractive to
consumers for commercialization. The cost of current DMFC systems is still high mainly
caused by the use of precious metals used as catalysts, such as Pt and Ru, which comprise
about 70% of the total fuel cell cost [8]. Therefore, without compromising performance,
lower catalyst loading and less expensive cell components should be further explored.

1.4 Literature Survey on DMFC Research

Developing high performance DMFCs is a key point for portable DMFC power
systems, one that requires a better understanding of the physical processes in the DMFC.
Early DMFC research concentrated both experimentally and theoretically upon the first
two main issues vital to DMFC performance, methanol oxidation kinetics and mass
transport limitation/methanol crossover, by studying the basic electro-catalysis and
membrane electrolyte materials of the DMFC.
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Burstein et al. [9] pointed out that the cell performance is limited by anode
kinetics due to its low exchange current density and high Tafel slope. Wasmus and
Kuver [10], and Hamnett [11] studied the mechanism of electro-catalytic oxidation of
methanol at the anode. For the anode catalyst, Dinh et al. [12] explored three different
unsupported Pt-Ru structure samples and strongly suggested the Pt:Ru ratio of 1:1 for
higher DMFC anode activity. Others [13-15] also investigated several materials other
than Pt-Ru in order to improve performance and decrease the amount of the noble
materials used in the DMFC.
Concerning the methanol crossover phenomena, Narayanan et al. [16] and Ren et
al. [17] measured the methanol crossover flux with different membrane thickness and
showed that methanol crossover is mainly caused by diffusion due to crossover rate
inversely proportional to membrane thickness at some given operating current density.
Wang et al. [18] analyzed the chemical composition of the cathode effluent of a DMFC
with a mass spectrometer. They found that methanol crossing over the membrane was
completely oxidized to carbon dioxide at the cathode in the presence of Pt catalyst.
Hikita et al. [19] determined the amount of methanol crossover by continuously
measuring the concentration of species in the exhaust gas of the cathode in their
experiments.

Their data using different membrane thickness and methanol feeding

concentrations showed that cell performance at closed circuit was affected by the
methanol crossover rate but not significant in the case of adequate oxygen supply.
Focusing on small scale DMFC system design and study for portable power,
much more research has been done to date, especially under the low operating
temperature and near ambient pressure conditions. By incorporating all the basic parts of
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a large-scale DMFC, Kelly et al. [20] designed a miniaturized DMFC via standard microelectromechanical systems (MEMS) and microelectronic fabrication techniques. Mench
et al. [21] presented a design of a micro-DMFC system that consisted of twenty cells with
a total volume of 1cm3 and total power of 0.5-1W. An interesting feature of this microDMFC system was that the entire DMFC was pump-less operation, self-activated by
electrochemical reactions. Narayanan et al. [22] developed their own miniature DMFC
system aiming at low-power portable application, such as cellular phones. Bostaph et al.
[23] preliminarily studied the microfluidic delivery of methanol in a 100mW DMFC by
experiments as well. From the system point of view, Dyer [24] claimed great prospective
future for fuel cells as portable power, after comparing portable fuel cell power with
conventional batteries in terms of energy density, technological feasibility, and associated
safety and manufacture cost.
In recent DMFC studies, other research directions have been explored as well.
Optimization of the gas diffusion layer (GDL) for the cathode has been repeated to
improve DMFC performance. As early as 1996, Paganin et al. [25] studied the relation
between PTFE loading and electrode performance and concluded that the best
performance could be obtained with a GDL containing 15 wt.% PTFE. Similar results
were obtained by Lufrano et al. [26].

Antolini et al. [27] successfully increased

performance by altering the amount of PTFE near the interface between the GDL and
catalyst layer. However, all these experiments were only able to produce improved
performance by qualitatively changing hydrophobic/hydrophilic material contents,
without quantification of the underlying physics of flow transport in the porous GDL and
reactant flow channels.
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Besides the effect of wettability of porous medium as GDL, pore size has also
been shown to influence electrode performance. Jordan et al. [28] presented that the
GDL with smaller pore size showed better performance after comparing two different
types of carbon GDL with the same PTFE loading. Passalacqua et al. [29] made similar
conclusions by comparing several GDL layers of different porosities.

In their

experiments, they obtained higher cell potential at high current density by increasing the
specific pore volume of the carbon, in other words, by decreasing pore radius. Lim and
Wang [30] attempted to compile a database of material properties which can be used as a
background for initiation of a more fundamental study. Visualization of two-phase flow
in the anode of the DMFC was accomplished by Argyropoulos et al. [31], and Lu and
Wang [32]. However, none of these experiments quantitatively described two-phase flow
phenomena in the DMFC. As a result, such two-phase flow management will continue to
be a major issue for high performance and operational stability of the DMFC.
In parallel with experimental research on DMFCs, various mathematical models
were also developed in an attempt to achieve a deeper understanding of fundamental
limitations in the DMFC. Wang and Savinell [33] first discussed the effects of the vaporfeed anode catalyst layer structure on cell performance by using a macro-homogeneous
model to describe the reaction and transportation in the catalyst. Assuming single-phase
processes only in DMFC’s anode, Baxter et al. [34] presented a one-dimensional
isothermal mathematical model for liquid-feed DMFCs in the steady state, mainly
focused on the anode catalyst layer.

Based on a two-dimensional DMFC model,

Kulikovsky et al. [35,36] numerically studied both current density distributions by
comparing the conventional and a new current collector in a vapor-feed DMFC and
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methanol transport through the liquid phase in a liquid-feed DMFC. However, methanol
crossover phenomena were ignored in both publications.

Scott et al. [37,38] also

developed several single-phase models to study the transport and electrochemical
processes in liquid-feed DMFC and showed cell performance was limited by the slow
diffusion of methanol in liquid. Although all these numerical simulations dealt with
some kind of physical problems in the transport and electrochemical processes of the
DMFC, they could not actually reflect the realistic physical nature of transport schemes
since they did not treat the dominating two-phase flow effects in DMFCs.
Wang et al. [39] were the first to successfully apply a multi-phase mixture (M2)
modeling framework of Wang and Cheng [40] to simulate two-phase flow and transport
in the air cathode of a PEMFC and demonstrated that capillary action is the dominant
mechanism for liquid water transport inside the two-phase zone of a hydrophilic
structure. Later, this model was extended for a DMFC by Wang and Wang [41] and
simulation results showed the importance of the gas-phase transport of methanol in the
two-phase GDL. Further application of the M2 model to predict flooding in hydrogen
PEMFCs was recently reported by Pasaogullari and Wang [42]. Although the two-phase
DMFC model of Wang and Wang [41] yielded physical insight into the DMFC for the
first time, it does not consider water and heat transport, two of the most important
physical processes to portable DMFCs.
The significance of water transport in a DMFC has been overlooked for many
years but recently discovered by Lu et al. [43]. Preventing excessive water crossover
through the membrane causing water loss in the anode and flooding in the cathode, a
novel membrane electrode assembly (MEA) design of a DMFC based on Nafion 112 and
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a cathode GDL coated with a microporous layer (MPL) can generate a stable power
density of 56mW/cm2 at 60oC and ambient air conditions, while a net water transport
coefficient through the membrane was only 0.64 compared to a typical value of 3 for
Nafion 117 membranes. In addition, the fuel efficiency ranged from 74-92%. This low
water transport coefficient MEA design pointed to a great potential to use high
concentration methanol as fuel, which is helpful to improve the overall energy density,
and to eliminate or miniaturize the external condenser in a portable DMFC system.
Heat management of the portable DMFC applications has not yet been
extensively studied due to its complexity. For example, Argyropoulous et al. [44,45]
presented a one-dimensional thermal model for DMFC stacks and predicted the
temperature profile, while Dohle et al. [46] investigated water vaporization in the cathode
on the heat management of a DMFC system. In both research works, cell performance
data independent of the temperature evolution in the cell were presented in the steady
state. The transient performance related to the temperature was not predicted due to the
uncoupled thermal model.
The transient response of a DMFC is of paramount importance when it is used for
portable power applications. Argyropoulos et al. [47] evaluated the effect of the loading
pattern and operating conditions on the cell’s response time and performance. They
concluded that the transient performance improvement could be more significant and
rapid than that under steady state operation. To simulate such transient behavior of the
dynamic response, Simoglou et al. [48,49] developed an empirical dynamic model based
on canonical variant analysis (CVA) to validate the experimental data and studied the
feasibility of the system scale problems based on this model. Although the model
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provided acceptable agreement and prediction on the transient response, it in fact had no
direct relation to the species transport processes occurring in the DMFC. In other words,
such a model has no further compatibility with the DMFC research because of the lack of
detailed physical transport processes considered. Additional numerical modeling work
by Sundmacher et al. [50] analyzed the relation between the anode transport and transient
performance and the simulation results showed good agreement with experimental data.
However, such simulation was only based on single-phase transport and applied in the
one-dimensional domain of the DMFC.

1.5 Purposes of the Present Study

Despite the fact that much investigative effort has been made on the DMFC
system, both experimentally and theoretically, considerable work remains. A number of
physicochemical phenomena take place in the portable DMFC, including species, charge
and momentum transfer, multiple electrochemical reactions, and gas-liquid two-phase
flow in both anode and cathode. All these processes are intimately coupled, resulting in a
need to search for optimal cell design and operating conditions. A good understanding of
these complicated, interacting phenomena is thus essential and can most likely be
achieved through a combined mathematic modeling and detailed experimental
diagnostics. It is apparent that several technical challenges for portable DMFC systems
in Section 1.3 require a full understanding of methanol, water and heat transport
processes occurring in the DMFC and their interactive effect on cell performance. Also,
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mathematic modeling provides a useful tool for the optimization of cell design and
operating conditions.
Specifically, the objective of this study is to fully investigate the detailed species
transport, heat transport and their interactive effects on cell performance in a DMFC
designed for portable power, via numerical modeling, starting from a basic two-phase
theory in porous media.

To deal with these intricate transport phenomena, several

numerical models of various sophistication and for capturing different physicochemical
phenomena have been developed and limited experimental validation attempted in this
study, as follows.
Based on the species flux analysis, a one-dimensional (1D), two-phase model of
DMFC is developed for the first time for interpreting basic physics of the DMFC,
including species transport, electrochemical reactions and thermal management
altogether. The model can be applied to specific cell structure with relatively simple
numerical implementation.
Under different operating conditions, 1D model predictions are validated against
available experimental data, including polarization curves, water and methanol crossover
rates. Based on the simulation results, the 1D model is helpful to find the optimal
operating conditions and material properties, as well as to suggest new species crossover
control structure for the portable DMFC. Moreover, the tightly interactive relationship
among the transient temperature, cell voltage, methanol crossover and energy efficiency
profiles is expected to be disclosed by the 1D model with coupled lumped thermal model.
To gain more fundamental insight, such as local species concentration and current
density distributions, a comprehensive multi-dimensional (multi-D) model is presented
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that considers two-phase species transport, proton and electron transport throughout the
entire domain of the portable DMFC. All the governing equations are tightly coupled
and solved simultaneously.
The multi-D model is successfully implemented into commercial software,
Fluent, using user-defined functions (UDFs).

Simulation results will be discussed,

focusing on the geometrical effect on methanol, water and oxygen concentration
distributions in the multi-D domain and their effect on the local current density
distribution.
In addition, sub-models of electron transport and GDL interfacial liquid coverage
will be developed further based on the multi-D model framework in order to investigate
electronic transport effect on the operating current density and cathode liquid saturation
effect on the water transport in the portable DMFC.

Combined with an accurate

interfacial coverage model from experiment measurements, an optimal water balance
between the anode and cathode can be possibly achieved for the use of high concentration
methanol as fuel, without sacrificing cell performance.
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Figure 1-1: Schematic of a direct methanol fuel cell and illustrated species transport in it.
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Figure 1-2: Structure of a perflurosulphonic acid polymer electrolyte [6].
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Figure 1-3: Micro structure of the persulfonic acid showing water collected around the
clusters of hydrophilic sulphonate side chains [6].
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Figure 1-4: Schematic of DMFC polarization curve [51].

Chapter 2
PHYSICS OF TWO-PHASE FLOW AND TRANSPORT IN A DMFC

2.1 Introduction

High performance of the portable DMFC is dictated by the methanol, water and
heat transport processes occurring in it. Prior to detailed derivation of comprehensive
mathematical models for the portable DMFC, concepts of two-phase flow in porous
medium, and physics of two-phase species transport and heat transport in the portable
DMFC are described in this chapter.

2.2 Concepts of Two-Phase Flow in a Porous Medium

As porous materials, both backing layers (or GDLs) and catalyst layers are
important components in the DMFC. The primary purpose of a backing layer is to
provide lateral current collection from the catalyst layer to the lands as well as optimized
reactant distribution to the catalyst layer through diffusion. It must also facilitate the
transport of products (i.e. CO2 or H2O) out of the catalyst layer. The latter function is
usually accomplished by adding a coating of hydrophobic polymer PTFE to the backing
layer, which allows the excess water in the cathode catalyst layer to be expelled from the
cell by the gas flowing inside the channel, thereby alleviating flooding.
Figure 2-1 [51] displays scanning electron microscopy (SEM) images of GDLs in
the DMFC, one made of carbon paper and the other of carbon cloth. It is clear that the
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GDL is a microscopically complex fibrous structure with a distribution of pore sizes
ranging from a few microns to tens of microns. Therefore, while the pore size, porosity,
and permeability are important GDL parameters for single-phase flow, the surface
contact angle and liquid retention are of paramount importance to two-phase flow and
transport within a porous medium that is governed not only by viscous forces but also by
capillary forces due to the surface tension of liquid-gas interfacial meniscus present
within GDL pores. Definitions of important concepts relevant to two-phase flow and
transport in porous media follow next.

2.2.1 Liquid Saturation

Saturation is defined as the volume fraction of the total pore space occupied by
that fluid. So, liquid saturation, s, is defined as
s=

εl
ε

2-1

where ε stands for the porosity of the porous medium.
Saturations vary from zero to unity and saturations of all phases add up to unity.
Then, in the liquid and gas two-phase zone, gas phase saturation can be easily known as
1 − s . Liquid saturation geometrically quantifies the liquid phase distribution in a porous

medium and thus influences the resistance to the flow of both phases. It is a very
important parameter on which two-phase transport properties, such as capillary pressure
and relative permeability, depend.
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2.2.2 Contact Angle

Spreading of liquid on the surface of a porous medium is governed by the wetting
characteristics of the material. On some surfaces, the liquid tends to spread or shows a
drop-like shape. To quantitatively measure such wetting of the porous material by a
fluid, contact angle, θ , is defined as the angle between the liquid-gas interface and the
solid surface measured at the triple point where all three phases intersect. A detailed
contact angle study has been carried out by Lim and Wang [30], as shown in Figure 2-2.
For contact angles smaller than 90o, the surface is hydrophilic while for contact angles
greater than 90o, the surface hydrophobic. For example, the contact angle for water on a
PTFE flat surface is roughly 110o (thus hydrophobic) at room temperature whereas water
on the carbon surface is close to 0o (thus hydrophilic).

2.2.3 Capillary Pressure

The capillary pressure, formally defined as the difference between gas and liquid
phase pressures (Eq. 2-2) resulting from the curved meniscus interface, thus plays a
fundamental role in two-phase flow and phase distribution in a porous medium.
pc = p g − pl

2-2

Capillary pressure, pc , can be negative or positive according to the wettability of
a surface. In hydrophobic porous media, for example, the capillary pressure is negative
and thus the liquid phase pressure is higher than the gas phase pressure, whereas in
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hydrophilic porous media, the capillary pressure is positive and the gas phase pressure is
higher than the liquid phase.

pc < 0 ⇒ p g < pl for hydrophobic
pc > 0 ⇒ p g > pl

2-3

for hydrophilic

The gradient of the capillary pressure is the driving force of two-phase flow in
capillary porous media, shown in Figure 2-3. If the gas phase pressure could be assumed
to be nearly constant due to very low gas viscosity, the capillary pressure gradient
becomes equivalent to the liquid phase pressure gradient.

