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Abstract

Nowadays fuel cells have been enthusiastically developed in order to be used in portable
devices, such as mobile phones, notebook computers, power tools and digital cameras etc. Cost,
durability and stability are the main concerns of the R&D programs for the fuel cell systems. The
advantages of PEM fuel cell include lower cost per kW, and fast start-up, and lower operating
temperature. In actual applications, the cell behaviors are highly dynamic. However, most of the
recent researches focus on steady state models instead of transient ones. In order to mimic the real

performance characteristics of PEM fuel cell, it is.crucial to develop the transient model.

The first part of this dissertation sanalyzesjthe:transient behavior for a PEM fuel cell via
two-phase and half cell model with a=thin film-agglomerate approach to model the catalyst layer.
The model includes the transports of-gaseous‘species, liquid water, proton, and electrochemical
kinetics. The numerical results reveal that the*transport of proton is much faster than the others. The
ionic potential reaches the steady state in the-order of 10™sec but that of the liquid water transport
takes place is in the order of 10 sec. The ionic potential does not decrease monotonically with time.
In the very beginning, the ionic potential rise rapidly, and then reaches the critical value, and then
increase till its steady state. We investigate how operating parameters affects the cell performance
of a PEM fuel cell, such as the operating temperature and the inlet relative humidity of the cathode
streams. For the operating temperature, the higher the operating temperature is, the higher the cell

performance will be.

Subsequently, we investigate the parameters which can affect the cell performance such as
GDL porosity, CL porosity, catalyst layer thickness and agglomerate radius in detail. The transient
behaviors show that within 10sec, the current density rises rapidly, and there is a plateau between
10%sec and 107sec. After 1sec, the variations of current density depend on cell voltage, gas
diffusion layer porosity, catalyst layer porosity, catalyst layer thickness and agglomerate radius. For

gas diffusion layer porosity, between &, =0.2 and &, =0.5, the higher the GDL porosity is, the

higher the cell current density will be. After 1sec, if the GDL porosity is below 0.3, the current



density will go down. For catalyst layer porosity, optimum current density appears between

&, =0.06 and &, =0.1. For the catalyst layer thickness, the optimum values of catalyst layer
thickness appears between &, =10um and 13um. For the agglomerate radius, it suggests that the

agglomerate radius should smaller than 100nm for a higher utilization of catalyst.

Finally, we investigate the transient behavior of a PEM fuel cell by using a one-dimensional,
two-phase mathematical model that treats the catalyst layer as a spherical thin file-agglomerate.
This method is different from other works that regard it as interface or thin film. Effects of various
transport parameters as well as other factors such as catalyst loading, gas diffusion layer thickness
and liquid water permeability on the transient evolution of major model properties and cell
performance are investigated thoroughly. Numerical results show that the evolution of ionic
potential drop and oxygen consumption experience several steps before they reach steady state. The
same situation can also be seen for the evolution of water saturation and current density. A close
inspection of these phenomena shows a intimate between these transport variables and cell
performance. Parametric studies of other design factors’ effects reveal there exists optimum values

which lead to a greater current output during its evolution-period.
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1. Introduction

1.1. Foreword

Sine 2003, the crude oil price has increased 20% and almost reached $80 per barrel in recent
years. (Figure 1-1) As the demand for cost effective and environmentally friendly alternatives of
traditional power sources continues to grow, it is becoming evident that future energy generation
may be somewhat different from that of the present ones. Many of today’s industries, including
automotive manufacturers, are investing considerable resources in finding and implementing new
technologies to replace traditional power production methods in order to stay competitive in future
markets. One of these newly emerging technologies is the fuel cell. Fuel cells, which were invented
167 years ago by William Grove, have only recently become economically competitive with

traditional power systems, such as the internal combustion engine.

The fuel cell is an electrochemical device that converts the chemical energy of its reactants
directly into electricity and heat, without combustion:, Figure 1-2 illustrates the components
common to a fuel cell. First, there is a region where reactants can enter and exit the fuel cell. The
electrochemical reactions take place at the electrodes, which in most cases are made of porous
material to maximize the reaction surface area. In-many.types of fuel cells, the electrodes contain a
catalyst, usually platinum, to facilitate the chemical reactions. The electrodes are connected by an
external circuit, through a load. Electrons can follow this circuit from the anode to the cathode of
the fuel cell. The electrolyte can be solid or liquid and serves to separate the reactants at the two
electrodes and to conduct ions from one electrode to the other. Fuel cells have a substantial range of
potential applications, on a power scale from less than a watt to megawatts. The extraordinary
environmental quality and high efficiency of fuel cells make them a potential alternative energy
source for both stationary and transportation applications. In stationary energy production, fuel cell
power plants may have a key role in the transition of the energy economy toward a more distributed,
network-type structure. In transportation, fuel cells hold the potential to end the century-long reign
of internal combustion engines. Fuel cells have the opportunity to end the carbon-dominated energy
system of the 20" century and make the cost of the broadly available hydrogen molecule. While
fuel cell technology matures and further research advances are made, the challenge for the fuel cell
industry will be to commercialize fuel cell systems by improving their performance and cost. In this
chapter, an overview of fuel cell is given, the proton exchange membrane fuel cell (PEMFC) is

introduced, a review of existing fuel cell models is discussed, and the objectives of this work are

1



presented.

1.2. Different types of fuel cells

Fuel cells are usually classified by the nature of the electrolyte they use. Table 1.1 summarizes
the major technical differences between them. These distinctions allow one to choose the type of

fuel cell that best matches a given application.

As shown in Table 1.1, PEM fuel cells deliver significantly higher power density than the other
types of fuel cells, with the exception of the alkaline fuel cell (AFC) and solid oxide fuel cell
(SOFC), which have comparable performance. Their electrical efficiency of 40 to 55% is also
relatively high in comparison to the efficiency of a spark-ignition internal combustion (IC) engine
of comparable size. In addition, the low operating temperature of the PEMFC allows for quick
start-up and fast response to changes in electric load. These characteristics, along with their
relatively long expected lifetime, make the PEMFC a very suitable power system for vehicular
application as well as small stationary power plants. The technical issues involved in a PEMFC will

be developed in the next section.

1.3. Proton exchange membrane.fuel cell

In comparison to the other types;of fuel cells, PEM fuel cells have the shortest start-up time
and the highest power density. These properties make PEM fuel cells well suited for portable,
automotive and most stationary applications. Thus, the PEM fuel cells have been enthusiastically
developed in order to be used in portable devices, such as mobile phones, notebook computers,
power tools digital cameras and etc. The proton exchange membrane can operate on reformed
hydrocarbon fuels, with pretreatment, and on air. The use of a solid polymer electrolyte eliminates
the corrosion and safety concerns associated with liquid electrolyte fuel cells. The anode and
cathode are prepared by applying a small amount of platinum black to one surface of a thin sheet of

porous, graphitized paper which has previously been wet-proofed with Teflon. Platinum loading
have decreased from 5mg/cm2 to 0.005 mg/cm2 [1] Its low operating temperature provides
instant start-up. About 50% of maximum power is available immediately at room temperature. Full
operating power is available within about 3 minutes under normal conditions. Recent advances in

performance and design offer the possibility of lower cost than any other fuel cell system.

A PEMFC uses a polymer electrolyte membrane usually made of Nafion® (from DuPont),
which chemical structure consists of a fluorocarbon polymer with sulfonic acid groups attached.

Through this structure, the protons and water molecules are free to migrate. However, the Nafion®



material remains impermeable to reactants (hydrogen at the anode and oxygen at the cathode) and is
a good electronic insulator. The carbon fiber material is also referred to as the gas diffusion layer.
These components produce a membrane-electrode assembly (MEA). This structure is about
hundreds microns thick and the electrodes is about several hundreds microns thick each while the
catalyst layers is about tens of micrometers thick each. The components of a PEM fuel cell are

shown in Figure 1-3.

The MEA is connected on each side to electronically conductive collector plates, which supply
the fuel and the oxidant to the electrodes via gas channels and conduct the current to the external
circuit. The reactants are transported by diffusion through the porous electrodes to the reaction site.
At the anode, the oxidation of hydrogen fuel releases hydrogen protons that are transported through
the membrane and electrons that produce the electrical current. At the cathode, oxygen reacts with

the protons and electrons to produce liquid water. The electrochemical reactions are

Anode: H, <> 2H" +2e” (1-1)
Cathode: 2H" +%O2 +2e < H,0 (1-2)
The overall reactions is

1
H, +EO2 <~ H,0 (1-3)
The operation principle of a PEMFC is described in Figure 1-2.

1.4. Literature survey

The number of published fuel-cell-related models has increased dramatically in the past few
years. Not only are there more model being publishing, but they are also increasing in complexity

and scope. In this section, an overview of the various fuel cell models is presented.
1.4.1. Zero-dimensional models

0-D models were used to analyze the experimental data. These models normally fit the
experimental data with a single equation, and although they demonstrate good fits and are quick and
easy to implement, they are less reliable in predicting and explaining behavior. The 0-D modeling
equations also can be derived by combination of the governing equations for each regime. The
drawbacks of these models are that they do not yield true mechanistic behavior and fundamental

understanding and that they are not good for predicting performance or optimization. But they are



valuable for determining kinetic parameters as well as comparing the various losses in the system to

one another.