As the condensed water

accumulated in the pores, the liquid phase pressure would increase accordingly.
Therefore, a liquid pressure gradient forces liquid flow from a higher pressure location to
a lower pressure location.
Capillary pressure is directly proportional to the interfacial tension and inversely
proportional to the radius of curvature, which in turn is dependant upon the pore size and
the phase saturation. In terms of a Leverett function J (s) [52], the two-phase capillary
pressure can be expressed as

pc =

2σ cosθ
J ( s)
r

2-4

where J (s ) is given by the following relations,
⎧1.417(1 − s ) − 2.120(1 − s ) 2 + 1.263(1 − s ) 3 θ < 90 o
J (s) = ⎨
1.417 s − 2.120 s 2 + 1.263s 3
θ > 90o
⎩

2-5

Note that although the Leverett function in Eq. 2-5 is originally used for research
work on the permeation in the soil, it is widely used in two-phase species transport of the
fuel cell modeling work and predicts reasonable results.

Numerically, the Leverett
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function is the dimensionless capillary pressure as a function of the liquid saturation, s ,
showing different expressions for different porous media. In hydrophilic media, the
wetting phase is liquid phase, and thus the gas phase saturation is used in the Leverett
function, whereas the liquid phase saturation is used in the hydrophobic media because
the wetting phase is the gas phase.

2.2.4 Relative Permeability

In simultaneous two-phase flow, the available pores are shared by both liquid and
gas phases. Thus, the effective cross-sectional area of the pore space available for each
phase is less than the total. In order to account for such effect, relative permeability, k r ,
is defined as the ratio of the intrinsic permeability for a phase at a given saturation to the
total intrinsic permeability of the porous medium [40].

In this study, the relative

permeability of liquid and gas phases is given in Eq. 2-6.
k rl = s 3 ;

k rg = (1 − s ) 3

2-6

2.3 Two-Phase Species Transport in DMFC

2.3.1 Methanol Transport

Methanol transport is critical to the performance of the DMFC. Unlike hydrogen
in the PEMFC, methanol is in liquid state under room temperature, which leads to highly
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complicated two-phase flow phenomena on the anode side of the DMFC, with gas carbon
dioxide generated by the methanol oxidation reaction (MOR) in the anode catalyst.
The ensuing two-phase flow actually has two-fold effects on the methanol
transport at the anode side. On one hand, If CO2 bubbles cannot be removed efficiently
from the surface of the backing layer, they remain, covering the backing surface and then
decreasing the effective mass transfer area.

In addition, flow blockage results,

particularly in channels of small dimensions as required in compact portable fuel cells
with maximum volumetric power and energy densities, as showed in Figure 2-4 [56]. If
either case occurred, it would lead to serious deterioration of cell performance due to the
methanol transport limitation, or even shut down the fuel cell.
On the other hand, such two-phase flow may be helpful to methanol transport
through the anode backing layer. With the gas bubbles appearing in the porous medium
of the anode backing layer, methanol gas upon evaporation would more easily travel
through the porous medium by diffusion than liquid methanol. Although the amount of
the gas phase methanol is very small compared with that in liquid, the diffusivity of
methanol gas is 4 orders magnitude higher than the liquid. Therefore, the transport rates
of both liquid and gas phase methanol may be comparable. In other words, both phases
of methanol transport may play very effective roles in the net mass transport, depending
on local liquid saturation.
Due to the inability of the commonly-used perfluorosulfonic acid (PFSA)
membrane to prevent methanol from permeating its polymer structure, methanol
crossover is one of the most serious technical obstacles for DMFC technology. Diffusion
and electro-osmotic drag are the prime driving forces for methanol crossover through the
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polymer membrane and eventual reaction with platinum catalyst sites at the cathode,
leading to a mixed cathode potential. This mixed potential at the cathode causes a
decrease in cell voltage and methanol reaching the cathode also results in a decreased fuel
efficiency, thus lowering the energy density.
Applying thick membranes with low methanol crossover would surely increase
cell performance and fuel efficiency. Alternatively, a compact microporous layer (MPL)
can be added in the anode backing by modifying the backing structure to create an
additional barrier to methanol transport, thereby reducing the rate of methanol crossing
over the polymer membrane [51]. Both practices to control methanol crossover by
increasing mass resistance, either in the anode backing or in the membrane, can be
mathematically formulated by a simple relation existing between the crossover current,
i xover , and anode mass-transport limiting current, ia ,lim . That is,
i xover = i xover ,oc (1 −

i
ia ,lim

)

2-7

where i xover , oc is the crossover current at open circuit. In the approach using thick
membranes, ixover ,oc is low and hence low methanol crossover current density, i xover . In
the other approach using a barrier in the anode backing, the anode limiting current, ia , lim
is low. If making i xover , oc a significant fraction of ia , lim , then i xover is also low as can be
seen from Eq. 2-7. There are two additional advantages of the latter cell design. One is
that more concentrated fuel can be used thus leading to much higher energy density of the
DMFC system. Secondly, the design permits use of thin membranes such as Nafion 112,
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which greatly facilitates water return from the cathode to anode, thus addressing another
major challenge of portable DMFC to be discussed in the next subsection.

2.3.2 Water Transport

Water transport emerges as a new significant challenge for portable DMFC
systems. Constrained by the methanol crossover problem, the anode fuel solution has
been very dilute, meaning that a large amount of water needs to be carried in the system
and therefore reducing the energy content of the fuel mixture. In addition, for each mole
of methanol, one mole of water is needed for methanol oxidation at the anode and 2.5x6
moles of water are dragged through a thick membrane such as Nafion 117 towards the
cathode, assuming that the electro-osmotic drag coefficient of water is equal to 2.5 per
proton. This then causes 16 water molecules to be lost from the anode for every mole of
methanol. Water in the anode must therefore be replenished. On the other hand, inside
the cathode, there are 15 water molecules transported from the anode and 3 additional
water molecules produced by consuming six protons generated from oxidation of one
methanol. Presence of a large amount of water floods the cathode and reduces cell
performance. The difficult task of removing water from the cathode to avoid severe
flooding and supplying water to the anode to make up water loss due to electro-osmotic
drag through the membrane is referred to as innovative water management.
The conventional method for water transport control is to employ a high cathode
gas flow rate (high stoichiometry) to prevent flooding in the cathode. This strategy not
only increases parasitic power consumption but also removes excessive water from the
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cell, making external water recovery more difficult. How to minimize water removal
from the cathode and subsequent recovery externally to replenish the anode without
causing severe cathode flooding becomes an important engineering issue. The ideal goal
of water transport, “water neutral state” [53] is elaborated below.
To get rid of the cumbersome external water recovery system, an innovative idea,
internal water transport control, provided a better water balance solution. The basic
principle of such internal water balance is to carefully control the net water flux through
the membrane, including water electro-osmotic drag, water diffusion in the backing layer
and water generation and consumption in catalyst layers. Finally, no extra water, except
for the product water of the cell overall reaction, is lost from the cell nor is additional
water required for input into the DMFC system. Therefore, such an ideal internal water
transport condition is called “water neutral state”.
A simple numerical expression is used below to describe the water neutral state
by using the net water transport coefficient through the membrane, shown in Figure 2-5.
The net water transport flux through the membrane, N mH 2O , is defined as
N mH 2O = α

i
F

2-8

where α is the net water transport coefficient and F Faraday constant.
From Figure 2-5, it is clear that the water supply flux in the anode, N aH 2O , would
be zero, when α equals −

1
, which is just the ideal water neutral state. In other words,
6

neither is additional water needed in the anode reaction from the anode feed, nor is extra
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water expelled from the cathode except for the net water generation from the cell
reaction.
Towards the future realization of “water neutral state”, low- α MEAs are highly
desirable from the water management standpoint as the anode does not require an
excessive amount of water and, in conjunction with the methanol transport barrier
concept suggested in last subsection, it becomes possible to use highly concentrated
methanol fuel in the anode. In addition, the cathode is less susceptible to severe flooding
and there is less need for water recovery from the cathode effluent, eliminating or
shrinking the condenser in a portable system. Based on the theory of liquid water
transport in PEFCs [54,55], a unique MEA structure, as shown in Figure 2-6 [51], which
utilizes the MPL to build up the hydraulic pressure on the cathode side and then a thin
membrane (i.e. Nafion 112) to promote water hydraulic permeation by the hydraulic
pressure difference from the cathode to anode. Such MEAs exhibit extraordinarily low

α and hence are generally termed low- α MEA technology [51].
Practical water management for the portable DMFC system may be achieved by a
hybrid method including both external circulation system and internal water balance
control mechanism. The detailed water transport will be simulated by mathematical
models in the subsequent chapters.

2.3.3 Heat Transport

Heat transport in a DMFC is intimately tied to water and methanol transport
processes. First, heat generation in the DMFC is much higher than in the hydrogen
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PEMFC due to a much lower energy efficiency (only 20-25% when the cell is operated
between 0.3-0.4V).

That is, for a 20W DMFC system, 60-80W of waste heat is

produced. The waste heat is typically removed from DMFC by liquid fuel on the anode
side and by water evaporation on the cathode side. The latter also determines the amount
of water loss from a portable DMFC and the load of water recovery by an external
condenser. Therefore, while a higher cell temperature promotes the anode MOR, it may
not be practically feasible from the standpoint of water evaporation loss. Moreover, the
higher cell temperature increases the methanol crossover rate, thereby reducing the fuel
efficiency and the system energy density.
Therefore, the strong coupling of thermal transport with species transport, and
thus related to the cell performance, is expected to make comprehensive mathematical
modeling very difficult.

In addition, practical heat transport modes may be quite

different from system to system. Controlling heat transport mechanisms highly depend
on the practical systems, including structure designs, materials used and heat dissipation
methods. In this study, a general heat transport equation is developed for conventional
portable DMFC systems.

With further modification, it can be applied to practical

systems according to the specific physical structures and components.

2.4 Summary

The fundamental transport processes of methanol, water and heat occurring in a
portable DMFC have been elucidated in detail, along with definitions of two-phase flow
concepts in the porous medium. The strongly interactive and complicated interplay
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among these transport processes, such as methanol two-phase transport, methanol
crossover, low water crossover and heat transport, and their effects on cell performance is
of fundamental interest for portable DMFC systems. This is an area where the present
thesis attempts to lay a first foundation for future DMFC modeling research to grow and
evolve into an important tool to design portable DMFC systems.
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(a)

(b)

Figure 2-1: SEM micrographs of (a) carbon paper, and (b) carbon cloth [51].
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Figure 2-2: Liquid water droplet on GDL at 70ºC in sessile drop measurement of contact
angles [30].
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Figure 2-3: Capillary pressure profiles in terms of the liquid saturation in the hydrophilic
and hydrophobic porous media.
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Figure 2-4: Schematic of methanol, water and carbon dioxide transport in the DMFC
[56].
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Figure 2-5: One-dimensional schematic of water transport in a portable DMFC.
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Figure 2-6: Cross-sectional SEM micrograph of an anode backing layer, microporous
layer (MPL), and catalyst layer [51].

Chapter 3
ONE-DIMENSIONAL MODELING OF A DMFC

3.1 Introduction

Although species transport occurs in all three dimensions in a portable DMFC, it
is convenient and reasonable to first study the transport processes in one direction, i.e.
through the thickness of the cell, because species transport is most important along this
through-plane direction. Therefore, it is proper to develop a one-dimensional (1D) model
for investigating the basics of the DMFC as the first step.

3.2 Model Assumptions

The assumptions of the proposed 1D model are listed below.


The gas phase obeys the ideal gas law.



Electrolyte membrane is fully hydrated and thus, water content and ionic
conductivity in the membrane are all constants.



Species concentrations in the channel are assumed constant and thus, their
variations are ignored in the 1D model. The simulation domain includes
backing layers, catalyst layers for both anode and cathode, and the membrane.



The catalyst layers are simplified as infinitely thin interfaces between the
backing layers and the membrane due to the very small thickness compared
with backing layer and membrane.
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Methanol crossing over the membrane is completely consumed at the cathode
catalyst layer. In other words, the methanol concentration in the cathode
backing layer is zero.

3.3 Species Transport Equations

Conservation of three species, namely methanol, water and oxygen, is considered
here.

3.3.1 Species Balance

The 1D schematic of two-phase species flux analysis in the portable DMFC is
shown in Figure 3-1. According to mass conservation, we have the following species
flux relations, including methanol, water, oxygen and carbon dioxide, in both liquid and
gas phases,
MeOH
MeOH
N lMeOH + N gMeOH = N cons
,a + N m

3-1

MeOH
N mMeOH = N cons
,c

3-2

H 2O
N lH,a2O = N cons
+ N mH 2O

3-3

H 2O
N mH 2O + N prod
= N lH,c2O

3-4

2
N gCO2 = − N CO
prod

3-5

O2
N gO2 = − N cons

3-6
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where the positive direction of the species flux is defined from the anode to cathode. In
addition, the species consumption/creation rates due to the electrochemical reactions can
be expressed in the following.
In the anode catalyst, we have
H 2O
CO2
MeOH
N cons
,a = N cons = N prod =

i
6F

3-7

while in the cathode catalyst,
ic
4F
i
i
=
+ xover
2F
3F
i − i i xover
= c
=
6F
6F

O2
=
N cons
H 2O
N prod

MeOH
N cons
,c

3-8
3-9
3-10

where the cathode reaction current density, ic, is equal to (i + ixover).
Within the membrane, methanol transport is caused by electro-osmotic drag and
molecular diffusion, while water transport is driven by electro-osmotic drag, diffusion
and hydraulic permeation due to the hydraulic pressure differential between the anode
and cathode sides across the membrane. Their equations are thus given by
N

MeOH
| cata
i
MeOH c l
=n
+ Dm
δm
F
i
i
O
= ndH 2O + N mH,2diff
− N mH,2plO = α
F
F

MeOH
m

N mH 2O

MeOH
d

3-11
3-12

where α is the net water transport coefficient through the membrane, as defined in the
previous chapter.
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3.3.2 Methanol Transport Equation

The equation governing methanol transport through both phases in the anode
backing layer can be derived from the Stefan-Maxwell (S-M) multi-component diffusion
equation, given as

∇xi = ∑
h ≠i

xi N h − xh N i
cDi ,h

3-13

In the anode backing layer, the liquid phase transport occurs in a binary system
consisting of methanol and water. Thus, the mole fraction of liquid methanol can be
written as
∇x

MeOH
l

=

xlMeOH N lH,a2O − xlH 2O N lMeOH
ct ,l DlMeOH
,eff

3-14

where DlMeOH
stands for the effective diffusion coefficient through the liquid phase,
,eff
expressed in terms of porosity, liquid saturation and tortuosity, τ , as

DlMeOH
= DlMeOH (εs )τ
,eff

3-15

And, ct ,l is the total molar concentration of the aqueous methanol solution, or

ct ,l = clMeOH + clH 2O

3-16

Since summation of the volume fractions of methanol and water in the liquid is
equal to unity, it follows that

clMeOH M MeOH

ρ MeOH

+

Thus, one can determine ct ,l from clMeOH by

clH 2O M H 2O

ρH O
2

=1

3-17
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ct ,l = clMeOH +

ρH O
2

M H 2O

(1 −

clMeOH M MeOH

ρ MeOH

)

3-18

For the binary system of methanol and water in the liquid, we have
xlMeOH =

clMeOH
and xlH 2O = 1 − xlMeOH
c t ,l

3-19

Substituting the above in the diffusion equation for liquid methanol, Eq. 3-14 yields
∇clMeOH =

clMeOH N lH,a2O − (ct ,l − clMeOH ) N lMeOH
ct ,l DlMeOH
,eff

3-20

or
N

MeOH
l

=

MeOH
clMeOH N lH,a2O − ct ,l DlMeOH
, eff ∇c l

ct ,l − clMeOH

3-21

It can be seen from Eq. 3-21 that the methanol flux through the liquid is driven by
the gradient in the methanol molar concentration in liquid (i.e. the second term in the
numerator) as well as by the convective flow of water into the anode catalyst layer (i.e.
the first term in the numerator). The latter is normally neglected for dilute methanol
solutions, but must be considered when dealing with concentrated fuel solutions of
interest to portable application.
Similarly, the gas phase transport of methanol occurs in a binary diffusion system
composed of methanol vapor and carbon dioxide. Using S-M diffusion equation we have
∇x

MeOH
g

=

x gMeOH N gCO2 − x gCO2 N gMeOH
ct , g D gMeOH
,eff

3-22

where D gMeOH
is the effective diffusion coefficient through the gas phase, given as
,eff
D gMeOH
= D gMeOH [ε (1 − s )]τ
,eff

3-23
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And
x gMeOH =

c gMeOH
ct , g

and x gCO2 = 1 − x gMeOH

3-24

Assuming ideal gas for the gas phase, the total molar concentration in gas, ct , g ,
can be considered constant, only depending on the operating temperature and pressure,
namely
ct , g =

pa
RT

3-25

Then, we have the methanol flux in the gas phase,
N

MeOH
g

=

MeOH
c gMeOH N gCO2 − ct , g D gMeOH
,eff ∇c g

ct , g − c gMeOH

3-26

Henry’s law can be applied to relate the methanol concentration in the gas phase
to that in liquid under thermodynamic equilibrium. Generally, Henry’s law constant is
defined as

kH =

clMeOH
cgMeOH

3-27

Therefore, the methanol flux through the gas phase can be rewritten as

N

MeOH
g

=

MeOH
clMeOH N gCO2 − ct , g D gMeOH
,eff ∇c l

k H ct , g − clMeOH

3-28

The Henry’s law constant depends on the temperature according to

k H = k Ho e

− ∆ so ln H 1 1
( − o)
R
T T

RT

3-29
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where k Ho refers to the Henry’s law constant at the standard conditions of T o = 298.15K ,
and ∆ so ln H the enthalpy of the solution.
Applying the total conservation of methanol through both liquid and gas phases,
we have
i
i
MeOH
MeOH
− ct ,l DlMeOH
clMeOH (−
) − ct , g D gMeOH
,eff ∇cl
,eff ∇c l
6F
6F
+
ct ,l − clMeOH
k H ct , g − clMeOH

clMeOH (1 + 6α )

=

3-30

c
|cata
i
i
+ ndMeOH + DmMeOH
δm
6F
F
MeOH
l

This equation can be used to solve for clMeOH , provided that methanol electroosmotic drag coefficient and diffusivity through the membrane, i.e. ndMeOH and DmMeOH ,
are given, and that α can be calculated from the consideration of water transport to be
elaborated in the next subsection. The methanol transport equation, Eq. 3-30, indicates
that two-phase methanol transport in the backing layer is not only due to diffusion, but
also related to convective flow of other species. If the operating current density is low
and/or the feeding solution is dilute in methanol, the convection effects could be
negligible due to the limited fluxes of liquid water and carbon dioxide gas.

3.3.3 Liquid Saturation Equation

Two-phase transport through porous media plays a pivotal role in DMFC
operation, which requires an accurate description of the liquid and gas phase distributions
throughout backing layers and catalyst layers. Here, a governing equation is developed
to determine the liquid saturation.
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Conservation of mass over the liquid phase in the anode under steady state yields

ρ l u l = − M MeOH N lMeOH − M H O N lH,a O
2

2

3-31

where M MeOH and M H 2O are the molar mass of methanol and water, respectively. In
addition, the liquid flow in porous media is usually described by Darcy’s law, i.e.

ul = −

K

µl

k rl ∇pl

3-32

As explained in the proceeding chapter, by assuming that gas flow does not incur
much pressure drop, the gradient in the capillary force is used to overcome the liquid
flow resistance only. Under this assumption, the liquid flow velocity can be rewritten as
a function of capillary pressure; that is,

ul =

K

µl

k rl ∇pc

3-33

In terms of Leverett function, J (s ) , the liquid phase velocity can be rewritten as a
function of the liquid saturation via

ul =

K

µl

k rl

2σ cos θ dJ ( s )
∇s
r
ds

3-34

The molar fluxes of liquid water and methanol are due to the anode MOR,
electro-osmotic drag, diffusion, and hydraulic permeation through the membrane due to
the differential in the liquid pressure between the anode and cathode. These fluxes can be
written as follows

i
i
+α
F
6F
MeOH
− ct ,l Dl ,eff ∇clMeOH

H 2O
N lH,a2O = N cons
+ N mH 2O =

N

MeOH
l

=

clMeOH N lH,a2O

ct ,l − clMeOH

3-35
3-36
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Further, the electro-osmotic drag coefficient, ndH 2O , for Nafion electrolyte in
contact with liquid water depends on the temperature [57], as shown in Figure 3-2. The
relation can also be fitted as
n dMeOH = 1.6767 + 0.0155(T − 273) + 8.9074 × 10 −5 (T − 273) 2

3-37

Water diffusion through the membrane is given by
O
N mH,2diff
=

ρm
EW

DmH 2O

λ a − λc
δm

3-38

where λ stands for the water content in the membrane. When the membrane is in
equilibrium with the two-phase mixture, one has that

λa = 22 and λc = 14 + 8s

3-39

Hydraulic permeation through the membrane due to the hydraulic pressure
differential between the anode and cathode can be calculated by

ρ l K m p l ,c − p l , a
δm
M H O µl
2σ cosθ a
2σ cosθ c
ρK
= H lO m [ a
J (sa ) − c
J ( s c )]
ra
rc
M µlδ m

N mH,2plO =

2

3-40

2

Notice that both first and second terms in the bracket are positive owing to θa in
the anode being smaller than 90o and θc in the cathode greater than 90o. Eq. 3-40 also
clearly indicates that the water hydraulic permeation flux is directly proportional to the
hydraulic permeability of the membrane, a fundamental parameter requiring experimental
measurement, and inversely proportional to the membrane thickness and the pore sizes of
anode and cathode backing layers. In practice, the cathode pore size can be engineered to
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enhance hydraulic permeation by using a MPL which is highly hydrophobic and features
small pore sizes (~0.1µm).
The final form of liquid phase transport equation in the anode is summarized
below

ρl

K

µl

k rl

2σ cos θ dJ ( s )
∇s
r
ds
MeOH

=M

H 2O

cl
i
i
(−
− α ) − M MeOH (
6F
F

MeOH
N lH,a2O − ct ,l DlMeOH
,eff ∇c l

ct ,l − clMeOH

3-41
)

Similarly, we may derive the liquid phase saturation equation in the cathode as

ρl
where α

K

µl

krl

2σ cosθ dJ ( s)
2i + i
i
∇s = M H 2 O ( c
+α )
6F
r
ds
F
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i
represents the net water flux through the membrane, given by
F

α

ρ
λ − λc
i
i
= ndH 2O + m DmH 2O a
δm
F
F EW
ρK
2σ cos θ a
2σ cos θ c
− H lO m [ a
J ( sa ) − c
J ( sc )]
ra
rc
M µlδ m

3-43

2

3.3.4 Oxygen Transport Equation

Oxygen transport only occurs in the gas phase in the cathode due to negligible
solubility in liquid water. The oxygen transport equation can be written as
DgO2 ∇c gO2 = −

ic
4F

indicating that oxygen transport is only by diffusion in the DMFC cathode.

3-44
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3.4 Electrochemical Model

The anode MOR in the DMFC can be described by

i=

c

MeOH
l

| cata

αaF

ηa )
RT
α F
+ K c exp( a η a )
RT

MeOH
ioMeOH
| cata exp(
, ref c l

3-45

where clMeOH |cata and Kc are methanol concentration at the anode catalyst and a reaction
constant, respectively. Eq. 3-45 was obtained by Meyers and Newman [58-60] from a
full system of kinetic equations for the four-step mechanism of methanol oxidation. Note
that Eq. 3-45 includes a transition from zero-order kinetics under large methanol
concentrations and small overpotentials to first-order kinetics when the methanol
concentration becomes low and overpotential is high.
For cathode ORR, a first-order Tafel kinetics is employed, namely
2
ic = i + ixover = ioO,ref

c gO2
c

O2
ref

⎛α F ⎞
(1 − s ) exp⎜ c η c ⎟
⎝ RT
⎠
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where the term (1-s) accounts for the fraction of catalytic surfaces rendered inactive by
the presence of liquid water in the cathode.
Then, the cell voltage can be calculated from the known current density and
crossover rate via
Vcell = ∆U o − η a + η c − i

δm
− iRcontact
κ

3-47

indicating the cell voltage is determined from the theoretical open circuit potential, anode
and cathode overpotentials, membrane resistance and contact resistance. The proton
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conductivity of the membrane is taken to be constant since the membrane is assumed well
hydrated in the liquid-feed DMFC.

3.5 Heat Transport

As a good approximation for small-scale portable DMFCs, a lumped-capacitance
thermal model is adopted here to govern the transient temperature evolution of the cell.
The general equation can be written as

ρC p

dT
= Q& gen − Q& loss
dt

3-48

where Q& gen and Q& loss represent the cell heat generation and heat loss per unit of the cell
volume V, respectively. Generally, heat generation is due to the electrochemical reaction,
while heat loss includes water evaporation in the cathode and heat dissipation from the
cell surface to the ambient.
The heat generation term can be most conveniently calculated from the cell
energy efficiency as follows
A
1 −η
Q& gen =
Vcell i
η
V

3-49

And the heat loss is mainly caused by air convection from cell peripherals and water
evaporation thought the cathode. A general form of the heat loss term can be written as
S
A
2O
Q& loss = heff (T − T∞ ) + N cH,evap
h Hfg2O M H 2O
V
V

3-50
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where heff represents an effective convective heat transfer coefficient from an overall cell
surface area of S and h Hfg2O latent heat of water evaporation.

The cathode water

2O
evaporation flux, N cH,evap
, can be calculated from

2O
=
N cH,evap

ξ c p sat (T ) i
0.84

p g ,c

F

−

2ic + i
6F
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where the first term is the total water vapor flux leaving with the cathode exhaust, and the
second term accounts for the portion that is produced from oxygen reduction reaction.
Thus, the difference comes from the evaporation of cathode liquid water. Note that the
heat release due to evaporation of product water has been excluded in the heat loss term
expressed by Eq. 3-51 based on the assumption that oxygen reduction reaction on the
cathode is producing water vapor instead of liquid water.

3.6 Numerical Procedures

3.6.1 Input Parameters

All physical parameters used in the 1D model are grouped into several categories,
and shown in Table 3-2 through Table 3-5. Among those properties, some are constants
while others are temperature dependant. Therefore, when considering species transport
of DMFC coupled with heat transport, some physical properties may vary widely and
thus, affect cell performance accordingly.
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3.6.2 Boundary and Initial Conditions

The governing equations of the 1D model are first-order differential equations
requiring one boundary condition for each equation. In the liquid-feed DMFC, the
average methanol concentration in the anode channel should decrease with increasing
current density, which can be expressed as

clMeOH |anodeboundary = clMeOH
(1 −
,0

1
)
150
2ξ a
i

3-52

where ξ a stands for the stoichiometric flow ratio of the anode at a reference current
density of 150mA/cm2. If ξ a goes to infinity, a constant boundary condition of the
methanol concentration results from Eq. 3-52. In this study, the stoichiometric number of
2 is used for all following 1D simulations. In spite of the simplicity of such a methanol
concentration boundary condition, it is physically realistic.
Similarly, the oxygen concentration boundary condition is given by

c O2 |cathodeboundary = c0O2 (1 −

1
)
150
2ξ c
i

3-53

where ξ c stands for the cathode stoichiometric number at the reference current density of
150mA/cm2, given as 2 as well for all following 1D simulations.
Due to dominant liquid flow in the anode channel in a liquid-feed DMFC, liquid
saturation at the anode boundary should be quite high. A constant of 90% is used in the
following simulations; that is,

s |anodeboundary = sa ,0 = 0.9

3-54
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Liquid saturation boundary condition at the cathode is determined by the water
production rate (proportional to the current density, i ) and the removal rate controlled by
the gas velocity in the cathode gas channel.

Here, an empirical liquid saturation

boundary condition as a function of operating current density is employed

⎧0.1
⎪
s |cathodeboundary = ⎨
i 2.5
)
⎪0.1(
⎩ 100

if i < 100mA / cm 2
if i ≥ 100mA / cm 2
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indicating that the liquid saturation boundary condition at the cathode is generally
increasing with operating current density. In other words, with the higher current density,
the cathode side is more flooded.
For the lumped heat transport equation, we only need to specify the initial
temperature of the cell, i.e.,

T |t =0 = T0

3-56

3.6.3 Solution Flow Chart

Generally, all governing equations of the 1D model must be solved
simultaneously. The detailed flow chart of a Fortran code is shown in Figure 3-3.
For each time step and operating temperature, starting from the initialization of
the code, the methanol concentration equation is the first to solve and then estimate the
corresponding current density by a subroutine. Based on the updated current density and
related parameters, the liquid saturation equation and oxygen equation are solved next.
Before checking the convergence of the code, all data will be updated to reflect the newly
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computed results. Such solving procedure will be iterated until the code converges at the
given time and temperature. Then, if the transient heat transport equation needs to be
solved, it will call a subroutine to update the cell temperature and run the whole
simulation above from the very beginning. In the end, the code will terminate and print
the desired results into output data files.

3.7 Results and Discussion

3.7.1 Baseline Case and Model Validation

Using the numerical procedure discussed above, the 1D model is solved under a
baseline condition given in Table 3-6, which represents a typical operating condition for
contemporary DMFC systems.
The predicted polarization curve of the baseline case, shown in Figure 3-4, is in
good agreement with the experimental data of Yagi et al. [61]. In consistency with the
measured data, the open circuit potential predicted by the 1D model is much lower than
the theoretical thermodynamic equilibrium potential, 1.21V, due to the strongest
methanol crossover at open circuit. Generally, the curve can be divided into three
regions, controlled by activation loss, ohmic loss and mass transport loss, respectively.
Under the baseline conditions, the predicted limiting current density is 230mA/cm2 based
on the feeding methanol concentration of 2M due to the mass transport resistance in the
two-phase region in the anode backing layer.
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To clarify the two-phase transport effect in the DMFC, the limiting current
density by liquid phase transport only can be estimated as
MeOH
= 6 FDlMeOH
ilim,l = 6 FN max
,eff

clMeOH
,0

δa

3-57

which assumes that liquid phase transport of methanol in the anode backing is only by
diffusion. From Eq. 3-57, a rather small limiting current density of 43.5mA/cm2 is
predicted, which is only around 20% of the limiting current density predicted by the twophase model and measured experimentally. It is evident that two-phase transport of
methanol in the anode is of great importance to the overall methanol transport through the
anode backing layer. Although the gas phase methanol concentration is very small
compared with that in liquid, its diffusivity is four orders of magnitude higher than that of
liquid. Therefore, methanol transport by both gas and liquid phases plays comparable
role in the net methanol mass transfer in the anode.
As explained, methanol crossover is a special feature of methanol transport in the
DMFC. In Figure 3-5, the methanol crossover ratio, which is defined as the ratio of
methanol crossover flux to the methanol consumption rate for generating the operating
current density, as given in Eq. 3-58, is displayed.

crossover ratio =

i xover
i

3-58

The 1D model predictions of the methanol crossover ratio are compared with
experimental data of Yagi et al. [61] in Figure 3-5. In general, the predicted methanol
crossover ratio agrees well with the experimental data, except that the model
underpredicts the experimental data at higher current densities. It can be seen that the
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methanol crossover ratio decreases or the fuel efficiency increases with the current
density. This is because increasing methanol consumption for power generation leads to
a decreasing methanol concentration in the anode catalyst and available methanol flux for
crossover through the membrane decreases.
To further clarify methanol crossover through the membrane, the 1D model can
separate the individual fluxes by methanol diffusion and electro-osmotic drag,
respectively, in addition to the net methanol crossover. As shown in Figure 3-6, the net
methanol crossover is mainly dominated by diffusion during the low current densities,
while at high current densities, both diffusion and electro-osmotic drag fluxes are
comparable for the net methanol crossover.