0-D models are very helpful in determining kinetic parameters and general ohmic resistance
from experimental data.[2-5] The model of Amphlett et al.[2] accounted for all the temperature
dependences through empirical fitting parameters. 0-D models also allow for deviations from the
theoretical expression to be investigated. They fitted some experimental data to yield a double Tafel
slope at higher current densities. This change in the Tafel slope is caused by mass transport
limitations. The equation can not fit the whole polarization curve with just one set of parameter
values. Kim et al.[6] incorporated the gas-phase mass transport limitations to their model. The
equation yields good fits with the data. Kulikovsky[7] incorporated the limiting current density, thus
it is more empirical. Pisani et al. [8], Lufrano et al.[9] and Squadrito et al[10] included the

mass-transport limitation to be a more complicated function of current with more fitting parameters.

Of course, all the parameters of models are adjusted for the conditions. As mentioned above,
such polarization-equation fits are useful for getting parameter values and perhaps some gross
understanding, but they cannot really be used for optimization, prediction, or in-depth examination
of the underlying phenomena. It is difficult for them to.treat interacting phenomena in a clear way,
such as flooding with liquid water.

1.4.2. Fuel cell sandwich modeling

The fuel cell sandwich presents the 1-D across section of the fuel cell, and it includes gas
distributors, porous electrodes and membrane. Flow is taken to be normal to the various layers.
Additional layers are incorporated into the sandwich, such as separating the porous electrode into
microporous layers, gas diffusion layers and catalyst layers. The mass transport and energy
transport are through all the various sandwich layers. These processes, include electrochemical
Kinetics, are key in describing how fuel cell working. Various models for the fuel cell sandwich of
the layers are going to be discussed in next section.

1.4.2.1. Gas diffusion layer modeling

The gas diffusion layers are the porous backings between the catalyst layer and the gas
channels. The function of them is to

1. actasagas diffuser;

2. provide mechanical support;



3. provide a pathway for electrons, gases and liquid water.

They are typically carbon-based, and may be in cloth form, a non-woven pressed carbon fiber

configuration, or simply a felt-like material. The transport equations are discussed as follow.

For the gas-phase transport, almost every model treats it in the fuel cell sandwich are
identically. The Stefan-Maxwell equations are used for the gas transport, and the Bruggeman
correlation is adopted to count the effects of porosity and tortuosity.[11-13] Nam and Kaviany[13]
discuss the appropriate function to use for the tortuosity, in which changing value due to liquid

saturation are also accounted for.

When the pore size decreases to the point where the majority of collisions are between the gas
and the pore wall, the Knudsen diffusion becomes the predominant transport mechanism. Some
models have begun to take this into account.[14-16] When the pore radius is less then 0.5um, the
Knudsen diffusion is dominant. In the meantime, the diffusion coefficient is a function of the pore
radius.[17]

Most models treat the gas-phase flow as diffusion-only, but some models take convection term
into account.[18-26]. They incorporate ‘the Darcy’s law -for the gas phase into the momentum
equation. Some models of them include the effect of gas-phase pressure-driven flow, because they
are often multidimensional. The results of the_most models show that the pressure difference
through the sandwich is minimal, and the assumption of uniform gas pressure is probably fine for
most conditions. Since, the flow parallel to the 'sandwich and move through the diffusion media
primarily by diffusion, because that no-slip condition is adopted. If it uses an interdigitated flow

field, the gas-phase pressure-driven flow should be accounted for.

For the liquid water transport, the simplest model is to treat it as a solid species that occupies a
certain volume fraction. It reduces the gas porosity, thus the diffusion coefficients of gas species
have to correct. The models usually use the volume fraction of water as a fitting parameter.[27-31].
Gurau et al.[30] and Chu et al.[31] used a liquid volume fraction that is a function of position to
mimic flooding effects. Gurau et al.[30] developed an analytical solution for a half-cell model. The
discrete porosity is adopted for the GDL. They showed how the limiting current density and
polarization effects depended on the different liquid volume fraction. Then Chu et al.[31]
investigated the effect of the non-uniform porosity of GDL on the performance with various

parameters. Such as potential, oxygen mass fraction, and current density.

The more complicated treatment is to develop a two-phase flow in the diffusion media. Several

groups are working on it. Nguyen and his co-worker are some of the first researcher to investigate
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two-phase flow. They clearly showed how important saturation effects are at the cathode. The
two-phase models use empirical expressions for the saturation functions taken from matching
experimental data. [1, 21, 32-34] As for the investigation of two-phase flow, Wang et al.[35], at
Pennsylvania State University, pioneered the research on this issue through analytic method and
computational-fluid-dynamics (CFD) models. A threshold current density was proposed to
distinguish the scenarios between single- and two-phase regimes of water distribution and transport.
In the subsequent works of their group, sophisticated models [36-42] were developed to simulate
the flooding and liquid water distribution in PEM fuel cells. The mature multiphase mixture (M?)
formulation [43, 44] with single set of conservation equations was employed to mimic the
two-phase transport process. The modeling domain for this model was basically the cathode side of
the fuel cell, where a net water flux through the membrane was assumed. The results showed that it
is important to consider the gas-phase pressure field in the GDL as a new mechanism of reactant
transport. Another analytic model performed by Pasaogullari et al.[39], focusing on the liquid water
transport in hydrophobic electrode, indicated that capillary transport dominates the water remove
from flooded GDL. Jang et al. [45] established a.two-dimensional, isothermal and multi-phase
numerical model to investigate the influence of-the GDL parameters on the transport phenomenon
and cell performance. The porosity and thickness of.the GDL were employed in the analysis as the
parameters, and the effects of liquid water and.flow direction of the fuel and air on the performance
were also considered. Recent reviews by Wang[46] .and Weber and Newman[47] provide
comprehensive overview of various two-phase PEFC models and address the water management

issue with particular attention to GDL in significant details.

Hwang [48] developed a complete two-phase model that cover all two-phase components in a
porous cathode of a PEMFC, i.e., velocity (liquid water/gaseous mixture), temperature (reactant
fluids/solid matrices), and current (ionic conductor/electronic conductor). The categories of
two-phase transports are strongly coupled in an operating fuel cell. The model successfully
predicted the phase equilibrium front and the thermal equilibrium front in the cathode of a PEMFC.
However, the macroscopic two-phase models are plagued with the scarcity of realistic two-phase
correlations, in terms of capillary pressure and relative permeability as functions of water saturation,
tailored specifically for actual gas diffusion medium characterized by structures. Due to the lack of
reliable two phase correlations, Schulz et al. [49] developed a full morphology (FM) model for
studying the two-phase characteristics of the gas diffusion medium. The FM model directly solves
for the capillary pressure-saturation relations on the detailed morphology of the reconstructed GDL

from drainage simulations.



1.4.2.2. Membrane modeling

Electrolyte is one of the most important parts of a proton exchange membrane fuel cell. It is a
proton-conducting membrane, and usually is made of Nafion®. Nafion® is a polymer that falls
within the perfluorosulfonic acid family. It is characterized by a backbone structure that is
Teflon®-like, i.e., polytetrafluoroethylene, and which has bonded to it a perfluorinated side chain

that has a terminal sulfonic acid group (SOj;). The function of the ion exchange membrane is to

provide a conductive path while at the same time separating the reactant gases. The material is an
electrical insulator. As a result, ion conduction takes place via ionic groups within the polymer

structure. lon transport is highly dependent on the bound and free water associated with those sites.

There have been many microscopic models and physical models in addition to the macroscopic
ones. The microscopic models examined single ions and pore-level effects. The macroscopic
models are often more empirical and focus on describing the transport in a macrohomogeneous
medium. For the macroscopic models, there two main categories, one is single phase and the other
is two phases. Membrane, protons, and water are ,the main components in the models. They
neglected the hydrogen crossover or oxygen cressover in-the membrane. The microscopic models
provide the fundamental understanding.of processes such as diffusion and conduction in the
membrane on single-pore level. They allow for the. evaluation of how small perturbations like
heterogeneity of pores and electric fields affect transport; as well as the incorporation of small-scale

effects.

Weber and Newman [50-53] developed a physical model of transport in Nafion, which could
be used as a foundation for a macrohomogeneous model. They focus on how the membrane
structure changes as a function of water content, where A is the moles of water per mole of
sulfonic acid sites and is measured by examining the weight gain of an equilibrated membrane. In
the physical model, there are two separate structures for the membrane depending on whether the
water at boundary is vapor or liquid. These are termed the vapor- or liquid-equilibrated membrane
respectively. When the channels are collapsed, it is a vapor-equilibrated membrane. When they are

expanded and filled with water, it is a liquid-equilibrated membrane.

For a single phase membrane, the diffusive models are adopted. They correspond with
more-or-less to the vapor-equilibrated membrane. Because the collapse channels fluctuate and there
are not any true pores, it is easy to treat the system as a single, homogeneous phase in which water
and protons dissolve and move by diffusion. Since the membrane is stationary, only the water and
protons move in the membrane system. The simplest models for a membrane either neglect the



water movement or treat it as a known constant. For the proton transport, the Ohm’s law is the
simplest treatment. This can easily be integrated to yield a resistance for use in a polarization
equation.[1, 2, 13, 21, 24, 31, 33, 35, 54-56]

For the transport parameters in the membrane are the functions of temperature and the water
content, 4. [52]. In the models, empirical fits are used [19, 22, 27, 57-60] or the properties are
assumed constant.[4, 15, 25, 61] Weber and Newman [47, 52] review many of the data and discuss
the functional forms for the properties from a physical view. Schroeder’s paradox is an observed
phenomenon that needs to be considered in any model when the membrane is not either fully
hydrated or dehydrated. There are various approaches to account for Schroeder’s paradox. The
easiest approach is to ignore it, which a majority of the models do. Next, it can be treated as a
discontinuity or by assuming a functional form of the water content and water activity continue to
increase.[15, 19, 20, 22, 57, 60, 62, 63] In the model of Springer et al.[27], was used as the driving
force for water flown in the membrane, and an activity coefficient was used to account for the

isothermal behavior. The approach of Wang and Savinell[58]’s is identical to Springer et al.’s.

For the two-phase membrane, the model corresponds to the liquid-equilibrated membrane. The
membrane is treated as having pores‘that are filled with liquid water. This sustains a pressure
gradient in the water because of a stress relation between the membrane and fluid at every point in
the membrane. Bernardi and Verbrugge. [64, 65] developed'a membrane model for it. They utilized
a dilute solution approach that used the"Nernst-Plank equation to describe the proton transport.
There are two models of water transport are operative: the electro-osmotic drag effect and diffused
by the concentration gradient. The water flux due to the electro-osmotic drag is directly
proportional to the protonic flux. The diffusion flux of water in the membrane is usually described

by a water diffusion coefficient and the gradient in molar concentration of water.

1.4.2.3. Catalyst layer modeling

The catalyst layer is platinum-based for both the anode and cathode. To promote hydrogen
oxidation reaction and the anode uses either pure platinum metal catalyst or a supported platinum
catalyst, typically on carbon or graphite for pure hydrogen feed steams. Oxygen reduction reaction
at the cathode may use the platinum metal or the supported catalyst. For the HOR, the reaction is
fast and can be described by a Bulter-Volmer kinetic expression. For the ORR, a Tafel equation is

normal used.



The catalyst layer is very complex, because the electrochemical reactions take place there, and
all the different types of phases exist. Thus, the membrane models and gas diffusion layer models
must be used in the catalyst layer along with additional expression related to the electrochemical
Kinetics on the supported electro-catalyst particles. There are many approaches for studying the
catalyst layer. An examination of the catalyst layer models reveals the fact that there are more
cathode models than anode ones. Because the cathode has the slower reaction, it is where water is
generated, and mass transfer effects are more significant. The anode can almost always be modeled
as a simplified cathode model. The simplest approach is interface model, where a single equation is
used. It is infinitely thin, and their structure can be neglected. This approach is used in complete
fuel cell models where the emphasis of the model is not on the effects of catalyst layer.[13, 15, 16,
27, 53, 66, 67] If takes it as an interface, the results will be higher. The next set of models is the
homogeneous models [64, 65, 68-70]. In the homogeneous model, it is assumed that the electrode
active layer consists of a uniform, gas pore-free blend of proton conducting polymer and supported
catalyst. The suitability of the homogeneous model for describing state-of-the-art PEM fuel cell
cathode has been criticized.[28, 71, 72] Besidesithese models, the works of Wang et al. [73, 74]
treated the catalyst layer as an individual zone with-various conservation equations employed in the
modeling of transient study and various time constants for the transient transport phenomena were

proposed. It predicts too poor oxygen permeability properties as compared to experimental results.

Experimental study and microscopic analysis [25,:71, 75] showed that the catalyst layer is
porous and the reactants can transport through the catalyst layer in the gas phase. In order to
account for this phenomenon, the so-called thin-film model and agglomerate model have been
proposed. In the thin-film model [55, 76], the catalyst particles are covered by a polymer electrolyte
film, and the gas pores only exist within the electrode. The thickness of the film is uniform and is
very small in comparison to the pore size. The model of Bultel et al.[76]’s was developed for taking
into account simultaneously the couple effects of diffusion and ohmic drops. They suggested that
the local effects are mainly masked for oxygen reduction in acidic medium, and these effects are no

more negligible for hydrogen oxidation.

In the agglomerate model [25, 68, 71, 72, 75, 77-79], the catalyst particles, electrolyte and gas
pores form a homogeneous mixture. For the analysis, the effectiveness factor is used. For spherical

agglomerate, an analytic expression is

1 3pcoth(3p)-1

e 3 (1-4)




¢ is the Thiele modulus[80]

K
D
0, eff (1_ 5)

P =Ty

When the Thiele modulus is large, diffusion usually limits the overall rate of reaction. While it
is small, the surface reaction is usually rate-limiting. The results of the simple agglomerate models
are helpful in trying to understand and optimize catalyst layer parameters such as catalyst loading
and agglomerate size. The agglomerate model has many parameters that should be used to fit
experimental data. Such as the agglomerate size and surface oxygen concentration. Several
researchers had compared them to each other and experimental data. Broka and Ekdunge[71]
suggest that the agglomerate model is more accurate. Gloaguen et al.[77] also showed the
agglomerate model is more suitable compared to the flooded thin-layer model in terms of describing

the catalyst layer.

The National Research Council of Canada research group [81-89] had a series of investigation
on the structures of catalyst layers with _different types of agglomerate and optimizations of the
cathode catalyst layer. However, their“modelronly considers a single phase in catalyst layer or
cathode side, while in reality multiphase of catalystlayers should be considered. For the flooding of
the catalyst layer, there are various models have-addressed. There are two main ways which depend
on how the catalyst layer is modeled. If"an.agglomerate model is used and liquid water exists. A
liquid film covering the membrane of the agglomerates can be assumed. Thus, the flooding of the
catalyst layer is easily incorporated into the external mass transfer limitation.[29, 69] Because the
low diffusivity and solubility of oxygen in water, only a very thin liquid film is needed to inhibit
reaction. The thickness of the film used as a fitting parameter. The other approach is to use the
two-phase modeling which described in the gas diffusion layer modeling. This involves calculating
the liquid water saturation in the catalyst layer. The liquid water occupied the gas pore, and reduces
the gas porosity. There are a few models that use this approach.[21, 33-35, 90, 91] Lin et al.[91]
developed a one-dimensional thin film-agglomerate model for the catalyst layer in the steady state.
They showed that the liquid water accumulation within the gas diffusion layer and catalyst layer
had a significant impact on the cell performance. Lin and Nguyen [92] extended their
one-dimensional model to a two-dimensional to account for the effect of the relative dimensions of
the shoulders and channels on the cell performance. The effects of the in-plane liquid water
permeability and electronic conductivity of the gas diffusion layer on cell performance were also

examined. It was found that more channels, smaller shoulder widths on the gas distributor, and
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higher in-plane water permeability of the gas diffusion layer can enhance the transport of liquid

water and oxygen, leading to better cell performance.

1.5. Motivation and objectives

Due to the facts, a PEM fuel cell is the most promising candidates which are suitable for
portable power source applications. Its low cost per kW is very important for mobile applications.
PEM fuel cells for these applications must be working constantly under highly dynamic loading.
The promotion of the fuel cell performance is ipod-like nowadays. However, most of the recent
researches are based on the steady state scenario. In actual situation, it is put in use to portable
devices with highly dynamic loading. Therefore, to enhance the understanding on the underlying
transport and performance characteristics of the PEM fuel cell, a transient model investigation is
necessary and important. Furthermore, a comprehensive knowledge is able to be obtained through
conducting a parametric study of various vital design parameters of the PEM fuel cell and optimal

parameters for the best performance can be obtained accordingly.

The objective of this dissertation is, to"develop: a transient model describing the transport
process of gaseous species, liquid water and.protons with a thin film-agglomerate approach to
model the catalyst layer structure. An overview of the transient, two-phase, one-dimensional model
of a PEM fuel cell cathode is described iniChapter 2. And- the effect of operating parameters that
affect the water generation and removal process, such.as‘the inlet relative humidity of the cathode
streams and operating temperature is studied. In"this dissertation, it investigates the transient state
and emphasis on the start-up. In Chapter 3, it presents the interactions between each parameter and
the cell performance in transient state. The porosity effect, catalyst layer thickness effect and
agglomerate radius effect are discussed. In Chapter 4, the catalyst pellets in the catalyst layer are

treated as spheres. And a spherical thin film-agglomerate model is developed.
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Table 1-1. Characteristics of different types of fuel cells.

Fuel cell type | PEMFC DMFC AFC PAFC MCFC SOFC
Mobile lon | H* H* OH H* COz* ok
Operating
temperature | 50-100 50-200 50-200 ~220 ~650 600-1000
€9)
Power density
(kW/m?) 3.8-2.6 >1.5 0.7-8.1 0.8-1.9 0.1-15 1.5-2.6

. st 40-50 50-65
cleotnel 114085 | 40 45-60 (stack) | 50-60 (stack)

y (stack) (stack) (stack) 41 (system) 45-50
(%)
(system) (system)

Start-up time | Sec-min Sec-min Min Hours Hours Hours
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Fig 1-2. An illustration of a fuel cell.
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2. Transient analysis of PEM fuel cells based on a
cylindrical thin film-agglomerate approach

This chapter is devoted to investigate the transient, two-phase, multi-component transport as
well as electrochemistry behavior of the PEMFC. The transient model is extended from the steady
state model developed by Lin et al.[91] (Figure 2-1). It includes the transport of gaseous species,
liquid water, proton, and electrochemical kinetics in the cathode of a PEMFC. The catalyst pellet is
consisted of carbon-supported platinum catalyst and Nafion ionomer and is covered with a thin
Nafion film. In this chapter, they are treated as cylindrical objects. The Nafion-filled spaces among
the catalyst pellets form the channels which have the functions of transporting reactant and product.
The oxygen flows from gas channel to the catalyst layer via the gas diffusion layer. It is assumed to
diffuse constantly along the catalyst layer. In the meantime, the oxygen dissolves into the Nafion
film and reaches the pellet surface. Then, the liquid water is generated through the oxygen reduction

reaction.

2.1. Assumptions

The following assumptions are made to simplified the modeling.

1. The gas phase obeys the ideal gaslaw.

2. Inthe GDL and CL, the electronic resistance is negligible.

3. Bruggeman correlation is used to count for the effects of porosity and tortuosity.

4. The radius of the catalyst pellet and the thickness of the Nafion film are uniform in the

catalyst layer.