With the increasing current density,

methanol diffusion declines due to the decreasing methanol concentration in the anode
catalyst, while electro-osmotic drag increases first and then drops after the peak of
25mA/cm2. The profile of methanol electro-osmotic drag is caused by the combination
effect of both methanol concentration in the anode catalyst and operating current density,
as given in Eq. 3-59.

N

MeOH
m , elec

=n

MeOH
d

c MeOH
i
H 2O l
cata i
= nd
F
c t ,l
F
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Therefore, it is evident that the net methanol crossover can be effectively reduced by
either using thicker membranes, such as Nafion 115 or 117, to control the methanol
diffusion, or using a MPL structure [51] in the anode to control both methanol diffusion
and electro-osmotic drag due to a decreased methanol concentration in the anode catalyst.
The net water transport coefficient through the membrane, α, is a key parameter to
manage efficient water transport in the portable DMFC. In Figure 3-7, the net water
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transport coefficient predicted by the 1D model is compared with the experimental data
of Yagi et al [61] under the baseline conditions. The result shows a correct trend of α
with current density, although the predictions are slightly higher than the experimental
data. It is seen that α decreases with current density and is less than 0.4 when the current
density is larger than 125mA/cm2. As indicated in the model, the net water transport
coefficient is governed by electro-osmotic drag, diffusion and hydraulic permeation due
to the gradient of hydraulic pressures. Under high current densities, the cathode liquid
saturation becomes higher and thus, water diffusion decreases while hydraulic
permeation from the cathode to anode increases. This is the reason for the decline of the
net water transport coefficient under increasing current density conditions.

The

significance of this numerical result is the fact that using commercially available Nafion
112 membranes and the MPL structure yields a low-α technology [51] when the cell is
operated with ambient air without pressurization.
Predicted power density and energy efficiency under the baseline conditions are
shown in Figure 3-8 as functions of the current density. With increasing current density,
power density rises at first and then, drops off sharply after the peak of 50mW/cm2
occurring at current density of 180mA/cm2. The cell efficiency increases very fast at low
current densities and then, remains relatively stable at intermediate current densities
before dropping sharply in the vicinity of the limiting current density region. It is evident
that fuel efficiency dominates the cell energy efficiency at the low current density
conditions, while the voltaic efficiency plays more important role around the limiting
current density region. In the middle part of the cell energy efficiency curve, these two
efficiencies have comparable effects. The predicted highest cell efficiency is 21% at the

61
current density of 120mA/cm2 under the baseline conditions.

This predicted result

provides a proper operating range in accordance with optimal combination of the power
density and energy efficiency under the given baseline conditions.
In addition to predicting overall performance data, the 1D model can also predict
the species concentrations and liquid saturation inside of the DMFC. This is a unique
advantage of numerical modeling. Methanol concentration distributions with different
current density conditions in the anode backing layer are shown in Figure 3-9. Along the
anode backing boundary, the methanol concentration reflects a decreasing of the average
methanol concentration under different current densities, as given in the methanol
concentration boundary condition, Eq. 3-52. The gradient of the methanol concentration
in the anode backing layer increases according to the larger current density specified,
indicating that more methanol is consumed at the anode catalyst. With the current
density of 200mA/cm2, the methanol concentration at the anode catalyst layer is very
small, close to zero, which means it is approaching the methanol transport limitation.
Similarly, oxygen concentration distributions under different current densities in
the cathode backing layer are shown in Figure 3-10. Compared with methanol transport,
oxygen transport in the cathode backing layer is more efficient and provides sufficient
reactant needed for ORR at the cathode catalyst layer. Even close to the limiting current
density condition, the oxygen concentration at the cathode catalyst layer is still relatively
high, indicating that the mass transport limitation in the DMFC is due to the methanol
transport limitation in the anode under the baseline conditions.
The liquid saturation profiles in both anode and cathode backing layers predicted
by the 1D model under the baseline conditions are shown in Figure 3-11. With different
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current densities, the liquid saturation in the anode shows a small variation. This is
caused by the strong capillary diffusivity at the large liquid saturation level and also
relatively low production rate of CO2 gas from the anode MOR. The liquid saturation in
the cathode backing layers shows a little different pattern than the anode. It is obvious
that the liquid saturation distribution is mainly controlled by the cathode boundary
condition. And at relatively low current densities, or small liquid saturation boundary
conditions, liquid saturation shows up to 4% increase due to the cathode water
generation, water flux from anode to cathode through the membrane and the relatively
low capillary diffusivity at the low liquid saturation level, while under high current
densities, the gradient of liquid saturation in the cathode side is as small as that in the
anode backing layer.

3.7.2 Cell Performance under Different Conditions

3.7.2.1 Temperature Effect

For portable DMFCs, the operating range of temperatures is largely limited by
water evaporation loss, roughly below 60oC. Predicted polarization curves under the
same methanol feeding concentration of 2M and different operating temperatures of
40oC, 50oC and 60oC are shown in Figure 3-12, with fairly good agreement with
experimental data at 50oC and 60oC. It is evident that high temperature helps to promote
cell performance considerably by improving not only anode methanol oxidation kinetics
but also transport capability of methanol in the anode backing layer. From the results, the
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limiting current density due to methanol mass transport is increased by about 77% from
130mA/cm2 at 40oC to 230mA/cm2 at 60oC.
However, high temperatures will also increase the corresponding methanol
crossover by facilitating methanol transport in the anode backing layer and the
membrane. Shown in Figure 3-13, contrasting to the temperature effect on the cell
polarization curves, methanol crossover increases significantly in the full range of
operating current density. At open circuit, the methanol crossover current density is
almost doubled from 30mA/cm2 at 40oC to 60mA/cm2 at 60oC due to the enhanced
methanol diffusivity in the membrane. Therefore, in spite of the improved cell power
density due to the increased operating temperature, the strong methanol crossover rate
leads to a poor energy efficiency of the cell, shown in Figure 3-14, in which the highest
cell efficiency shows a decrease from 27% at 40oC to 21% at 60oC.

3.7.2.2 Methanol Concentration Effect

Using fuel of different methanol concentrations is common in practical DMFC
applications. In Figure 3-15, polarization curves under different methanol concentrations
of 1M, 1.5M and 2M and the same operating temperature of 60oC conditions are
predicted by the 1D model. It is evident that cell performance with small feeding
concentrations suffers from low limiting current densities, which are 150mA/cm2 at 1M
and 190mA/cm2 at 1.5M dropping from 230mA/cm2 at 2M. However, under relatively
small current densities, polarization curves show slightly lower cell voltages under higher
methanol feeding concentrations due to stronger methanol crossover.
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Moreover, profiles of methanol crossover and cell energy efficiency under
different methanol feeding concentration conditions are shown in Figure 3-16 and
Figure 3-17. As expected, higher methanol crossover rates are predicted under higher
feeding methanol concentration conditions in the full range of operating current densities.
At open circuit, the methanol crossover current density at 2M is doubled as that at 1M
and such increased methanol crossover is the reason for the cell voltage drop from 1M to
2M feeding concentration at open circuit in Figure 3-15. Owing to stronger methanol
crossover, the highest cell energy efficiency at 2M drops to 21% from 29% at 1M, shown
in Figure 3-17.

3.7.2.3 Net Water Transport Coefficient

As discussed in the previous chapter, a low net water transport coefficient, α, is of
great benefit to overall cell energy density as well as to prevent cathode flooding in the
portable DMFC. Thus, water transport through the membrane with different membranes
and operating temperatures is investigated below by the 1D model.
Using different thickness membranes, the net water transport coefficient profiles
are predicted in Figure 3-18 under the methanol feeding concentration of 2M and
temperature of 60oC. It can be seen that very small net water transport coefficients are
predicted by using a thinner membrane of Nafion 112, instead of a thicker membrane,
Nafion 115 or 117. The reason is that thicker membranes largely prevent effective
hydraulic permeation of water from the cathode to anode; as such, the net water transport
coefficient is dominated by electro-osmotic drag (i.e. ~3 at 60oC). This result further

65
indicates that the thinner membrane is more suitable for better water balance, or lower α
in the portable DMFC.
In addition, the temperature effect on the net water transport coefficient through
the membrane is shown in Figure 3-19, in which α is calculated by the 1D model for
Nafion 115 membrane when operating temperatures are 50oC, 55oC and 60oC,
respectively. All curves show a very similar trend, decreasing with increasing current
densities under all three operating temperatures.

However, with higher operating

temperatures, net water transport through the membrane is larger, mainly due to stronger
electro-osmotic drag from the anode to cathode, as given in Eq. 3-37. Therefore, in order
to achieve a low net water transport coefficient with high temperatures, water hydraulic
permeation should be enhanced to compensate for strong electro-osmotic drag.
From the predicted results above, it is evident that both operating conditions,
including temperatures and methanol feeding concentrations, and materials used in the
portable DMFC are very important to achieve optimized performance in a portable
DMFC.

3.7.3 Transient Thermal Response

Heat transport in a practical portable DMFC leads to an inherently dynamic
behavior during long term operation and hence a complicated transient cell performance.
Because such performance depends highly on the specific cell design, a sample transient
performance will be discussed by the 1D model for the illustration purpose in this study,
based on the typical heat transport properties given in Table 3-5.
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Transient temperature evolution profiles of the cell under different methanol
feeding concentrations and current densities are shown in Figure 3-20. Under the same
current density of 120mA/cm2, the cell temperatures generally increase with operating
time at both 2M and 2.5M conditions, while the rate of the increase is much larger under
2.5M than 2M. This is because that the net heat generation is stronger due to the lower
fuel efficiency with higher feeding concentration methanol.

When comparing the

temperature evolution curves under the same methanol concentration of 2.5M but
different current densities of 120mA/cm2 and 150mA/cm2 conditions, the temperature
increases slightly faster under 120mA/cm2 due to the relatively strong methanol
crossover and thus, a worse fuel efficiency. From these results, the cell temperatures
using 2.5M methanol are all increasing beyond 60oC after about 40 minutes, which
indicates that an active heat dissipation method is required to prevent cell temperature
from rising beyond 60oC due to the portable DMFC requirement.
The transient temperature evolution profile in the portable DMFC is actually
strongly interactive with other transient profiles, such as methanol crossover, cell voltage
and cell energy efficiency profiles, shown in Figure 3-21 through Figure 3-23, under
exactly the same operating conditions. In Figure 3-21, it can be seen that methanol
crossover under 2.5M and 120mA/cm2 is always higher than the other two conditions
during full operating time.

A higher methanol crossover rate leads to more heat

produced, which will promote the increasing of the cell temperature. At the same time,
the increasing temperature further enhances the methanol crossover again by improving
methanol transport in the DMFC. This is the exact reason of very similar evolution
profiles of the temperature and methanol crossover. Such a positive feedback mechanism
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could lead to a potentially important engineering problem of portable DMFCs, i.e.
thermal runaway.
As shown in Figure 3-22, transient cell performance is greatly improved under
2.5M conditions, while it is rather stable under 2M condition during the full operating
time, mainly depending on different patterns of temperature rise. Moreover, the transient
cell energy efficiency evolution profiles are shown in Figure 3-23. As expected, the cell
energy efficiency under 2M and 120mA/cm2 is almost constant, while the efficiencies of
2.5M cases generally decrease during the full operating time, except a sharp increasing
showing up for 2.5M and 120mA/cm2 condition at the starting operating time because of
the great jump of voltaic efficiency at the early operating time, show in Figure 3-22.
Based on the results above, it is obvious that transient thermal transport is very
complicated and strongly interactive with methanol crossover, cell voltage and cell
energy efficiency. Among given operating conditions, 2M feeding methanol and the
current density of 120mA/cm2 provide the most stable cell performance with minimum
wasted heat generated.

3.8 Summary

A 1D, two-phase DMFC model has been developed in this chapter. The model
not only enables the study of the basic internal physics of the species transport and
electrochemical kinetics, but also predicts detailed cell performance under varied
operating conditions in both steady and transient states.

It can be seen that cell

performance, including polarization curve, power density and cell efficiency, depends
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highly on methanol, water and heat transport, coupled with operating conditions of the
temperature, methanol feeding concentration and material properties.

Based on the

predicted results, the 1D model can be a very useful tool in finding optimal operating
conditions and design parameters for the portable DMFC.
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Table 3-1: Summary of Governing Equations of the One-Dimensional Model.
MeOH Transport Equation

i
i
) − ct , g DgMeOH ∇clMeOH
− ct ,l DlMeOH ∇clMeOH clMeOH (−
6F
6F
+
MeOH
ct ,l − cl
k H ct , g − clMeOH

clMeOH (1 + 6α )

=

c MeOH |cata
i
i
+ ndMeOH + DmMeOH l
6F
δm
F

Liquid Saturation Equation

ρl

K

µl

k rl

2σ cos θ dJ ( s)
∇s
r
ds
MeOH

=M

ρl

H 2O

K

µl

c
i
i
(−
− α ) − M MeOH ( l
6F
F

k rl

ct ,l − clMeOH

2i + i
2σ cos θ dJ ( s )
i
∇ s = M H 2O ( c
+α )
r
ds
6F
F

Oxygen Transport Equation
DgO2 ∇c gO2 = −

ic
4F

Electrochemical Model
Vcell = ∆U o − η a + η c − i

δm
− iRcontact
κ

Heat Transport Equation

ρC p

N lH,a2O − ct ,l DlMeOH ∇clMeOH

dT
= Q& gen − Q& loss
dt

for anode
)
for cathode
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Table 3-2: Material Physical Properties.

εa

Porosity of anode backing layer, 0.6

εc

Porosity of cathode backing layer, 0.6

Ka

Permeability of anode backing layer, 10-16 m2

Km

Hydraulic permeability of membrane, 4*10-20 m2

Kc

Permeability of cathode backing layer, 10-16 m2

σ

Interfacial tension, 0.0625 N/m

θa

Contact angle of anode backing layer, 0o (MeOH solution in the layer)

θc

Contact angle of cathode backing layer, 120o(H2O in the layer)

θ a,mpl

Contact angle of anode MPL, 0o (MeOH solution in the layer)

θ c ,mpl

Contact angle of cathode MPL, 120o(H2O in the layer)

ra ,mpl

Pore radius of anode MPL, 0.1*10-6 m

rc ,mpl

Pore radius of cathode MPL, 0.1*10-6 m

EW

Membrane equivalent weight, 1.1 kg/mol
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Table 3-3: Transport Properties.