5. The catalyst pellets are treated as homogeneous and oxygen diffuses into pellets via
Nafion film.

6. The Thiele modulus approach is applied.
7. The oxygen reduction reaction generates liquid phase water.

The ionic potential between the anode catalyst layer and the membrane is approximately zero
because of the fast reaction rate of hydrogen oxidation.
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There are five variables employed in this chapter as blow:

(1). The concentration of oxygen in the gas phase, [C§2 ].

(2). The concentration of vapor water in the gas phase, [C? ].

(3). The liquid water saturation level, [s]. (the ratio between the liquid water volume and the

total void volume in the porous medium)
(4). The concentration of liquid water in Nafion phase, [C] ].

(5). The ionic potential, [¢] (potential in Nafion phase).

2.2. Governing equations

2.2.1. Governing equations in the gas diffusion layer

The mass conservation equation for the oxygen is

£ ((1-5)es™c8 )= Do, o™ [[(18)] viCE +9a[(1-5)] v-c8 | (2-1)

LHS is the oxygen concentration’s increasing rate with time. 5™ is the porosity of gas
diffusion layer. The liquid water in GDL"reduces the gas porosity, so that the term (1—s) is

employed to consider this phenomenon. RHS"Is'a diffusion term, describing the oxygen molar flux,

and 7 is tortuosity of the porous medium.
The mass conservation equation for the vapor water in the gas phase is

0 GDLA~g ) _ GDL Rveial ‘ g
E((l—s)go C’)=D,z [[(1—5)] VCI+V-[(1-5)] v.ch—Rw (2-2)

LHS is the concentration of vapor water. The 1% term of the RHS is the diffusion term. 2" term

is a source term. R, is the interfacial transfer rate of water between liquid and vapor water.

SGDL (1_8) yv - gGDLSpW -
RW:chR—T(va_Pv t)q_'_kv()'\/l—(yvp_P\/ t)(:I'_q) (2_3)

w

where k. and k, are the condensation rate and evaporation rate constants respectively; y, is
the molar fraction of vapor water in the gas phase; P and P are the operating pressure and water

vapor saturation pressure respectively. M and p, are the molecular weight and density of liquid
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water respectively. g is a switch function and is defined as,

y,P- F’VV
_ sat
(v.P-P™) (2.4)

2

1+

q:

The liquid water transport in the GDL and CL is driven by capillary force. Darcy law is used to

describe the flow of the liquid water in the porous media.

N, =Pk (S) gp (2-5)

T My,
B is the pressure of liquid water, and K, is permeability of liquid water. Since
R=P -P (2-6)

P, is the gas phase pressure and is a constant over the domain. Eq. (2-5)becomes

_ AK(s) o )
N = V(R e

The relation between the liquid water permeability and saturation level is linear [1].

K, (s)=K,,s (2-8)

w,0

K.0 1S the permeability of liquid water at'100% saturation level. Thus,

K
NW :_M(_£j5V5 (2-9)
M,u, \ ds

dP. ). . . -
(— dCJls treated as a constant in order to reduce the total number of adjustable fitting
S

parameters, and different values are used for different porous media, such as the GDL and CL.

Therefore, the transport equation of liquid water saturation level is

GDL
& Py S :va_*%(_d&](svzs+(v.s)2)+ R (2-10)
M, ot M, g, \ ds

w
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The mass conservation equation of the concentration of liquid water in the Nafion phase is

N
£OO % _phvic! (2-11)

RHS is a diffusion term. D] is the diffusivity of liquid water in the Nafion phase and is

function of the water content as listed in Table 2-1.
2.2.2. Governing equations in the catalyst layer

The mass conservation equation of oxygen in the gas phase is

%((1— 5)&s'C8 ) = Do 5" [[(l— s)] viCg +V-[(1-s)] V-C§ J ~Ro, (2-12)

It is similar to the equation in the GDL, but the last term in RHS. The electrochemical reacts in
the catalyst layer. R, is a source term, but then oxygen is consumed in the CL. The scheme of the
catalyst pellet domain contains the gas phase, water film and Nafion phase as shown in the Figure
2-2.

Oxygen dissolves into the water film firstat interface 1 and then diffuses through the water
film, across the interface 2. And then through the Nafion; film to reach the interface 3. At the
interface 1 and 2, the oxygen concentration. in different phases obeys Henry’s law. The expression

for oxygen between air and phase i is

Py = Hg!Co, (2-13)
Hgf is the Henry’s constant for oxygen between air and phase i. Therefore at interface 1, the
concentration of oxygen is

cy, =L ¢ (2-14)

1 Hév,g 0,
At interface 2, oxygen is equilibrium with both liquid water and Nafion.

H y
Cy,=—=-Ch, (2-15)

2 w,g
H02
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The flux of oxygen through the water film and Nafion film are

NY =-DY —ng'lé_ccv’vz'z
oo (2-16)
NN __DN 0,,2 0,3
0, 0, 5
N

And from the continuity equation

No, & |, = Ng, a,|, =-RS (2-17)

al~al| ~al=a (2-18)

a, is the outer surface area of agglomerates per catalyst layer unit volume.

a, = L(l—g&) (2-19)
Fagg + 0N

By using the effectiveness factor and Thiele modulus approach, the oxygen reaction rate within

the catalyst pellet can be expressed in.terms of the oxygen concentration on the surface of the
catalyst pellet. That is, at interface 3

RS, =&k, (1-&5")Ch (2-20)

It assumes thatk; :kp(l—gél), then R§ =&k, Cy, .. The concentration of oxygen at the

surface of catalyst pellet is

Dgz Dgz RT g
"5, O, HY9 %2
cl . = Now 2-21
“*" D5 HE® . D Dy Di HE’ e
ng w,g + ng + al’ w,g
6, Ho, On 6y Oy Hg

Substituting into RS = 5ch§2,3 , rearranging and dropping off the superscript p,

RT
Ro, = Ho, cé (2-22)
*" 5 .9, L ©

w

DY "aDy &k
a'r 0, ar (O} gT

HS, and H are the Henry’s constants. HJ is the oxygen between air and the Nafion phase

and Hg’z is the oxygen between air and liquid water. o, is the thickness of the Nafion film. Dg‘z IS
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the diffusivity of oxygen in the Nafion, and D(V)V2 is the diffusivity of oxygen in the liquid water.

Iy, 1S the radius of a catalyst pellet. Liquid water forms a film around the top of Nafion film. If it is

not evaporated, its thickness can be estimated by

CL
5 =52 (2-23)
a

r

The reaction rate constant

1 , 2.303(V,—¢-U, )
k. =(1-&S")———a*®ij exp| - > = 2-24
(e g p{ - (2-24)
The active catalyst surface area per unit volume of agglomerates
agg — _ piMp 2-25
; Ocr (1_‘90CL) (229

ap, IS the surface area per mass. m,, is the catalyst loading of the electrode. &, is the thickness of
catalyst layer and b is the Tafel slope.

The effectiveness factor

3pcoth(3¢p)-1
£ - 1 3pcoth (3p) (2-26)
7 3p

The Thiele modulus

(2-27)

Dgzreﬁ is the effective diffusivity of oxygen in the Nafion phase within the catalyst pellets.

DY . =D} [(1—g§L)g§]r (2-28)

&y, is the volumetric fraction of Nafion within the catalyst pellets.
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The mass conservation equation of vapor water in the gas phase is

%((1—3)8303 )=D,&" [[(1—3)]’ viCl+V[(1-s)] v-C¢ J -R, (2-29)
The transport equation of liquid water saturation level is

£C L 05 puK, dp,

‘I)VC . Mwﬂ: (— dps j(svzs+(v.s)2)+ R, +(4n +2)R,, (2-30)

It is similar to the equation in the GDL, but the last term is generated by electrochemical
reaction and electro-osmotic effect. ng*is the net electro-osmotic drag coefficient and is a functions

of the water content as listed in Table 2-1.

The mass conservation equation for the concentration of liquid water in Nafion phase is the

same as the equation in GDL.
The flux expression of charges in the catalyst layer is
i) =Ky VP (2-31)
The conservation equation of ioni¢ current IS
KN]effV2¢—4FROZ =0 (2-32)

It is based on the stoichiometry of the-oxygen reduction reaction. The consumption rate of

protons is proportional to the reaction rate of oxygen «, . is the effective electric conductivity of

the Nafion phase.
Ky et = Ky [(l—gg")g,z T (2-33)

2.2.3. Governing equations in the membrane

In the membrane, the liquid water transport is driven by the water concentration gradient and

electro-osmotic drag. The concentration of the liquid water in the Nafion phase is
N
e % -pVvc! +”d%v2¢ (2-34)

i, 1S the bulk electric conductivity in the Nafion phase and is function of the water content as listed

in table 2-1.
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In the anode, protons are produced and transported through the membrane to the catalyst layer.
The flux expression of charges in the membrane is
i, =-x,V¢ (2-35)

The electrochemical reaction does not react in the membrane. The equation of ionic current is

Vig=0 (2-36)

2.3. Initial and boundary conditions

The simplification of all the differential equations and closure relations (governing and
constitutive equations) previously presented allows one to write a system of five differential

equations in the cathode of a PEMFC. Thus, one has to solve for 5 constitutive variables:

(1). The concentration of oxygen in the gas phase, [ng ].

(2). The concentration of vapor water in the gas phase, [C? ].

(3). The liquid water saturation level, [s]. (the ratio*between the liquid water volume and the

total void volume in the porous medium)

(4). The concentration of liquid water in Nafion phase, [C) ].
(5). The ionic potential, [¢].