ρH O

Water density, 103 kg/m3

ρ MeOH

Methanol density, 0.79*103 kg/m3

ρm

Membrane density, 1.98*103 kg/m3

M H 2O

Water molar mass, 0.018 kg/mol

M MeOH

Methanol molar mass, 0.032 kg/mol

µl

⎞
⎛ 0.458509 − 5.30474 × 10 −3 T +
⎟
⎜
−5 2
−8 3
⎜
Water viscosity µ l = 2.31231 × 10 T − 4.49161 × 10 T ⎟ kg /m s
⎟
⎜
⎟
⎜ + 3.27681 × 10 −11T 4
⎠
⎝

DlMeOH

Methanol diffusivity in liquid, 0.43*10-9 m2/s

DgMeOH

Methanol phase diffusivity in gas,

2

D
DmMeOH

MeOH
g

⎛ − 6.954 × 10 −2 + 4.5986 × 10 −4 T ⎞
⎟ *10-10m2/s
= ⎜⎜
−7 2
⎟
⎠
⎝ + 9.4979 × 10 T

Methanol diffusivity in membrane,
D

MeOH
mem

(T ) = 4.436 × 10

−10

⎡ 2 × 10 4 1
1 ⎤
− )⎥ m2/s
exp ⎢
(
303 T ⎦
⎣ R

T 1.823 1.013 × 105 2
= 1.775 × 10 (
)
m /s
pc
273

DgO2

Oxygen diffusivity in gas, D

DmH 2O

Water diffusivity in membrane, 0.5*10-10 m2/s

ndMeOH

ndH 2O

O2
g

−5

Electro-osmotic drag coefficient of methanol, n

MeOH
d

=n

H 2O
d

Electro-osmotic drag coefficient of water,
n dMeOH = 1.6767 + 0.0155(T − 273) + 8.9074 × 10 −5 (T − 273) 2

clMeOH
ct ,l

cata
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Table 3-4: Electrochemical Parameters.
F

Faraday constant, 96485 C/mol

R

Gas constant, 8.314 J/mol K

κ

Proton conductivity of membrane, 0.1*102 S/m

Rcontact

Cell contact resistance, 0.1*10-4 Ω m2

αa

Anodic transfer coefficient, 0.239

αc

Cathodic transfer coefficient, 0.875
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Table 3-5: Heat Transport Parameters.

T∞

Ambient temperature, 298 K

heff

Effective convection coefficient, 5*10-3 kW/m2 K

A

Reaction area, 1*10-2 m2

S

Total cell surface area for heat dissipation, 3*10-2 m2

V

Total cell volume, 5*10-4 m3

ρ cell

Apparent cell density, assuming 500 kg/m3

Cp

Mixed cell heat capacity, assuming 1 kJ/kg K

h fg

Latent heat of water, 2442 kJ/kg
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Table 3-6: Operating Conditions and Parameters in Baseline Case

T

Operating temperature, 333 K

pa

Anode pressure, 1.013*105 Pa

p g ,c

Cathode pressure, 1.013*105 Pa

clMeOH
,0

Methanol concentration in anode, 2 M

c0O2

Oxygen concentration in cathode, 9.375 mol/ m3

ξa

Anode stoichiometry in channel, 2

ξc

Cathode stoichiometry in channel, 2

δm

Membrane thickness, Nafion 112, 50*10-6 m

75

N lMeOH

N mMeOH N MeOH
cons , c

N

MeOH
g

N
Methanol
flux

H 2O
l, a

MeOH
N cons
,a

H 2O
N cons

N gO2

O2
N cons

N lH, c2O

N mH 2O
H 2O
N prod

N gCO2

N

Porous carbon
Anode-side
Cloth/paper
Reactant flow
~methanol solution (Backing Layer)

Oxygen
flux

CO2
prod

Polymer
Electrolyte

Anode
Catalyst
Layer

Porous carbon
Cloth/paper
(Backing Layer)

Cathode
Catalyst
Layer

Figure 3-1: One-dimensional species flux analysis in the DMFC.
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Figure 3-2: Water electro-osmotic drag coefficient as a function of temperature [57].
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Figure 3-3: Flow chart for the 1D DMFC model.

78

1
Simulation Results
Experimental Data

0.9
Activation
Control

0.8

Cell Voltage (V)

0.7
0.6

Ohmic
Control

0.5
Mass Transport
Control

0.4
0.3
0.2
0.1
0

0

50

100
150
Current Density (mA/cm2)

200

Figure 3-4: Comparison of predicted with measured [61] polarization curve.

250

79

1
Numerical Results
Experiment Data

0.9
0.8

Xover Ratio

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
100

115

130
145
2
Current Density (mA/cm )

160

175

Figure 3-5: Comparison of predicted with measured [61] methanol crossover ratio.

80

80
Overall crossover
Crossover by diffusion
Crossover by electro-osmotic drag

Crossover current density (mA/cm 2 )

70
60
50
40
30
20
10
0

0

50

100
150
Current density (mA/cm2)

200

250
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Figure 3-9: Methanol concentration distributions in anode backing layer under different
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Figure 3-10: Oxygen concentration distributions in cathode backing layer under different
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Figure 3-12: Comparison of predicted and measured [61] polarization curves under
different operating temperatures.
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Figure 3-13: Methanol crossover current density predicted by the 1D model under
different operating temperatures.
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Figure 3-14: Cell energy efficiency predicted by the 1D model under different operating
temperatures.

89

1
1.0M
1.5M
2.0M

0.9
0.8

Cell Voltage (V)

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

0

50

100
150
2
Current Density (mA/cm )

200

250

Figure 3-15: Polarization curves predicted by the 1D model under different feeding
methanol concentrations.
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Figure 3-16: Methanol crossover current density predicted by the 1D model under
different feeding methanol concentrations.
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Figure 3-17: Cell energy efficiency predicted by the 1D model under different feeding
methanol concentrations.
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Figure 3-18: The net water transport coefficient, α, predicted by the 1D model for
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Figure 3-19: The net water transport coefficient, α, through Nafion 115, predicted by 1D
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Figure 3-20: Transient cell temperature profiles under different operating conditions.
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Figure 3-21: Transient methanol crossover current density profiles under different
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Chapter 4
MULTI-DIMENSIONAL MODELING OF A DMFC

4.1 Introduction

While the 1D model developed in the preceding chapter incorporates the basic
physics of a portable DMFC, it cannot resolve important variations along the channel and
between a channel and a land. Therefore, in this chapter, a multi-dimensional (multi-D)
DMFC model will be developed, with several new physical phenomena included.

4.2 M2 Formulation

The multi-D model is to be developed based on the multiphase mixture (M2)
formulation of Wang and Cheng [40], which is particularly suitable for two-phase DMFC
modeling. The M2 model is a mathematical reformulation of the classical two-phase
model that views the multiphase system as a chemical mixture. With this approach, the
multiphase flow is then described in terms of a mass-average mixture velocity and
diffusive flux, representing the difference between the mixture velocity and individual
phase velocity. One major advantage of the M2 model over classical two-fluid models is
that it eliminates the need for tracking phase interfaces, thus simplifying the numerical
complexity of two-phase flow and transport modeling. Another salient feature of the M2
model for DMFCs is that all model equations are valid in all three types of regions
possible in a DMFC: single-phase gas, liquid-gas two-phase, and single-phase liquid.
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Finally, the M2 model is mathematically equivalent to two-fluid models without invoking
any additional approximations. These aforementioned advantages render the M2 model to
be the most widely adopted two-phase flow and transport modeling framework for fuel
cells [41,42,54].
Utilizing the M2 formulation for two-phase transport, the proposed model
incorporates the following assumptions: (i) incompressible gas mixture, (ii) laminar flow
due to a Reynolds number of the order of several hundreds, (iii) isothermal cell condition,
(iv) isotropic and homogeneous porous GDL, characterized by an effective porosity and a
permeability. Furthermore, a two-phase homogeneous flow is assumed to be inside the
flow channels of both anode and cathode. Therefore, the gas and liquid phase velocities
are equal to each other in the flow channels, resulting in a very small fraction of either
CO2 gas in the liquid stream in the anode channel (i.e. bubbly flow) or liquid water in the
gas stream in the cathode channel (i.e. mist flow).

4.3 Governing Equations of Two-Phase Flow and Transport

4.3.1 Mass Conservation Equation

As a full set of governing equations which apply to all of the DMFC components,
including channels, backing layers, catalyst layers of both anode and cathode, and the
membrane, the mass conservation equation can be expressed as
∂ (ερ )
+ ∇ ⋅ ( ρu) = m&
∂t

4-1
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where
j
⎧ MeOH MeOH
S
+ M H 2O S H 2O + M CO2
⎪⎪M
6F
m& = ⎨
⎪M H 2O S H 2O + M O2 S O2 + M CO2 j xover
6F
⎩⎪

anode catalyst layer
4-2
cathode catalyst layer

Due to the species consumption and production inside a DMFC, we have different
source terms, m& , applied in the anode and cathode catalyst layers, respectively. In the
anode catalyst layer, the mass source is caused by methanol consumption and crossover
through the membrane, water consumption and crossover through the membrane, and
carbon dioxide generation by the anodic reaction. In the cathode catalyst layer, on the
other hand, the mass source term includes water generation and oxygen consumption by
the cathodic reaction, water flux from the anode, and carbon dioxide generation due to
the parasitic oxidation reaction of crossover methanol.

4.3.2 Momentum Equation

The momentum equation can be given by
r
rr ⎤
1 ⎡ ∂ ( ρu ) 1
+ ∇ ⋅ ( ρ u u )⎥ = −∇p + ∇ ⋅τ + Su
ε ⎢⎣ ∂t
ε
⎦

4-3

where
Su = −

µ r
K

u in the backing and catalyst layers
r
u = 0 in the membrane

4-4

Here the fluid velocity in the backing and catalyst layers is described by Darcy’s
law and applied for single- and two-phase flow, while in the membrane, it is assumed to
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be zero due to the negligible convective velocity caused by the pressure gradient in the
nano-structure of the membrane.

4.3.3 General Species Transport Equation

In terms of species mass fraction, the general equation for species transport can be
written as [41],

[

]
)]

∂
( ρY k ) + ∇ ⋅ (γρuY k ) = ∇ ⋅ ρ l Dlk,eff ∇Yl k + ρ g Dgk ,eff ∇Ygk −
∂t
∇ ⋅ Yl k − Ygk jl + m& k

[(

4-5

where Y k stands for the mixture mass fraction of methanol, water and oxygen.
Based on the relation between species mass fraction and molar concentration,

ρY k = c k M k

4-6

and the two-phase property definition,

ρY k = ρ l Yl k s + ρ g Ygk (1 − s)

4-7

we have the following species equation in terms of molar concentration,

[

]

{ [

]}

∂ k
cl s + c gk (1 − s ) + +∇ ⋅ γu clk s + c gk (1 − s ) =
∂t

[

∇⋅ D

k
l ,eff

∇c + D
k
l

k
g ,eff

⎡⎛ c k c gk ⎞ ⎤
⎟ jl ⎥ + S k
∇c − ∇ ⋅ ⎢⎜ l −
⎜
⎟
ρ
ρ
⎢⎣⎝ l
g ⎠ ⎥
⎦
k
g

]

4-8

Defining the mixture molar concentration, c, as
c = clk s + c gk (1 − s )

4-9
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the species equation, Eq. 4-8, can be rewritten as
⎡⎛ c k c gk ⎞ ⎤
∂c
k
k
k
k
⎟ jl ⎥ + S k
+ ∇ ⋅ {γuc} = ∇ ⋅ Dl ,eff ∇cl + Dg ,eff ∇c g − ∇ ⋅ ⎢⎜ l −
⎜
∂t
⎢⎣⎝ ρ l ρ g ⎟⎠ ⎥⎦

[

]

4-10

where clk and c gk stand for species molar concentrations in the liquid and gas phases,
respectively.
The second term on the RHS of Eq. 4-10 represents species transfer caused by
relative motion of liquid to gas phase under capillary action. In this term, the capillarydiffusional flux of the liquid phase, jl , as defined in Eq. 4-11, is directly proportional to
the gradient in capillary pressure and thus, is related to the surface wetting characteristics
of the porous electrode structure. That is,
jl =

λl λ g K ρ
∇p c
µ

4-11

4.3.3.1 Methanol Transport
Assuming the vapor-liquid equilibrium of methanol on the anode side and
invoking the Henry’s law, the methanol conservation equation can be further rewritten as
⎧
1− s ⎤
1− s ⎫
∂ ⎡ MeOH
(s +
)⎥ + ∇ ⋅ ⎨γuclMeOH ( s +
)⎬ =
⎢c l
kH ⎦
kH ⎭
∂t ⎣
⎩
⎡⎛ 1
⎤
⎡
D gk ,eff
1
)∇clMeOH ⎥ − ∇ ⋅ ⎢⎜ −
∇ ⋅ ⎢( Dlk,eff +
kH
⎢⎣⎜⎝ ρ l k H ρ g
⎥⎦
⎢⎣

⎞ MeOH ⎤
⎟c l
jl ⎥ + S MeOH
⎟
⎥⎦
⎠

4-12

where
S MeOH = −

j
j
− xover in anode catalyst layer
6F
6F

4-13
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The methanol crossover flux through the membrane is caused by electro-osmotic
drag and diffusion, given by

j xover
i
= ∇(ndMeOH ) +
6F
F

( DmMeOH

clMeOH |cata

δ cata

δm

)

4-14

4.3.3.2 Water Transport
Assuming that the water concentration in the gas phase is always saturated and
constant at the given temperature and pressure, we have that
c gH 2O = c gH,2satO = const

4-15

Then, the water conservation equation can be derived from Eq. 4-10 as
⎡⎛ c H 2O c gH,2satO
∂c H 2O
H 2O
H 2O
H 2O
+ ∇ ⋅ γuc
= ∇ ⋅ Dl ,eff ∇cl
− ∇ ⋅ ⎢⎜ l −
ρg
∂t
⎢⎣⎜⎝ ρ l

{

}

[

]

⎞ ⎤
⎟ jl ⎥ + S H 2O
⎟ ⎥
⎠ ⎦

4-16

where

S

H 2O

⎧ j
⎪⎪− 6 F (1 + 6α )
=⎨
⎪ j + j xover + α j
3F
F
⎩⎪ 2 F

anode catalyst layer
4-17
cathode catalyst layer

and net water transport through the membrane is caused by electro-osmotic drag,
diffusion and hydraulic pressure, such that
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α

i
i
O
= ndH 2O + N mH,2diff
− N mH,2plO
F
F
ρ
λ − λc
i
= ndH 2O + m DmH 2O a
δm
F EW
−

4-18

ρl K m
2σ cosθ a
2σ cosθ c
[ a
J ( sa ) − c
J ( sc )]
H O
ra
rc
M µlδ m
2

Although here we have the same definition of the net water transport coefficient as in the
1D model, it varies spatially in the multi-D model.

4.3.3.3 Oxygen Transport
On the cathode side, oxygen solubility in liquid water is very small and thus,
oxygen transport in the liquid phase is neglected in this study. Then, we have that

⎡⎛ c gO2
∂c O2
O2
O2
k
+ ∇ ⋅ γuc = ∇ ⋅ Dg ,eff ∇c g − ∇ ⋅ ⎢⎜
∂t
⎢⎣⎜⎝ ρ g

{

}

[

]

⎞ ⎤
⎟ jl ⎥ + S O2
⎟ ⎥
⎠ ⎦

4-19

where

S O2 = −

j + j xover
4F

cathode catalyst layer

4-20

4.4 Electrochemical Model
Different from the simplified method of calculating cell voltage in the 1D model,
a complete electrochemical model, including proton transport and electron transport
equations, is employed in the multi-D model.
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4.4.1 Proton Transport

The proton transport equation is given by

(

)

0 = ∇ ⋅ κ eff ∇Φ e + S Φ

4-21

where
⎧j
SΦ = ⎨
⎩− jc + j xover

anode catalyst layer
cathode catalyst layer

4-22

This equation indicates that protons are generated in the anode catalyst layer and
consumed in the cathode catalyst layer.

4.4.2 Electron Transport

An additional electron transport equation is solved numerically in the backing and
catalyst layers, as well as in current collectors on both anode and cathode sides in order to
fully investigate its effect on the current distribution and cell performance. The source
terms correspond to the methanol oxidation and oxygen reduction reactions, creating or
consuming electrons in either anode or cathode catalyst layer. Note also that electrons
always flow from low potential to high potential location. Thus, we have that
0 = ∇ ⋅ (σ s,eff ∇Φ s ) + S Φ

4-23

where
⎧− j
SΦ = ⎨
⎩ jc − jxover

anode catalyst layer
cathode catalyst layer

4-24
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which indicates that electrons are consumed in the anode catalyst layer and generated in
the cathode catalyst layer.

4.4.3 Electrochemical Kinetics

Similarly to the 1D model, the transfer current density in the proton and electron
equations is expressed by Tafel approximations of Butler-Volmer equation in the anode
and cathode, respectively, such that,

j=

|

MeOH
l
cata

c

αaF

ηa )
RT
α F
+ K c exp( a η a )
RT

ajoref,a clMeOH |cata exp(

4-25

where

η a = Φ s − Φ e − U ao
(with Φ s = 0 at anode current collector boundary)

4-26

and
jc = aj

ref
o ,c

(

c gO2 |cata
c

O2
g , ref

)(1 − s) exp(−

αcF
RT

ηc )

4-27

where

η c = Φ s − Φ e − U co
(with Φ s = Vcell at cathode current collector boundary)

4-28
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4.5 Phase Saturations

Liquid saturation is a key parameter in the two-phase flow model. Here, we can
obtain the liquid saturation from the mixture water molar concentration via
s=

c H 2O − c gH,2satO
clH 2O − c gH,2satO

4-29

As explained in the 1D model, an empirical boundary condition of liquid saturation is
given at the cathode backing layer surface, which exerts a strong effect on water transport
through the membrane. Therefore, in the multi-D model, a similar interfacial liquid
saturation at the interface of the cathode backing layer and channel is implemented, as
shown in Eq. 4-30, and its effect on the spatially varying net water transport coefficient
through the membrane will be fully discussed in Chapter 6.
sint = sint, 0

4-30

Other two-phase relations [38,39] are listed in Table 4-1.

4.6 Model Summary

All governing equations of the multi-D model are summarized in Table 4-2.
Physically, both 1D and multi-D models employ two-phase species transport theory,
combined with the same electrochemical kinetics, to predict performance of the DMFC.
However, the multi-D model can address the reactant depletion effects along the flow
channel and land effects in limiting species diffusion in the in-plane direction from a
channel to a land. More important, the multi-D model is expected to elucidate the
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methanol crossover current density distribution and how the distribution affects the
operating current density distribution.

In addition, proton and electron transport

phenomena are also accounted for in the multi-D model, which will provide more
accurate current density distribution.
Species transport occurs in a practical DMFC in three dimensions, especially with
the effect of flow field design parameters. In the porous media of the backing and
catalyst layers, species transport is largely affected by the lands of the current collector,
which may also lead to a very non-uniform current generation distribution in the catalyst
layers as well as spatially varied net water transport coefficients through the membrane.
The domain expansion from the 1D model to multi-D model is shown in Figure 4-1, in
which the multi-D model encompasses all components in the DMFC, including current
collectors, channels, backing and catalyst layers, and the membrane.
In addition, the flow channel effect is simplified in the 1D model with simple
boundary conditions for the species concentrations and liquid saturation applied at the
surfaces of backing layers in both electrodes. Although such treatment is physically
reasonable and has predicted useful information inside the DMFC, it is not accurate
enough to reveal detailed information, especially two-phase flow and transport in the
flow channels included in the simulation domain. By assuming a homogeneous flow in
the anode channel and a mist flow in the cathode channel, species concentrations and
liquid saturation can be more precisely and realistically described, thereby leading to
more insightful species transport inside the DMFC, which will be seen in the later
simulation results section.
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Moreover, the interesting interaction of the current density distribution and
methanol concentration distribution is more complicated in a multi-D geometry applied.
All these new features related to the domain dimensionality expansion will be described
in this chapter.

4.7 Numerical Procedures

Besides intricate correlations between species transport equations, a numerical
problem unique to the multi-D model is the strong coupling between the potentials for the
electronic and electrolyte phases. The two potential equations are dependent on each
other through the reaction current, where the surface potential appears in the exponential
terms of Bulter-Volmer kinetics. Another computational challenge in multi-D model is
the need for large meshes for simulation of three-dimensional geometry, since the DMFC
features an aspect ratio of the order of 100, O(100). Therefore, the multi-D model must
seek a stable and efficient solving procedure for the success numerical simulation by
much intensive numerical efforts.

4.7.1 General Numerical Strategy

The multi-D, two-phase DMFC model is implemented into commercial software,
Fluent, through user-defined functions, or UDFs, provided by Fluent in DEFINE macros,
which are employed to implement sources terms, diffuse coefficients, material properties,
initial conditions etc.
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Since incompressible and low Reynolds-number flows are solved in the present
multi-D DMFC model, a segregated numerical solver based on Semi-Implicit Method of
Pressure Linked-Equation (SIMPLE) method is employed to take full advantage of its
efficiency and robustness. The species equations of methanol, water and oxygen, as well
as the equations of phase potentials, are implemented using user-defined scalars (UDS).
A first-order upwind scheme is applied to discretize the convection terms in all the
conservation equations, including momentum and species equations, because of large
grid stretch ratios and significant differences of mesh sizes arising from geometric size
differences in different layers and orientations of a DMFC.
In the multi-D model based on the molar concentration, conservation equations of
mass and momentum, representing the flow field, are decoupled from those of species
concentrations and the phase potentials; these latter equations can, therefore, be solved
separately. The mass and momentum equations are first solved to find a converged flow
field, followed by the species and charge equations with solution of mass and momentum
equations turned off. By taking advantage of this decoupling in the molar-concentration
formulation, more than 30% computational time can be saved as compared with solving
all conservation equations simultaneously.

4.7.2 Numerical Implementation of Interfacial Liquid Coverage

The interfacial liquid coverage at the interface between the cathode backing layer
and channel cannot be directly set as a boundary condition in Fluent due to its internal
location of the simulation domain. Therefore, a special numerical technique is adopted in
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the user code in Fluent through a user-defined source function of the water transport
equation.
As shown in Figure 4-2, two contingent grids between the interface of the cathode
backing and channel is defined as “W” and “E” grid, respectively. In order to implement
this internal boundary, first the water diffusion through the interface calculated inside
Fluent is eliminated in the code.

Then water transport through the interface is

programmed in the source terms of water, considering the liquid saturation value at the
interface. This additional source is defined as follows,
H 2O
S add
= −∇( DintH 2O ∇c H 2O ) + S intH 2O

4-31

From Figure 4-2, the discretized from of this additional source term to apply the
interfacial saturation value, sint , can be derived as
H 2O
S add
= −( DintH 2O

c EH 2O − cWH 2O
c H 2O − cWH 2O ∆Aint
+ DWH 2O int
)
∆δ
∆δ W / 2 ∆Vint

4-32

where DintH 2O is the geometrical mean of DWH 2O and DEH 2O , which can be automatically
acquired in Fluent, and
H 2O
cint
=

ρ lH O
2

M H 2O

sint + (1 − sint )c gH,2satO

4-33

4.7.3 Flow Chart and Convergence Criteria

A simple program flow chart is presented to illustrate the overall process in a
Fluent program running with UDFs, as shown in Figure 4-3. As convergence criteria, we
set the residuals for all governing equations less than 10-6.
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4.7.4 Numerical Mesh

To solve the multi-D model in Fluent, a numerical mesh is needed and can be
generated in Gambit software based on dimensions and computational ability. As shown
in Figure 4-4, there are 100 grid points along the flow direction (i.e., y direction), and 20
grid points along the width of the cell (i.e., z direction). Along the cell thickness (i.e., x
direction), there are 20 grid points in each current collector and channel, 10 grid points in
each backing layer, 3 grid points in each catalyst layer and 10 grid points in the
membrane. Therefore, there are a total of 152,000 grid points in the mesh for the whole
simulation domain. This grid has been tested to be sufficient in the present numerical
simulations by a careful grid-independence study.

4.8 Simulation Results and Discussion

The multi-D model is simulated in Fluent, based on the geometry described in
Table 4-3. The DMFC is operated at 60oC, with 2M methanol solution at the anode inlet
and 1atm dry air at the cathode inlet, respectively. The stoichiometric flow ratios in the
anode and cathode flow channels are set to be 2 and 3, respectively. The interfacial
liquid saturation at the interface of the cathode backing layer and channel is given as
10%. In order to clearly understand numerical results shown in the next section, several
representative planes in the three-dimensional domain are described in Figure 4-5 for
presentation of numerical results.
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4.8.1 Methanol Concentration

Methanol concentration contours predicted by the multi-D model on various
planes are shown in Figure 4-6 through Figure 4-8.

Along the flow direction, the

methanol concentration in the anode channel is dominated by convective effect while it is
mainly determined by diffusion in the anode backing layer. In Figure 4-6(b), it is evident
that methanol concentration in the backing is higher under the flow channel than under
the lands, demonstrating the land effect in limiting methanol transport in the anode.
Also, the gradient of methanol concentration in the channel increases from the crosssection near the inlet to that near the outlet (i.e. from plane Y1 to Y2 to Y3). Although
the average methanol concentration in the liquid exiting from the channel is still high,
about 1.2M, the concentration inside the catalyst layer is very small at the exit, about
0.1M, due to the insufficient methanol transport under the lands of the anode current
collector. Similar methanol concentration contours can also be seen in Figure 4-8 on
plane Z, in the middle of the cell width. It is shown that even with excess methanol fed
into the anode channel, the electrochemical reaction in the anode catalyst layer is
restricted by the methanol transport limitation.

This methanol transport limiting

phenomenon is new and can only be captured by the present multi-D model.

4.8.2 Oxygen Concentration

On the cathode side, oxygen concentration distributions are presented in
Figure 4-9 through Figure 4-11. Similar to the methanol concentration on the anode side,
the oxygen concentration shows a larger gradient in the backing layer than in the cathode
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channel. Although the oxygen concentration is also affected by lands of the current
collector, the effect is not as strong as that for the methanol concentration, due largely to
the much larger gas diffusivity of O2. In addition, oxygen concentration shows smaller
gradients in both the cathode channel and backing layer than those of the methanol
concentration. The largest variation in the oxygen concentration is no more than 20% of
the inlet oxygen concentration, while the methanol concentration is almost completely
depleted in the land areas of the anode catalyst layer. These results of methanol and
oxygen concentrations indicate that the land and flow field design on the anode side is
more important in affecting the limiting current density of a DMFC.

4.8.3 Liquid Saturation

Critical to understanding water transport in a DMFC, the liquid saturation
distributions on several planes are shown in Figure 4-12 through Figure 4-15. Overall, it
is seen that the liquid saturation profile in the anode side is quite different from that of the
cathode side. This is due to the different inlet conditions as well as liquid transport
properties in the different range of liquid saturation. Note that the anode is liquid
dominated, whereas the cathode is gas dominated.
Along the anode channel, the liquid saturation shows about 7% change from
100% at the inlet to 93% at the outlet, while the saturation change is about 10% in the
anode backing layer. This means that the two-phase flow pattern and species transport in
the anode channel approaches the pure liquid flow limit and evolves into the bubbly flow
with a small gas fraction. In the anode backing layer, the liquid saturation under the
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channel is higher than under the land due to more efficient removal of CO2 gas.
However, unlike the trend in methanol and oxygen concentrations, the liquid saturation
under the land of the current collector is slightly lower near the inlet than near the outlet,
shown in Figure 4-12(b). This is because with the higher current density generated near
the inlet, water transport by electro-osmotic drag from the anode to cathode is much
larger than hydraulic permeation from the cathode to anode.

With the decreasing

methanol concentration in the anode catalyst layer along the flow direction, however, the
local current density near the outlet decreases, and thus weakens the water electroosmotic drag from the anode to cathode. Therefore, with water hydraulic permeation
from the cathode to anode dominating the electro-osmotic flux, the liquid saturation in
the anode becomes higher near the outlet under the land. Along the flow direction, the
liquid saturation in the channel shows a larger gradient near the outlet than near the inlet,
as seen in Figure 4-13 and Figure 4-14.
The liquid saturation in the cathode is quite different from the anode. As shown
in Figure 4-15(a), along the flow direction, the liquid saturation is negligibly small
throughout the cathode channel. This is due to the assumption that liquid droplets are
exceedingly small so that a mist flow forms and the liquid is removed at the same
velocity as gas. The liquid saturation in the cathode backing layer, shown in Figure 415(b), is almost constant, mainly controlled by the interfacial liquid coverage at the
surface of the cathode backing layer, as assumed to be 10% in this simulation case. The
very small gradient of the liquid saturation is due to the relatively large capillary
diffusivity at the liquid saturation of ~10%. The interfacial liquid coverage can affect the
liquid saturation distribution in the cathode and thus, water balance in the entire cell. A
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detailed study on the interfacial liquid coverage effects is to be fully described in
Chapter 6.

4.8.4 Current Density and Crossover Current Density

Some of the most desirable outputs for the multi-D DMFC model are the current
density distribution, the crossover current density distribution, and the inter-relationship
between the two. The current density distribution in a DMFC has been measured by
Mench and Wang [62], but the distribution of methanol crossover current density has yet
to be measured. This information can be made available by the present multi-D model.
The predicted current density and crossover current distributions in the middle of the
membrane at the cell voltage of 0.4V are shown in Figure 4-16.

Under the given

conditions, the current density is relatively uniform in the channel region of the
membrane, but varies greatly in the land areas of the membrane, due primarily to the
severe methanol transport limitation there.

Moreover, the highest operating current

density does not occur at the inlet although the highest methanol concentration is there.
This can be explained by methanol crossover. Near the inlet, methanol crossover is
strongest by both methanol diffusion, due to the highest methanol concentration, and
electro-osmotic drag, due to the relatively high current density, as can be easily seen from
Figure 4-16(b). The strong methanol crossover current leads to a high mixed cathode
overpotential caused by the parasitic methanol oxidation reaction at the cathode catalyst
layer, and thus reduces the effective overpotential for ORR and then the operating current
density of the cell. With decreasing methanol concentration along the flow direction,

117
methanol crossover decreases very quickly, from 0.30A/cm2 at the inlet to about
0.15A/cm2 in the middle of the flow direction. Therefore, the highest operating current
density of the cell occurs in the middle section of the flow due to a combination of the
weak methanol crossover effect, still relatively high methanol concentration, and zeroorder kinetics of the anode reaction.
In the land areas of the membrane, the current density distribution is controlled by
the local methanol concentration because due to insufficient methanol transport, the
MOR is already a first-order reaction under small methanol concentrations there. Under
the given operating conditions, the lowest current density under the lands of the current
collector is only about 60% of that in channel area of the membrane. Therefore, the
geometry of lands and flow field appears to be important for uniform current distribution
and high cell performance.