To denote the location of a particular interface, the following notation will be used for
subscripts in the expression of boundary conditions:

(1). The first letter symbolizes the domain:

GDL : gas diffusion layer,
CL . catalyst layer,
MEM  : membrane.

(2). The second indicates the side of the interface:

+ : higher values of x-coordinates, perpendicular to the surface,

- - lower values of x-coordinates, perpendicular to the surface.

Oxygen concentration in the gas phase [C (t,x)]

The mass conservation equation for oxygen requires one initial condition and 4 boundary

conditions
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The initial condition is assumed to be zero. Thus,
Cg (0,x)=0 (2-37)

At the gas channel boundary, we assume that inlet gas is air. Thus,
Cé, (t,0)= cgi; (2-38)

At the interface between the GDL and CL, both the oxygen concentration and the oxygen flux

are continuous so that,

g
0,

_CY
t x=GDL' 0,

(2-39)

t,x=GDL"

Ng

— N9
0, N

= N,

(2-40)

t,x=GDL t,x=GDL"

At the interface between the CL and the membrane, it is assumed that no oxygen leaves, i.e.

g
0,

=0 (2-41)

t,x=CL

Vapor water concentration in the gas-phase [C}) (t,x)].

The mass conservation equation-for. the concentration of vapor water requires one initial

condition and 4 boundary conditions. The initial‘condition is-assumed to be zero. Thus,
C9(0,x)=0 (2-42)
At the gas channel boundary, we assume that inlet gas is air. Thus,
CI(t,0)=C" (2-43)

At the interface between the GDL and CL, both the oxygen concentration and oxygen flux are

continuous so that,

9

14

—CY

t,x=GDL v

(2-44)

t,x=GDL*

9

v

—NY

t,x=GDL v

(2-45)

t,x=GDL"

At the interface between the CL and the membrane, it is assumed that vapor water cannot

permeate into the membrane, i.e.

N =0 (2-46)

Vot x=CL
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Saturation level of liquid water in porous media [s(t, x)]

The transport equation for the liquid water saturation level requires one initial condition and 4
boundary conditions. As to the initial condition, the saturation level profile is assumed to be zero,
thus

s(0,x)=0 (2-47)
At the gas channel boundary, it is assumed that there is no liquid water, i.e.
s(t,0)=0 (2-48)

At the interface between the GDL and CL, it is assumed that the saturation level and liquid

water flux is continuous. Thus,

(2-49)

S|t,x=GDL' - S|t,x=GDL*

- NWL,X:GDU (2-50)

w |t,X:GDL'

At the interface between the CL and the membrane,‘the flux of liquid water saturation level is
assumed to be zero.
e =0 (2-51)

Concentration of liquid water in Nafion phase’[C,, (t, x)]

The mass conservation equation for the concentration of liquid water in Nafion phase requires
one initial condition and 6 boundary conditions. As the initial state, the Nafion phase had fully
hydrated. Thus the concentration of liquid water in Nafion phase is assumed to be in equilibrium

with the vapor water activity in the gas phase, i.e.
Cv,: (O’ X) = Cv’:(Y:r?ode) (2-52)
Conotosey = C (0.043+17.81c —39.850" +36.00° ) (2-53)
There is not any Nafion phase in the gas channel, thus

CY(t,0)=0 (2-54)
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At the interface between the GDL and CL, both the concentration and flux are continuous, i.e.

N
w

N
t,x=GDL’ w

t,x=GDL" (2-55)

N
w

N
t,x=GDL" w

(2-56)
At the interface between the CL and the membrane, both the concentration and flux are
continuous.

N
w

N
t,x=CL’ w

e (2-57)

N
w

N
t,x=CL" w

t,x=CL+ (2-58)

At x=L, the concentration of liquid water in membrane is assumed to be in equilibrium with
the vapor water activity in the gas phase.

Ca N Cx('iﬂode) (2-59)
lonic potential [¢(t,x)]

The potential equation requires 4:boundary conditions. At the GDL boundary, the ionic current
is zero.

i =0 (2-60)

At the interface between the CL and the membrane, the ionic potential and ionic current are
continuous. Thus,

¢|x=cr - ¢|x=cU (2'61)

i =
Plx=cL p

i (2-62)

At x=L, the ionic potential is zero.
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2.4. Methods of solution

The governing equations solved in the domain are in the form of transient second order,
parabolic differential equations with variable coefficients. Because of the complexity of these
equations, they cannot be solved analytically. However, they can be solved numerically using a
finite difference method used approximates each derivative and coefficient in each of the partial
differential equations. The following is a description of the finite difference scheme used to solve

the system of coupled equations presented in section 2.2.
2.4.1. Difference operators

In finite difference schemes, the derivatives that occur within the equation being solved are
approximated using finite difference operators. In order to derive these operators, one must first
partition the x (spatial direction) and the t (time dimension) plane into uniform cells Ax by At with

cell spacing Ax=1/J and At =1/N . An example is shown in Figure 2-3.
After grid spacing has been established inthe general terms depicted in Figure 2-3, derivatives
are approximated using the system of line intersections (nodes) shown. Taylor’s formula or series

expansion is used to express the value-of.some dependent variable u at noden, j+1 (u;‘+1) in terms

of its adjacent node n, j (uJ“) and its spatial derivatives, where t =nAt andx; = jAx. Thus,

n 2 n A n
u', =u’+ MY pxs L 8—)2( A 4ot a—l: AX"
! ' ox 21\ ox° ), kt{ ox* ),

j

N 1 ak+lu n AXkJrl
(k+1)1{ ox*

j+o

(2-63)

The last term or remainder involves the evaluation of (&*“u/ox*') at

x:(j+5)Ax andt =nAt. If only terms up to (azu/éxz) are retained and one solves for (du/ox),
the results is

u" . —y" 2.\"
(a_uJ: Y 110 l: AX, for 0<s <1 (2-64)
OX AX 2\ OXx

j+o

The first term on the right hand side of Eq. (2-64) is called the first forward finite difference

approximation. The second term is referred to as the local discretization (or local truncation) error.

Backward difference operators are determined in much the same way, expanding uj“f1 about
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X:,t

Jj'n

using a Taylor series, i.e.

n 2 n —l k K n
u?1=U?—(a—uj Ax+i(a Xj Ax2+...+u(a—uJ AX¥

o), 2l o), kt {ox" ),

1 k+1 K+l n (2-65)

+(_ ) l[a kﬂj AXk+1

(k+1)! ox o
Following the same procedure used to arrive at the first forward difference operator, the results
is
u” —u" 2 \"

)Gt 110 ‘2‘ AX, for 0<o <1 (2-66)

OX AX 2| ox s

where the first term on the right hand side of Eq. (2-66) is now called the first backward finite
difference approximation and the second term is still referred to as the local truncation error. An
alternative to the directional forward and backward operators is the centered difference operator.
For the first centered difference operator,_all, the, terms in Egs. (2-63) and (2-65) up to the

(a3u / ax3): are subtracted from one another resulting'in

u" . —u" 3
(a_u] _ YU 1f0u AX, for-1<o/'<1 (2-67)
OoX 2AX 6

where the first term on the right hand side of ‘Eq. (2-67) is referred to as the first centered finite

difference approximation and the second term is referred to as the local truncation error.

Egs. (2-64), (2-66) and (2-67) give three first difference operators to choose from. The local

truncation error of the first centered difference operator is O(sz)compared to O(Ax)for the

forward and backward difference operators. For this reason the centered difference operator is the
choice of the finite difference scheme used to numerically solve equations such as those developed

for this dissertation.
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Just as easily, higher order spatial derivatives can be found. By adding all the terms up to

(64u/ ax“): in Egs.(2-63) and (2-65), the second centered finite difference approximation can be

determined. It is expressed as

TR T TLETY uy
(5UJ: I J+1_i(au] AXZ, for -1<5 <1 (2-68)

OX? AX 12 ox*

j+o
As with the first centered difference operator, its truncation error is of the order O (sz) .

Using a Taylor expansion, it is also possible to approximate time derivative. In Egs.(2-63) and

(2-64) first order spatial derivatives were approximated. Just as easily, the first forward difference

operator approximating (au/at)could have been found if the Taylor expansion had been used to
find u?”in terms of uftime derivatives instead of spatial derivatives. The resulting first forward
difference approximation for (ou/at)is

uml—u'.‘ 2 n+o
(zt—uj: ! o : _%(Ztg] At, for0<o<1 (2-69)

i

Using these finite difference operators, ali“the first and second order derivatives within the

species equations are approximated.
2.4.2. Implicit scheme versus explicit scheme

The determining factor for whether a finite difference scheme is implicit or explicit is the time

step at which spatial derivatives are approximated. In fully implicit schemes, spatial derivatives are

approximated at the time step being solved for (t =(n +1)At). In fully explicit schemes, spatial
derivatives are approximated at the pervious time step(t =nAt). To illustrate the difference between
fully implicit and explicit schemes, Eq.(2-70)

ou o’u
— = —
ot ox?

will be approximated with both an implicit and explicit scheme. It is important to note that in this

(2-70)

equation, o is constant and can be factored out of each u term.
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An explicit backward temporal and second centered spatial scheme is shown in Eq. (2-71), i.e.

n+l n n n n
uj™ —u; :auj_l—2uj+uj+1
2
At AX (2_71)
At
n+tl _ . \n no_ n n
u; —uj+a—2(uH 2uj+uj+1)

AX

This scheme is termed explicit because the expression for u?” is explicit, containing only

known values from the previous time step n. For an explicit scheme all spatial derivatives are

approximated at time equals nAt.

An implicit backward temporal and second centered spatial scheme is shown in Eq. (2-72), i.e.

n+l n n+1 n+1 n+1
u;™ —u; =OéuH—Zuj +Uj;
2
" ) o at @)
(27 +1 a a1 +1

This scheme is termed implicit because u;‘“must be solved for simultaneously with all other
u™ values using a matrix formulation. |For -an implicit scheme, all spatial derivatives are
approximated at time equals(n +1)At. Figure -2-4 demonstrates the formulation and solution

n+1

technique used to solve for u,",;. The result ‘ofthis scheme is a tridiagonal(j—l by —1) matrix

labeled A, a solution vector Band load vectorC . It is important to note, the solution method

illustrated in Figure 2-4 is for Dirichlet boundary conditions. The terms multiplied by s and then

added to u/ anduj ,, respectively, in load vector C represent the contributions of boundary

conditions for the time step (n+1) being solved for.

Implicit and explicit schemes represent the two extremes used for one-level finite difference

schemes. One-level schemes use only nodal solutions from time step t, to obtain a solution at time
step t..,. Multi-level schemes were not considered in this dissertation. They are more difficult to

start but can offer increased accuracy. To represent all the possible one-level schemes, a variable

@is introduced. @is referred to as a weighting derivatives are located. Using the theta method,

spatial derivatives are approximated at t=(n+6)At. Eq.(2-73) demonstrates how this weighted

method can be used to approximate Eq.(2-63) :
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n+1

2 +(1-0)a

n+l n n+1 n+1
;U :Hauj‘l_zuj +U
At AX?

for 0<6<1

n

ul, —2uf +uf,
AX? (2-73)

u

if6 =0, Eq.(2-73) is an explicit scheme
if6=1, Eq.(2-73) is a fully implicitly scheme
if0 =12, Eq.(2-73) is an implicit scheme called the Crank-Nicolson method.

The scheme depicted in Eq.(2-73) can be rewritten in the following more common form,

grouping nodes at similar time steps and using s = aAt/Ax2 :

n+l n+l n+l
—0suj’} +(1+ 2¢9s)uj71 —0sul}; =

(1-6)su”, +(1-2(1-6)s)u’ +(1-6)su’,, (2-74)

The finite difference scheme used to solve for concentration and voltage in the domain is a
weighted or theta scheme. This allows it to be changed from fully implicit to fully explicit or any
fraction of either depending on the value of theta. When generating results for this dissertation theta

was set to unity resulting in a fully implicit scheme.

The numerical solution techniques used in: this dissertation are from the finite-difference
method. A central-difference representation. -of- the. space derivative and an implicit
forward-difference representation of the time derivative are adopted. For the boundary condition,
2" order backward difference and 2" order forward difference are applied for right boundary

condition and left boundary condition respectively.

The solution procedure is showed in the Figure 2-3. The convergence criteria for iteration and
steady state are
V.new _V_old

V-Old

<1x10™

(2-75)

V, is a arbitrary variable.

The parameters used in this dissertation are listed in Table 2-2. Figure 2-4 shows the spatial
grid analyzing, and the 949 spatial points is used for this dissertation. Figure 2-5 shows the time

step analyzing, and the time step of 0.001 seconds is used for this dissertation.
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2.5. Results and discussion

Figure 2-6 shows the polarization curves in the steady state, and the solid line, dot line and
dash line are present result, Lin et al.’s model and Natarajan and Nguyen’s model respectively. The

catalyst layer is treated as an interface as in Natarajan and Nguyen’s model. It can be clearly seen

form Figure 2-6 that these three curves overlap when the current density is below 0.5 A-cm™, then
the curve in last case separates from others afterward. This observation can be explained as follows.
When the cell is operated at low current density, the oxygen transport rate is much faster than the
Kinetic rate of oxygen reduction, and therefore oxygen can access all the active areas equally.
Liquid water is going to be accumulated, but it will not affect the oxygen transport. The cell

performance is under the control of activation loss and ohmic loss, which are the same for these

three cases at low current density. When the current density reaches 0.5 A-cm™, there is a

significant amount of liquid water accumulating. The present result is from transient to steady state.

Figure 2-7 shows the evolution profiles of saturation level with V,=0.2V, 0.4V and 0.6 V

respectively. The liquid water saturation level increases with time till steady state is reached. The
amount of the generated liquid water will begin to affect the system after 1 sec and the generated
liquid water in the catalyst layer start:to ‘occupy the pores. First, the water is generated at catalyst
layer, and then diffuses to the gas diffusion.layer—Fhe liguid water saturation level in the catalyst
layer is higher than the level in the gas"diffusion layer. The water transport in the catalyst layer
includes gas-phase diffusion, evaporation and capillary action. Driving force of the liquid water is
capillary action. The liquid water is transported from CL to GDL by capillary force. In the cases of

high cell voltage, say V,= 0.6V, the electrochemical reaction is not strong and less liquid water is

generated. Thus liquid water saturation level is less than the level when lower cell voltage is applied.
The lower cell voltage is applied, the more liquid water is generated. The pores are occupied by the
liquid water. The oxygen can not be transported to the catalyst surface, thus the cell performance
will down. Then the mass transport limit occurs. The transport of liquid water is slow, and it reaches

the steady state in the order of 10 sec.

The distribution of saturation level in the steady state with various cell voltages is shown in
Figure 2-8. The liquid water saturation level in the catalyst layer is much higher than the level in the
gas diffusion layer. The difference of saturation level between CL and GDL are 30%, 34% and 53%
when V,=0.2V, 0.4V and 0.6V respectively. There are two reasons: (1) the CL porosity is much
smaller than GDL porosity; (2) the permeability of liquid water in the CL is much smaller than that
in the GDL.
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Figure 2-9 demonstrates the evolution profiles of ionic potential with V,=0.2V, 0.4V and 0.6V

respectively. When the cell voltage is higher, both oxygen reduction reaction and the loss of ionic
potential will be lower. When the cell voltage is lower (i.e., the current density increases), oxygen
reduction reaction and the loss of ionic potential will be larger. It can be clearly seen from Fig. 2-9
that the ionic potential will not decrease monotonically with time. It reaches a critical value then
increases with time until the steady state is obtained. Thus the difference between the critical value
and the steady state of any given ionic potential is dependent on the cell voltage applied. When the
cell voltage is 0.2V, the difference is about 20%. The ionic potential reaches 80% of its critical

value in 0.005sec and reaches the critical value in the order of 10 sec.

The distribution of ionic potential in the steady state with various cell voltages is shown in
Figure 2-10. In the membrane, the shape of the ionic potential distribution is a straight line. This is
due to that there is not any gas to be consumed. In the catalyst layer, the ionic potential distribution
is nonlinear because oxygen and protons have been consumed by the reduction reaction. The
protons move much faster than the liquid water. The lower the cell voltage is applied, the larger the

ionic potential loss will be.

Figure 2-11 presents the evolution profiles-of'oxygen-concentration with V,=0.2V, 0.4V and

0.6V respectively. At the initial state, it assumes that.there is no oxygen in the cell. After start up,
the oxygen transport from the gas channel to'the catalyst layer via gas diffusion layer. In the gas
diffusion layer, the oxygen diffuses continuously:to the catalyst layer along the pores. In the
meantime, the oxygen dissolves into the Nafion film and reaches the pellet surface. Then liquid
water is generated. At the inlet, the distribution of oxygen concentration is constant. Within 5sec, it
changes dramatically at the very beginning and then decreases with time in the catalyst layer. After

5sec, when V,=0.2V and 0.6V, it remains. But when V,=0.4V, the turning point is 10sec. After
5sec and when V,=0.2V, the oxygen transport is affected by liquid water. When V,=0.4V, the
liquid water is less than when V,=0.2V, thus it needs more time to reach the steady state. When
V,=0.6V, because the electrochemical reaction reacts moderately, it consumes less oxygen. And it

generates less liquid water than others, thus it reaches the steady state quickly.

The distribution of oxygen concentration in the steady state with various cell voltages is shown
in Figure 2-12. The transportation of oxygen is diffusion only in the GDL, thus the distribution of
the oxygen concentration is linear. The electrochemical reaction occurs in the catalyst layer, thus the

oxygen distribution is nonlinear. The lower the cell voltage is applied, the more the oxygen is
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consumed.

Figure 2-13 plots the evolution profiles of vapor water concentration with V,=0.2V, 0.4V and
0.6V respectively. In the initial state, it is assumed that the concentration is zero in the cell. Then
start up, the air begins flowing into the cell. Vapor water comes from air and evaporation of liquid
water. The concentration of vapor water increases with time. At the inlet, the distribution of vapor
water concentration remains. Within 5sec, it changes dramatically at the very beginning and then

increases with time in the catalyst layer. After 5sec and when V,=0.2V, it remains. When V,=0.4
and V,=0.6V, the turning point is 10sec. But when V,=0.6V, the values of the concentration are

smaller than others.

The distribution of vapor water concentration in the steady state with various cell voltages is
shown in Figure 2-14. The vapor water concentration in CL is higher than in GDL, because the
liquid water saturation level in CL is higher than in GDL too. The liquid water is evaporated to

vapor. It is obvious seen that is nonlinear in CL when V,=0.6V. When lower cell voltage is applied,

the vapor water is saturated, thus the profiles-are similarin CL when V,=0.2V and 0.4V.