More discussion on the land effect related to electron

transport in a portable DMFC will be presented in Chapter 5.
In comparison to the cell voltage of 0.4V, the current density and crossover
current density distributions at 0.2V are shown in Figure 4-17. It is evident that the
current distribution at 0.2V is completely controlled by the methanol concentration
distribution in the anode catalyst layer due to the larger methanol consumption rate and
thus, methanol crossover is too weak to affect the current density distribution. The
highest crossover current density at the cell voltage of 0.2V is only 27% of that at 0.4V.
From the current density and methanol crossover current density results, it can be
concluded that the geometry design of the anode flow field and the feeding methanol
concentration are two very critical parameters for overall cell performance of a portable
DMFC. If methanol concentrations in the anode channel can be more uniform along the
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flow direction, for example, by a face-feeding strategy, a more uniform current density
distribution and thus, a better cell performance may be achieved.

4.9 Summary

In this chapter, a three-dimensional, two-phase model is developed, capable of
investigating detailed species transport and electrochemical phenomena in all
components of a portable DMFC. Conservation equations of mass, momentum, species
transport, electrochemical reactions are numerically solved using commercial software,
Fluent, with careful implementation of the fuel cell two-phase flow dynamics and
electrochemical phenomena. The numerical results not only provide new information
about the internal physics of the DMFC, including local methanol transport limitation due
to the land effect, non-uniform current density distribution affected by spatially different
methanol crossover rate, but also suggest a key parameter, the current collector and flow
channel geometry, to achieve optimized cell performance.
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Table 4-1: Two-Phase Relations [39,40].
Density

ρ = ρ l s + ρ g (1 − s )

Molar concentration

c = cl s + cg (1 − s )

Velocity

ρu = ρ l u l + ρ g u g

Kinetic density

ρ κ = ρ l λl ( s ) + ρ g λ g ( s )

Viscosity

Diffusivity

µ=

ρ l s + ρ g (1 − s )
(k rl / ν l ) + (k rg / ν g )

ρD k = ρ l sDlk + ρ g (1 − s) D gk

Advection correction factor

ρ ( λl
γc =

Relative mobility

Individual phase velocity

λl ( s ) =

clk

ρl

+ λg

c gk

ρg

)

c

k rl / ν l
k rl / ν l + k rg / ν g

; λ g ( s ) = 1 − λl ( s )

ρ l u l = jl + λl ρu ; ρ g u g = − jl + λ g ρu
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Table 4-2: Summary of Governing Equations in the Multi-D Model.
Mass Conservation Equation
∂ (ερ )
+ ∇ ⋅ ( ρu) = m&
∂t
where
j
⎧ MeOH MeOH
S
+ M H 2O S H 2O + M CO2
⎪⎪M
6F
m& = ⎨
j
⎪M H 2O S H 2O + M O2 S O2 + M CO2 xover
⎪⎩
6F

anode catalyst layer
cathode catalyst layer

Momentum Conservation Equation
r
rr ⎤
1 ⎡ ∂ ( ρu ) 1
+ ∇ ⋅ ( ρ u u )⎥ = −∇p + ∇ ⋅τ + Su
⎢
ε ⎣ ∂t
ε
⎦

where

µ r
S u = − u in backing layer and catalyst layers and
K
r
u = 0 in the membrane

MeOH Transport Equation

⎧
1− s ⎤
1− s ⎫
∂ ⎡ MeOH
(s +
)⎥ + ∇ ⋅ ⎨γuclMeOH ( s +
)⎬ =
⎢c l
kH ⎭
kH ⎦
∂t ⎣
⎩
⎡⎛ 1
⎡ k
⎤
D gk ,eff
1
)∇clMeOH ⎥ − ∇ ⋅ ⎢⎜ −
∇ ⋅ ⎢( Dl ,eff +
⎜
kH
⎣⎢
⎦⎥
⎣⎢⎝ ρ l k H ρ g

⎞ MeOH ⎤
⎟c l
jl ⎥ + S MeOH
⎟
⎠
⎦⎥

where
S MeOH = −

j
j
− xover in anode catalyst layer and
6F
6F

Water Transport Equation
⎡⎛ c H 2O c H 2O
∂c H 2O
+ ∇ ⋅ γuc H 2O = ∇ ⋅ DlH,eff2O ∇clH 2O − ∇ ⋅ ⎢⎜ l − g ,sat
∂t
ρg
⎢⎣⎜⎝ ρ l

{

where

}

[

]

⎞ ⎤
⎟ jl ⎥ + S H 2O
⎟ ⎥
⎠ ⎦
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S

H 2O

⎧ j
⎪⎪− 6 F (1 + 6α )
=⎨
⎪ j + j xover + α j
F
3F
⎩⎪ 2 F

anode catalyst layer
cathode catalyst layer

Net water and methanol crossover rates through the membrane

α

i
i
O
= ndH 2O + N mH,2diff
− N mH,2plO
F
F
ρ
λ − λc
i
= ndH 2O + m DmH 2O a
F EW
δm
−

2σ cosθ a
2σ cosθ c
ρl K m
[ a
J ( sa ) − c
J ( sc )]
H O
ra
rc
M µlδ m
2

c MeOH |cata
i xover
i
= ndMeOH + DmMeOH l
6F
δm
F
Oxygen Transport Equation
⎡⎛ c gO2
∂c O2
+ ∇ ⋅ γuc O2 = ∇ ⋅ Dgk ,eff ∇c gO2 − ∇ ⋅ ⎢⎜
∂t
⎢⎣⎜⎝ ρ g

{

[

}

]

where
S O2 = −

j + j xover
4F

cathode catalyst layer

Proton Transport Equation

(

)

0 = ∇ ⋅ κ eff ∇Φ e + S Φ
where

⎧j
SΦ = ⎨
⎩− jc + j xover

anode catalyst layer
cathode catalyst layer

Electron Transport Equation

(

)

0 = ∇ ⋅ σ s ,eff ∇Φ s + S Φ
where

⎧− j
SΦ = ⎨
⎩ jc − jxover

anode catalyst layer
cathode catalyst layer

Electrochemical Kinetics

⎞ ⎤
⎟ jl ⎥ + S O2
⎟ ⎥
⎠ ⎦
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j=

clMeOH |cata

αaF

ηa )
RT
α F
+ K c exp( a η a )
RT

ajoref,a clMeOH |cata exp(

where
η a = Φ s − Φ e − U ao (with Φ s = 0 at anode current collector boundary)
jc = aj

ref
o ,c

(

c gO2 |cata
c

O2
g , ref

)(1 − s ) exp(−

αcF
RT

ηc )

where

η c = Φ s − Φ e − U co (with Φ s = Vcell at cathode current collector boundary)
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Table 4-3: Three Dimensional Geometry and Operating Conditions.
Cell length

0.1 m

Cell width

2*10-3 m

Anode channel width

1*10-3 m

Anode backing thickness

300*10-6 m

Anode catalyst thickness

10*10-6 m

Membrane thickness

50*10-6 m

Cathode catalyst thickness

10*10-6 m

Cathode backing thickness

300*10-6 m

Cathode channel width

1*10-3 m

Operating temperature

60 °C

Anode channel pressure

1 atm

Cathode channel pressure

1 atm

Flow stoichiometry of anode channel

2

Flow stoichiometry of cathode channel

3

Inlet methanol concentration at anode

2000 mol/ m3 (2M)

Inlet oxygen concentration at cathode

7.68 mol/ m3

Inlet liquid saturation at anode

100%

Inlet liquid saturation at cathode

0% (dry air)

Interfacial liquid saturation at the cathode backing layer

10%

Cell operating voltage

0.4 V
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Figure 4-1: Comparison of simulation domains between 1D model and multi-D model.
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Figure 4-2: Schematic of computational grid for numerical implementation of interfacial
liquid coverage in Fluent.
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Start
Initialize flow field and UDS
Start iteration

Adjust field parameter

Define boundary conditions
Solve mass and momentum
equations
Solve UDS equations

Update Properties

No
Converged?

Yes
End

Figure 4-3: Flow chart of the multi-D model in Fluent.
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X, channels and current collectors,
20 nodes/each.
X, backing layers, 10 nodes/each.
X, catalyst layers, 3 nodes/each.
X, membrane, 10 nodes.
Y, 100 nodes.
Z, 20 nodes.
Total : 152,000 nodes.

Figure 4-4: Numerical mesh used for multi-D simulations.
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Figure 4-5: Illustration of several planes in the 3D domain for presentation of multi-D
model simulation results.
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(a) Plane X1

(b) Plane X2

Figure 4-6: Methanol concentration (mol/m3) distributions in the anode channel (a) and
backing layer (b).
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(b) Plane Y2
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Figure 4-7: Methanol concentration (mol/m3) distributions near the inlet (a), middle of
the cell length (b) and near the outlet (c), in the anode.
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Figure 4-8: Methanol concentration (mol/m3) distribution in the middle of cell width
(Plane Z).
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Figure 4-9: Oxygen concentration (mol/m3) distributions in cathode channel (a) and
backing layer (b).
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Figure 4-10: Oxygen concentration (mol/m3) distributions near the inlet (a), middle of the
cell length (b) and near the outlet (c), in the cathode.
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Figure 4-11: Oxygen concentration (mol/m3) distribution in the middle of cell width
(Plane Z).
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Figure 4-12: Liquid saturation distributions in the anode channel (a) and backing layer
(b).
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Figure 4-13: Liquid saturation distributions near the inlet (a), middle of the cell length (b)
and near the outlet (c), in the anode.
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Figure 4-14: Liquid saturation distribution in the middle of cell width (Plane Z).
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Figure 4-15: Liquid saturation distributions in the cathode channel (a) and backing layer
(b).
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Figure 4-16: Current density (a) and crossover current density (b) distributions in the
middle of the membrane (Plane X3) at cell voltage of 0.4V.
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Figure 4-17: Current density (a) and crossover current density (b) distribution in the
middle of the membrane (Plane X3) at cell voltage of 0.2V.

Chapter 5
ELECTRON TRANSPORT IN A DMFC

5.1 Introduction
In the preceding chapter, a multi-D, two-phase, isothermal model of a DMFC was
presented, which is capable of investigating detailed species transport, electrochemical
phenomena in all regions of a portable DMFC. Compared to the 1D model, a fully
developed electrochemical model including proton and electron transport is included in
the multi-D model. In this chapter, electron transport effects on cell behaviors will be
explored in detail.

5.2 Theoretical Analysis
Figure 5-1 displays a schematic of the current collector plate and backing layer.
The typical thickness of the current collector ( δ collector ) is 2mm, thickness of the backing
layer ( δ backing ) is 0.3mm and the half-width of the flow channel ( Z channel ) is 0.5mm. If the
effective electronic conductivities of the current collector (i.e. graphite) and backing layer
(i.e. carbon paper) are assumed to be 20,000 and 300S/m, respectively, the typical
electronic resistance in the current collector, Rδcollector , can thus be calculated as,
Rδcollector =

δ collector
2mm
=
= 1mΩ ⋅ cm 2
σ collector 20,000S / m

5-1
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This indicates that the electron resistance in the current collector is very small, and
therefore, always negligible.

The ohmic resistance across the backing layer in the

through-plane direction, Rδbacking , is
Rδbacking =

δ backing
0.3mm
=
= 10mΩ ⋅ cm 2
σ backing 300 S / m

5-2

The electronic resistance of the backing layer in the in-plane direction, RZchannel , is
RZchannel =

Z channel

σ backing

=

0.5mm
= 16.7 mΩ ⋅ cm 2
300 S / m

5-3

The electron phase potential variation is proportional to both electron resistance
and average current density. Since the average current densities in the through-plane and
in-plane directions are different, the electronic resistances along the two directions,
Rδbacking and RZchannel , are not directly comparable. Assuming that the average current
density under the gas channel is a constant i , and the average current density through the
backing layer thickness is uniform, the lateral electronic phase potential variation in the
backing layer can then be derived as,
∆Φ s = ∫

Z channel

0

iz

δ backing σ backing

dz = i RZchannel

Z channel
2δ backing

5-4

A scaling factor should, therefore, be included in the lateral electronic resistance.
The modified lateral electronic resistance is
'
= RZchannel
RZchannel

Z channel
0.5mm
= 16.7
= 13.9mΩ ⋅ cm 2
2 × 0.3mm
2δ backing

5-5
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From Eq. 5-2 and Eq. 5-5, it is clear that both through-plane and in-plane
electronic resistances are sufficiently large enough to affect the current distribution, not
only globally on the cell performance but also locally between a channel and a land in the
flow direction.
The parameter of

Z channel
in Eq. 5-5, the ratio of the half width of the flow
2δ backing

channel to the doubled backing layer thickness, is thus an important variable in the
portable DMFC design. At a given flow channel width, the in-plane ohmic drop will
increase when decreasing the backing layer thickness. Numerical results presented in the
next section reveal that the backing layer functions not only to distribute reactants to
catalyst layer but also to provide a path for lateral electron conduction.

5.3 Numerical Results and Discussion
As shown Eq. 5-5, the in-plane electronic resistance is determined by the
electronic conductivity, backing layer thickness and flow channel width. A parametric
study is conducted to reveal its effect on current density distribution and cell
performance. The variation of the in-plane electronic resistance is carried out through
changing the backing layer conductivity.

The effect should be the same through

changing the backing layer thickness and/or the flow channel width, while the latter must
involve generation of new numerical meshes, which is rather time consuming. Current
density distributions in the middle of the membrane under three different electronic
conductivities of the backing layer are shown in Figure 5-2.

For the electronic
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conductivity of 300S/m, the maximum current density is located under the edges between
the gas channel and the current collecting land, as this location offers the best
combination of easy access by methanol and a short path for electron transport onto the
land. It is clearly shown that in-plane electron transport in the backing layer plays a
critical role in determining the current density profile between the channel and the land.
As the electronic conductivity increases to 1000S/m, the land effect is weaker,
while the methanol transport phenomenon in the in-plane direction becomes more
dominant.

By assuming an infinitely large electronic conductivity, i.e., completely

neglecting electron transport, methanol transport becomes the sole factor determining the
current density distribution; as a result, the maximum current density always occurs in the
middle of the gas channel. The numerical results further indicate that the widths of the
flow channel and current collecting land are key optimization parameters for better cell
performance.
Current density profiles along the in-plane direction in the mid-length of the cell
under different electronic conductivities of the backing layer are shown in Figure 5-3. In
order to neglect the electron transport effect, the electronic conductivity of the backing
layer has to reach at least 1000S/m, at which the relative error in the average current
density is less than 5% as compared to the case with an infinitely large electronic
conductivity.

The average current densities at cell voltage of 0.4V with different

electronic conductivities are listed and compared in Table 5-1.
The electronic resistance in the backing layer will not only affect the current
distribution in the width direction, but also that in the flow direction. The current density
distributions in the middle of the membrane under different electronic conductivities in
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the backing layer in the flow direction are presented in Figure 5-4. The current density
distributions are all showing a fast increase near the inlet due to the strong methanol
crossover, and then become flat because of weak methanol crossover afterwards.
Moreover, with lower electronic conductivity, the current density in the membrane shifts
to a lower level as well. This performance reduction is caused by the increasing electrical
resistance in the backing layer and thus, larger ohmic loss. It is evident that the electronic
conductivity shows more important effect on the current density distribution than
methanol crossover under the given conditions.
Variations in the current distribution in both flow and width directions are
presented in Figure 5-5 for the backing layer electronic conductivity of 300S/m and cell
voltage of 0.4V. In regions near the inlet and in the middle of the cell, with higher
conductivity of the current collector than the backing layer, the highest local current
density occurs at the edges between the land and flow channel. On the other hand, near
the outlet, due to the severe methanol transport limitation in the land area, the highest
current density shift towards the middle of the flow channel.