2.5.1. Effect of operating temperature

Figure 2-15 depicts the time evolution—ef-polarization curves with various operating
temperatures. In the cases of lower cell“voltage, the current density overshoots as time evolving.
This is due to the lower ohmic resistance that fully hydrated membrane exhibits and the lower
humidity of gas in the catalyst layer. This phenomenon corresponds to the loss of ionic potential. On
the other hand, the chemical reaction is moderately when higher cell voltage is applied, then the

overshoot is subtle. The higher the operating temperature is, the smaller the overshot will be. The

overshot are 13%, 11% and 7% when the operating temperature is 60°C, 70°C and 80°C
respectively. The activity of catalyst is better when the operating temperature is high. Thus the

activation over-voltage becomes smaller, and then the overshot is smaller.
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Table 2-1. Correlation used in Chapter 2.

Water content in membrane

N
2=Cu
Cf

Diffusivity of liquid water in Nafion membrane

1 1

Coina =107 eXp 2416(—-—) (2.563-0.334+0.0246.4°-0.0006714° )
303 T

Cofoo2 =107 eXp[2416 (%-%}}(6.89-1.331)

Coizoro9=10° eXp[2416 &—;-%ﬂ(-&lﬁ.oz)

Conductivity of Nafion membrane

Ky =exp [1268 (3—;3 -%ﬂ (0.005139.1-0.00326)

Net electro-osmotic drag coefficient

L 225
1220

Diffusivity in gas stream

Do, :0.0031exp(-@j

1.026 T
DY =2.41x10° [ ] H
/uT Tr

1823
Dg =0. 1775( T J

2334
=0.256
307.15,

Henry’s constant

Ha =1.33x10%ex ( j

Hg, =5.08x10° exp( _?8j
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Table 2-2. Parameters used in simulation.

Gas diffusion layer properties

Porosity 0.3

Thickness 0.025 | cm

Permeability 107 | em?

(-d%s) 284.2 | Dyne cm™
Catalyst layer properties

Porosity 0.06

Thickness 0.0016 | cm

Permeability 3x10™ | cm?

('d%s) 568.4 | Dyne cm™

Catalyst loading (mpy) 0.4

Specific surface area of Pt (ap) 1000 | cm?(mg Pt)™

\Volumetric fraction of Naion in catalyst pellet

o 0.393

(e'N)

Raduis of catalyst pellet, (Ragg) 10 [ cm

Thickness of Nafion 10° [ Cm

Exchange current density, (io,ef 0°C) 10° | Acm™
Membrane properties

Thickness 0.005 | cm

Porosity 0.35

Fixed charge site concentration 1.2x10°® | mol cm’®
Operation conditions

Temperature 60 | °C

Pressure 1| atm

Mole fraction of oxygen in the air let 0.206

Humidity in air inlet

Humidity at anode
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Fig 2-3. Grid spacing
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Fig 2-4. Implicit formulation and solution technique
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3. Parametric study for the cylindrical
thin film-agglomerate model

In the preceding chapter, the model depicting the transient evolutions of various properties as
well as performance of a PEMFC is developed and preliminary results from on the base case are
present. In order to obtain a global and insightful aspect of the cell behaviors, this chapter is
devoted to investigate the parameters which can affect the cell performance, such as the porosity
gas diffusion layer, the porosity of catalyst layer, the thickness of catalyst layer and radius of

agglomerate etc.

3.1. Effects of gas diffusion layer porosity

The evolutions of cell current density at cell voltages of 0.2V, 0.4V and 0.6V for various
porosities of GDL are shown in Figure 3-1 which is a semi-logarithm plot and the horizontal axis
indicates time domain. The plot indicatesithat, within?10 sec, current density increases rapidly.
Between 10sec and 10sec, the current dénsity: remains constant and after 1sec, it changes by the
effect of the generated water. The water generation is related to the GDL porosity and cell voltage.
The higher the cell voltage is applied, the less the liquid water is generated. The larger GDL
porosity will produce higher current density;.but it has-little effect on the cell current density. At
lower cell voltage, the reduction of oxygen reacts dramatically, and generates more liquid water.
The lower GDL porosity cannot drain effectively. In the meantime, the cell current density downs.

(Figure 3-1.a, b) After 1sec, if lower cell voltage is applied and ¢, =0.2, the cell current density
goes down lower. When &, =0.2 and V,=0.4V, current density decreases 6%. While V,=0.2V,

current density decreases 15%. The higher the GDL porosity is, the more liquid water will be

drained. But the more liquid water has few effects on the oxygen transport. So, when &, = 0.5, the
current density won’t go down after 1 sec.
In the steady state, the effect of GDL porosity and cell current density is shown in Figure 3-2.

Under the same cell voltage, the more the porosity of gas diffusion layer is, the higher the cell

current density will be. The most performance difference occurs at V,=0.2V. The current density
difference between &, =0.2 and &, =0.5 is over 40%. The larger the catalyst layer porosity is,
the more liquid water will be drained. When V,=0.2V, more liquid water is generated. Lower
porosity of GDL can not drain rapidly and the liquid water resists the transportation of oxygen. But
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the higher the cell voltage is applied, the fewer the liquid water is generated. Therefore the

difference between &g, =0.2 and &, =0.5 is subtle.

3.2. Effects of catalyst layer porosity

Under different porosity of CL, the cell current density curves are shown in Figure 3-3 and cell
voltage are 0.2V, 0.4V and 0.6V respectively. Within 10%sec, the cell current density rises rapidly.
Between 10 sec and 107 'sec, there is a plateau. After 1sec, the current density relates with the cell
voltage and the porosity of catalyst layer. When V,=0.6V, it is obvious that the smaller the porosity
CL is, the higher the current density will be. After 1sec, the current density will rise again. When
V,=0.4V and ¢ =0.04, the value of the maximum of current density is different from V,=0.6. At
the first plateau, there is a maximum of current density when &, =0.06. But at the steady state,

when &, =0.06, 0.08 and 0.10 the value of cell current density are identical. After 1sec and when

&, =0.04, the current density decreases with time about 10%. The others decrease within 5%.

After 1sec and when V,=0.2V, the.current density drops with time, except when &, =0.3.
When ¢, =0.04, the current density drop down-the most, s, =0.06 the second. When &, =0.04,
the current density decreases 17%. While ¢4 =0.06 and &, =0.08, it decreases about 10%. This is

affected by the liquid water in the catalyst layer. The larger the catalyst layer porosity is, the more
liquid water will be drained. The liquid water has almost no effect on the PEMFC. But the amount
of platinum loading in the catalyst layer decreases at the same time. And the activity energy
decreases as well. The cell performance goes down. The lower catalyst layer porosity can not drain

effectively. The oxygen can not get to the catalyst surface and the cell performance drop.

For the porosity of catalyst layer, there is extreme value of current density when V,=0.4 and
so does V,=0.2V. When V,=0.4, the optimum appears between &, =0.06 and &, =0.08. But
when V,=0.2, the optimum appears between &, =0.08 and &, =0.1. Under lower cell voltage,

lower catalyst layer porosity can not provide enough room to hold the large quantity of the
generated liquid water. The accumulation of the liquid water resists the transportation of oxygen.
This lowers the cell current density. Larger catalyst layer porosity drains more water but the catalyst
loading is lower. Because the catalyst decreases, the cell current density decreases as well. Under
higher cell voltage, the porosity of catalyst layer and current density are inversed. Lower catalyst
layer porosity gets higher current density. Less liquid water does not affect the system much. The

higher the platinum loading is, the higher the current density will be.
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3.3. Effects of catalyst layer thickness

Figure 3-5 is a semi-logarithm plot and the horizontal axis indicates time. Under different

thickness of CL, the cell current density curves are shown in Figure 3-5 and V,=0.2V, 0.4V and

0.6V respectively. Within 10"%sec, the cell current density rises rapidly. Between 10sec and 10 'sec,

there is a plateau. When o, =3 um, the current density are always lower, because the catalyst layer
is quite thin, the platinum loading is too low to facilitate the electrochemical reaction. When
V,=0.2V (Figure 3-5a), when &, =10 um, after 10"'sec the curve rises slightly first and then goes
down. When it reaches the steady state, the results are similar when ., =10 zm and 16 um. After

1sec, the curves go down. The current density decreases 11.6%, 13.3%, 16.8% and 19% in the

steady state when o, =10 um, 16 um, 24 um and 30 um respectively. When V,=0.4V (Figure
3-5b), after 1sec, it decreases very little. When V,=0.6V, after 1sec, the curves rise slightly first and

then remain. Figure 3-6 and Figure 3-7 are the distribution of oxygen concentration and saturation

level respectively in the steady state with V,=0.6V. When &, =30 zm, the oxygen consumption is

12% of the inlet oxygen concentration inside the catalyst-layer and the liquid water saturation level
is 0.4. In the meantime, more pores are occupied by the accumulated liquid water. This limits the
oxygen transport. The current density downs. For a thicker catalyst layer, there is even more
accumulated liquid water. The current density.decreases rapidly.

Figure 3-8 is the relationship between current'density and catalyst layer thickness in the steady
state with various cell voltages. The optimum values of catalyst layer thickness appears between

0c. =10 um and 13 ym.

3.4. Effects of agglomerate radius

Figure 3-9 presents the current density curves under various agglomerate radii. In the Fig. 3-9a,

3-9b, 3-9c are V,=0.2V, 0.4V and 0.6V respectively. Within 107sec, the cell current density rises

rapidly. Between 10™sec and 1sec, there is a plateau. After 1sec, the current density relates with the

cell voltage and the agglomerate radius. When V,=0.2V (Fig. 3-9a), the current density decreases
16.6%, 14.9% and 11.7% when R, =5nm, 50nm and 100nm respectively. When V,=0.4V (Fig.
3-9b) the current density decrease 7.9%, 7.2% and 5.5% when R, =5nm, 50nm and 100nm
respectively. When V, =0.6V (Fig. 3-9c), after 1sec, the current density rises again. When

R,q, Value is larger than 500nm, the current density remains lower.
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Figure 3-10 and 3-11 are the distribution of oxygen concentration and saturation level in the

steady state with various agglomerate radii and V,=0.4V. The oxygen consumptions are 20.3%,
11.7% and 2.6% of the inlet oxygen concentration inside the catalyst layer when R, =10nm,

200nm and 1000nm respectively. When the agglomerate is larger, the electrochemical reaction
occurs only on the surface. The catalyst inside the agglomerate does not participate in the
electrochemical reactions. Therefore the current density and the utilization of catalyst are inversed.