5.4 Summary
Based on the multi-D DMFC model, the electron transport effect in the DMFC is
numerically explored, with focus on the impact of in-plane electron transport on the
current distribution and cell performance. It was found that the electronic resistance of
the backing layer, which was affected by backing layer electronic conductivity, backing
layer thickness and flow channel width, played a relatively important role in determining
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the current density distribution and cell performance. In order to ignore the electron
transport effect on the average current density, the minimum electronic conductivity of
the backing layer has to be 1000S/m, with the relative error in the average current density
less than 5%, under the given conditions. However, such effect will become stronger
under higher current density conditions. Future work is needed to examine effects of
anisotropic electronic conductivity typically found in fuel cell backing layer materials.
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Table 5-1: Average Current Densities at Cell Voltage of 0.4V with Various Electronic
Conductivities of Backing Layer.
Electronic Conductivity (S/m)

Average current density (A/cm2)

Relative error (%)

∞

0.142

-

1500

0.137

3.5

1000

0.135

4.9

500

0.133

6.3

300

0.132

7.0

148

δcollector

δbacking

Zchannel

Figure 5-1: Schematic of the current collector and backing layer.
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Figure 5-2: Current density distribution (A/cm2) in the middle of membrane under
different electronic conductivities in the backing layer (at 0.4V).
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Figure 5-3: Current density distribution in the width direction in the mid-length of the cell
for different electronic conductivities in the backing layer.
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Figure 5-4: Current density distributions in middle of cell width along the flow direction
for different electronic conductivities in the backing layer.
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Figure 5-5: Current density distribution in the middle of the membrane in both flow and
width directions ( σ backing = 300S / m ).

Chapter 6
INTERFACIAL LIQUID COVERAGE MODEL IN A DMFC

6.1 Introduction
Efficient water management in the DMFC for portable power is very critical and
complicated because of many interacting phenomena. Among these, the liquid saturation
in the cathode side is believed to have a very strong effect on water crossover through the
membrane, a key parameter to determine water balance between the anode and cathode.
In this chapter, based on an interfacial liquid coverage model implemented in the multi-D
DMFC model, the liquid saturation variations in the cathode will be investigated in detail
and their effects on the net water transport coefficient will be discussed.

6.2 Interfacial Coverage Model
Recent visualization data from H2/air PEM fuel cells show that in the high current
density and/or low gas flowrate conditions, water produced from the oxygen reduction
reaction is removed from the GDL and gas channel in the liquid phase. Liquid water
transport through hydrophobic GDL is driven by the gradient in capillary forces. At the
hydrophobic surface of the GDL facing the gas channel, liquid water emerges in the form
of droplets, as shown in the experimental image of Zhang et al. [63] which is reproduced
here in Figure 6-1. The droplet detachment diameter along with the droplet population
density at the GDL surface will result in an interfacial liquid saturation, which is a key
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parameter to determine the level of flooding inside the GDL and catalyst layer. This
same interfacial saturation concept is believed to be important in a portable DMFC
because there exists a large amount of water in the DMFC cathode due to water crossover
through the membrane.
Zhang et al. [63,64] most recently found that the interfacial liquid saturation
correlates strongly with the channel gas velocity as the droplet detachment diameter from
the backing layer surface decreases with the gas velocity as a result of the balance
between the drag force of air core flow on the drop and the drop’s surface adhesion with
the cathode backing layer. Such an experimental correlation is shown in Figure 6-2 [63].
In addition, since liquid tends to form a droplet or a film at the hydrophobic and
hydrophilic porous surfaces, respectively, the interfacial liquid saturation at the cathode
backing layer and channel interface is also a function of the cathode backing layer
wettability, i.e. contact angle. Furthermore, the droplet population density at the cathode
backing layer surface, i.e. the number of sites activated with droplet emergence, is related
to the local current density. Therefore, the interfacial liquid saturation is also a function
of the current density. To summarize, we have

r
sint = s (u ,θ c , i )

6-1

The exact form of this interfacial saturation function is to be determined by experimental
measurements for a specific cathode porous material system.
In the present multi-D model focusing on exploring fundamental physics and
numerical behaviors of two-phase dynamics with interfacial liquid coverage at the
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cathode backing layer surface, we implemented a constant interfacial liquid saturation for
the purpose of a parametric study in this work.

6.3 Numerical Results and Discussion
As discussed for the 1D model, water transport through the membrane is
governed by electro-osmotic drag, diffusion and hydraulic permeation. The electroosmotic drag coefficient is only a function of temperature and thus a constant at any fixed
operating cell temperature in the steady state. Water diffusion and hydraulic permeation
through the membrane are highly dependant on the liquid saturation of both anode and
cathode sides. With the liquid coverage model applied at the interface of the cathode
backing layer and flow channel, water diffusion driven by the water content gradient and
water permeation by the hydraulic pressure gradient vary significantly and therefore,
affect the net water transport coefficient, α, considerably.
The liquid saturation distribution in the cathode backing layer without interfacial
coverage is shown in several planes in Figure 6-3 through Figure 6-5. In this case, the
liquid saturation distribution in the backing layer is greatly affected by the land of the
current collector. The liquid saturation in the channel area of the backing layer is lower
than that under the land. With water generation in the cathode catalyst layer and water
transport from the anode to cathode, the highest liquid saturation is about 7% in the
cathode backing layer under given operating conditions. In Figure 6-4, it is evident that
the gradient of liquid saturation in the through-plane direction is much stronger than that
in the flow direction.

And, in the plane X4, parallel to the membrane, the liquid
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saturation is lower in the channel region but rising around the edges due to the effect of
the current collector lands.
The net water transport coefficient contour without liquid coverage is shown in
Figure 6-6. In contrast with the 1D model assumption, the net water transport coefficient
is found to be quite non-uniform, varying from 1.2 to even a negative value of -1.0. This
indicates that net water transport through the membrane in the two-dimensional plane is
not only from the anode to cathode, but also from the cathode to anode, depending on the
location, local liquid saturation and current density. In the large middle region of the
membrane, the net water transport coefficient is relatively uniform and almost constant,
while it shows a large gradient and becomes even negative in the regions covered by
lands. To further investigate the reason for such a water transport coefficient distribution,
water transport through the membrane due to diffusion and hydraulic permeation is
shown in Figure 6-7. It is clear that both water diffusion and hydraulic permeation have
very uniform distribution in the most middle region of the membrane controlled by rather
uniform current density distribution. Due to the stronger effect of hydraulic permeation
from the cathode to anode through the membrane in the areas covered by lands, net water
transport is pointing from cathode to anode, that is, the net water transport coefficient is
negative.
Under the same operating conditions, the liquid saturation distribution in the
cathode backing layer with 10% liquid coverage is shown in Figure 6-8 and Figure 6-9.
Compared with no coverage results, the liquid saturation in the cathode backing layer is
almost constant, pre-dominated by the interfacial liquid coverage of 10%. The almost
constant distribution is due to the relatively large capillary diffusivity with about 10%
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liquid saturations in the backing layer. With such a large capillary diffusivity, the liquid
saturation distribution is fairly uniform in Plane X4 in the cathode backing layer, shown
in Figure 6-9. In other words, the land effect becomes negligible for the cathode liquid
saturation with the interfacial liquid coverage above 10%.

The net water transport

coefficient distribution with 10% liquid coverage is shown in Figure 6-10. The general
trend is the same as that without liquid coverage, however, with lower coefficients in the
entire membrane region. The lower net water transport coefficient can be explained by
stronger hydraulic permeation in Figure 6-11(b).

For both cases, water diffusion

distribution from the anode to cathode is about same, while average hydraulic permeation
through the membrane with 10% coverage is about 20% higher than no coverage case.
Therefore, the net water transport coefficient becomes smaller with 10% liquid coverage
than no coverage.
Using different liquid coverage saturations, the net water transport coefficients
and average current densities are predicted in Table 6-1 by the multi-D model. It is
evident that the net water transport coefficient is highly dependant on the liquid coverage
condition at the cathode backing layer surface, varying from 0.94 under the no coverage
condition to 0.22 under the liquid coverage of 20%. The average current density shows
relatively small variation with higher liquid coverage saturations under the given
operating conditions. However, it may possibly show significant effect when oxygen
transport is critical, for example, under high current density conditions or with airbreathing cathodes in portable DMFCs.
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6.4 Summary
In this chapter, an interfacial liquid coverage model applied at the interface
between the cathode backing layer and flow channel is numerically investigated, and its
effects on the net water transport coefficient distribution in a portable DMFC are
explored under typical operating conditions.

It can be seen that interfacial liquid

coverage has a profound effect on the net water transport coefficient through the
membrane by affecting water diffusion and hydraulic permeation under the constant
operating temperature.

With more accurate correlations of liquid coverage from

experimental measurements, water balance between the anode and cathode in the portable
DMFC can be effectively tailored to be suitable for use of high concentration fuel,
without sacrificing cell performance.
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Table 6-1: Net Water Transport Coefficients and Average Current Densities with Various
Liquid Coverage Saturations.
Liquid coverage saturation

Net water transport

Average current density

coefficient

(A/cm2)

-

0.94

0.149

5%

0.79

0.147

10%

0.54

0.143

20%

0.22

0.133
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Figure 6-1: Image of the cathode backing layer covered by water droplets in 7-channel
flow field with a total active area of 3cm2 [63].
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Figure 6-2: Variations of droplet detachment diameter with channel velocity for Toray
paper [63].
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(b) Backing Layer
Figure 6-3: Liquid saturation in cathode side (a) and in the cathode backing layer (b)
without liquid coverage.
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Figure 6-4: Liquid saturation in the cathode backing layer (a) and cathode side of Plane Z
(b), without liquid coverage.
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Figure 6-5: Liquid saturation in cathode backing layer (Plane X4), without liquid
coverage.
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Figure 6-6: Net water transport coefficient, α, distribution through the membrane, without
liquid coverage.
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(b) By hydraulic permeation

Figure 6-7: Water crossover due to diffusion (a) and hydraulic permeation (b) through the
membrane, without liquid coverage.
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(a) Backing layer

(b) Plane Z

Figure 6-8: Liquid saturation in the cathode backing layer (a) and cathode side of Plane
Z (b), with liquid coverage of 10%.
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Figure 6-9: Liquid saturation in cathode backing layer (Plane X4), with liquid coverage
of 10%.
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Figure 6-10: The net water transport coefficient, α, distribution through the membrane,
with liquid coverage of 10%.
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Figure 6-11: Water crossover due to diffusion (a) and hydraulic permeation (b) through
the membrane with liquid coverage of 10%.

Chapter 7
CONCLUSIONS AND FUTURE WORK

7.1 Conclusions
A comprehensive two-phase model has been developed in this thesis to
investigate physicochemical phenomena governing DMFC for portable power.

We

started by explaining the paramount importance of methanol, water, and heat transport
processes as well as their intricate couplings. Based on the basic theory of two-phase
flow in porous media, we then developed a 1D model along the cell thickness to explore
the essential transport processes. Furthermore, a multi-D model was presented to account
for three-dimensional transport phenomena in all components of a DMFC. Both models
are solved using a computational fluid dynamics (CFD) technique.
Specifically,

derived

from

Stefan-Maxwell

multi-component

diffusion

formulation, the two-phase, 1D model of coupled methanol, water and heat transport is
developed for the first time for the porous regions of the DMFC, including backing and
catalyst layers on both anode and cathode side, and the membrane.
The numerical results from the 1D model reveal the basic information about
methanol, water and heat transport processes in porous regions and predict cell
performance under different operating conditions of both steady and transient states. The
model results, including polarization curve, methanol crossover rate and water crossover
rate, were compared with available experimental data with good agreement,
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demonstrating that the model can be used to provide a fundamental understanding of the
governing physics in a portable DMFC.
Furthermore, 1D simulation results indicate that cell performance, including
polarization curve, power density and cell efficiency, depends strongly on methanol,
water and heat transport, coupled with operating conditions of the temperature, methanol
feeding concentration and material properties. Therefore, the 1D model can be very
useful as a tool for quick designs of portable DMFC systems under various operating
conditions and with different requirements.
To provide more insight into the portable DMFC, especially for three dimensional
species transport phenomena and geometrical effects, a comprehensive multi-D model is
developed for an entire DMFC in a single simulation domain, including current
collectors, channels, backing and catalyst layers of both electrodes, and the membrane.
With the multi-D geometry, proton and electron transport processes are further accounted
for to more accurately predict the current density distribution and the land effects. The
multi-D model for the portable DMFC is implemented in commercial CFD software,
Fluent, with UDFs.
An interesting interaction between current density and methanol crossover current
density distributions is found by the multi-D model for the first time. Based on such
intriguing relationship between the current density and crossover current density, it can
be concluded that the geometry design of the anode flow field and the feeding methanol
concentration are two key parameters for overall cell performance of a portable DMFC.
If methanol concentrations in the anode channel can be more uniform along the flow
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direction, for example, by a face-feeding strategy, a more uniform current density
distribution can result and thus, a better cell performance may be achieved.
Moreover, with electron transport and interfacial liquid coverage models
considered, a deep understanding of the interactions among species transport, water
balance, and cell performance is acquired, especially with different flow field geometry
designs.

With more accurate correlations of liquid coverage from experimental

measurements, water balance between the anode and cathode in the portable DMFC can
be effectively tailored for use of high concentration methanol as fuel, without sacrificing
cell performance.

7.2 Future Work
There are two possible directions for prospective modeling work of portable
DMFCs. The first is to investigate the transient performance by a multi-D model coupled
with heat transport, and the second is to improve the numerical solving procedure for
better and faster convergence.
In the present thesis, transient performance of the portable DMFC is only studied
by the 1D model and the portable DMFC is assumed to be spatially isothermal due to its
small size. Such assumption and predicted numerical results based on the 1D model may
not be accurate enough for larger cells or future high performance cells. On the other
hand, cell temperature in different components may be highly non-uniform during startup, especially with a low ambient temperature, which is a very possible operating
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situation for the portable DMFC. Therefore, both transient performance and spatial heat
transport characteristics must be explored in the next development of DMFC models.
In this study, all the multi-D results in the current thesis are only for a singlechannel DMFC structure. However, a portable DMFC used in practice is a multi-channel
structure which needs more powerful numerical simulation capability. Even with the
single-channel geometry under steady state, one simulation case needs about 10-15 hours
for a P-IV computer with 1GigaByte memory to achieve convergent results. One may
easily imagine the number of hours required for a multi-channel simulation case, with
transient state. There are two options to deal with the dilemma in the future work.
The first option is to simplify the multi-D model without losing much accuracy.
For example, electron transport in the multi-D model is proved to affect cell performance
significantly only under relatively small electronic conductivity of the GDL and/or high
current density conditions.

In other words, when running simulations under high

electronic conductivity or low current density conditions, electron transport equation can
be temporarily ignored for fast simulation speed and short convergence time, with
relative error in the average current density less than 5%. On the other hand, water
transport is believed to be the most difficult convergence equation in the multi-D model
due to the very large variation of two-phase relations during the first several hundreds
iteration steps. Therefore, the relaxation factor for the water transport equation must be
set relatively low during the whole simulation, compared with other relaxation factors.
The future simulation will hopefully find a dynamically adaptive relaxation factor in the
solving procedure and thus to greatly improve the efficiency of the numerical solution.
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The second option is to apply a better computational facility, for example, parallel
computing facility or super computers.

The current multi-D model still needs

modifications for running on the parallel computing in Fluent. Also, parallel computing
performs more efficiently with relatively large and regular simulation domain, which
means that a multi-channel DMFC case with similar operating conditions in each separate
domain will have the best convergence and fastest solution.
In summary, the future work of numerical modeling of the portable DMFC
involves more completed solutions including both steady state and transient state, and
more efficient solutions by improving numerical algorithms. Such efforts will have
tremendous impact on the further development of DMFC technology as portable power.
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