Figure 3-12 is the relationship between the current density and agglomerate radius in the

steady state with various cell voltages. If the value of R, is too high, the current density will stay

low. While the R, is below 80nm, the current density and agglomerate radius are independent.
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4. Transient analysis of PEM fuel cells based on a

spherical thin film-agglomerate model

Among the several components, the catalyst layer plays an essential role on the

electrochemical reaction of a fuel cell. The structure and element combination affects the rate and

efficiency of energy transformation drastically. The experimental results of TEM images by Siegel

et al. [25] that carbon-supported, spherical Pt pellets exist in the catalyst layers. To mimic the actual

morphology of the catalyst layers, a spherical thin film agglomerate expression along with a

one-dimensional, two-phase model is developed in this chapter to investigate the transient

evolutions of various model properties as well as cell performance. The boundary conditions at the

CL/membrane interface also take into account the effects of water content on certain design

parameters such as GDL permeability, CL permeability, catalyst loading, and GDL thickness.

4.1. Assumptions

The following assumptions are made in this-chapter:

1.

2.

Electronic resistance is negligible in the GDL and CL.
The gas phase obeys the ideal gas law

The catalyst pellets are spherical, consist of carbon-supported platinum and Nafion, and

are covered by a Nafion film.

All the catalyst pellets in the CL have the same radius and Nafion film thickness.

The catalyst pellets are homogeneous, and oxygen diffuses into them via the Nafion film.
The oxygen reduction reaction generates only liquid phase water.

The ionic potential between the anode catalyst layer and the membrane is approximately
zero, because the hydrogen oxidation reaction is fast.
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There are five variables used in the modeling:

(1). The concentration of oxygen in the gas phase, [C§2 ].

(2). The concentration of vapor water in the gas phase, [C? ].

(3). The liquid water saturation level, [s]. (the ratio between the liquid water volume and the

total void volume in the porous medium)

(4). The concentration of liquid water in Nafion phase, [C] ].

(5). The ionic potential, [ ¢] (potential in Nafion phase).

4.2. Governing equations

4.2.1. Governing equations in the gas diffusion layer

The mass conservation equation for the oxygen is

0

—((a-s)e5°cg, ) = Do, 5 | [(18)] v7CS, +¥e(1-5)] v-C8, | (@-1)

LHS is the oxygen concentration’s increasing rate with time. &S ™"is the porosity of gas

diffusion layer. The liquid water in GDL reduces the gas porosity, so that(1—s). RHS is a diffusion

term, and is the oxygen molar flux, and z is tortuosity.
The mass conservation equation for the vapor water in the gas phase is

8 GDLA~g GDL? [ P r g
a((l—s)go C!)=D,z [[(1—3)] ViCI+V-[(1-5)] V~CVJ—RW (4-2)

LHS is the concentration of vapor water. The 1% term of the RHS is the diffusion term. 2™ term

is a source term. R, is the interfacial transfer rate of water between liquid and vapor water.

GDL
&,

GDL
_ 0
Rw - kc

%(y\lp_vaat>q_+_kv€0'vlﬂ(yvp_R/sat)(l_q) (4_3)

w

k.and k, are the condensation rate and evaporation rate constants respectively; y, is the
molar fraction of vapor water in the gas phase; P and P* are the operating pressure and water

vapor saturation pressure respectively. M  and p, are the molecular weight and density of liquid

water respectively. g is a switch function and is defined as,
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yVP _ Psat

v

1+ (yVP_R/sat)

q= 5 (4-4)

The liquid water transport in the GDL and CL is driven by capillary force. Darcy law is used to

describe the flow of the liquid water in the porous media.

N = _L‘N(s)vpI (4-5)

T My,
B is the pressure of liquid water, and K, is permeability of liquid water. Since

P=P-P (4-6)

c

P, is the gas phase pressure and is a constant over the domain. Eq.(4-5) becomes

_ AK(8) o ]
N = V(R w0

The relation between the liquid water permeability and saturation level is linear [1].

K. (s)=K,,os (4-8)

w,0

K. 18 the permeability of liquid water-at.100%-saturation level. Thus,

K
N, = DwTwo (—dpcjsvs (4-9)
M, \ ds

dP. ). . . _
(— dC]IS treated as a constant in order to reduce the total number of adjustable fitting
S

parameters, and different values are used for different porous media, such as the GDL and CL.

Therefore, the transport equation of liquid water saturation level is

GDL
M@:A’V—M(_%J(szs+(v.s)z)+ RW (4-10)
M, ot Mg, \ ds

w

D) is the diffusivity of liquid water in the Nafion phase and is function of the water content as

listed in Table 4-3.
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4.2.2. Governing equations in the catalyst layer

The mass conservation equation of oxygen in the gas phase is

%((1— 5)£5°C8, ) = Do 55" [[(1— s)| viCe, +V-[(1-5)] V-Cg, } R, (4-11)

It is similar to the equation in the GDL, but the last term in RHS. The electrochemical reacts in

the catalyst layer. R, is a source term, but then oxygen is consumed in the CL.

Experimental studies [25, 71] have shown that the carbon-supported Pt catalysts in the CL are
approximately spherical. As mentioned above, this chapter treats them as perfect spheres. The
derivation of spherical thin film-agglomerate model described here is based on the cylindrical
models in Chapter 2. The principal difference between the cylindrical model and the spherical
model is the outer surface area per unit volume of the agglomerate. The surface area per unit

volume of the agglomerate is defined as,

o = Agglomerate's surface area

] _ (4-12)
Geometric volume
For spherical thin film-agglomerate model, @&, s
2
ax(r,+3y)
a —
4 8 cL
37 () 1(1-a") (4-13)
3
- - 1—8CL
foa)t )
The reaction rate of oxygen within the catalyst pellets is
RT
N
R, = Ho, C? (4-14)
©: Oy o, 1 7

DY "aDy ' &k
ar 0, ar 0, é:T

ng and Hgi are the Henry’s constants. ng is the oxygen between air and the Nafion phase
and H(VQQ is the oxygen between air and liquid water. o, is the thickness of the Nafion film. Dg‘z 5
the diffusivity of oxygen in the Nafion, and Dg is the diffusivity of oxygen in the liquid water.
g 1S the radius of a catalyst pellet. Liquid water forms a film around the top of Nafion film. If it is
not evaporated, its thickness can be estimated by
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CL
5, = ‘9‘; > (4-15)

r

The reaction rate constant

2.303(V,—$-U,y )

k. =(1-&5" )———ai, exp| - - = 4-16
o p[ - (4-16)
The active catalyst surface area per unit volume of agglomerates

o= Guller (4-17)

o (l— et )
a,, Is the surface area per mass. m,, is the catalyst loading of the electrode. &, is the thickness of

catalyst layer and b is the Tafel slope.

The effectiveness factor

: _ 13pcoth(3p)-1

(4-18)
@ 3¢
The Thiele modulus
kT
r ﬂ.—ea
o= Agg ( 0 ) (4-19)

Dgzyeff
Dgzreﬁ is the effective diffusivity of oxygen in the Nafion phase within the catalyst pellets.
DY . =D} [(1—g§L)g§]r (4-20)

&%, is the volumetric fraction of Nafion within the catalyst pellets.

The mass conservation equation of vapor water in the gas phase is
a T T T
~((@-s)ec)=D,e* | [(a-5)] vies + v [a-s)] v-c¢ |-R, (4-21)

The transport equation of liquid water saturation level is

80Cpr s _ prw,O (_ dpc

ot ds

M, ot M, j(svzs+(v's)2)+Rw+(4”§L+2)Roz (4-22)
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It is similar to the equation in the GDL, but the last term is generated by electrochemical

reaction and electro-osmotic effect. ng* is the net electro-osmotic drag coefficient and is a functions

of the water content as listed in Table 4-3.

The mass conservation equation for the concentration of liquid water in Nafion phase is the

same as the equation in GDL.
The flux expression of charges in the catalyst layer is
i) =k oV (4-23)
The conservation equation of ionic current is
Ky V:#—4FR, =0 (4-24)

It is based on the stoichiometry of the oxygen reduction reaction. The consumption rate of

protons is proportional to the reaction rate of oxygen «, . is the effective electric conductivity of

the Nafion phase.
Ky ot = Ky [(1—53)5;}7 (4-25)

4.2.3. Governing equations in the'membrane
In the membrane, the liquid water transport is driven by the water concentration gradient and
electro-osmotic drag. The concentration of the liquid water in the Nafion phase is
N
. % -DpVvxc! +”d%v2¢ (4-26)

x, and D] are the bulk electric conductivity in the Nafion phase and diffusivity of liquid water in

the Nafion phase, respectively. And both of them are function of the water content as listed in table
4-3.

In the anode, protons are produced and transported through the membrane to the catalyst layer.

The flux expression of charges in the membrane is
i, =-x,Vg (4-27)
The electrochemical reaction does not react in the membrane. The equation of ionic current is

Vig=0 (4-28)
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4.3. Initial and boundary conditions

The simplification of all the differential equations and closure relations (governing and
constitutive equations) previously presented allows one to write a system of five differential

equations in the cathode of a PEMFC. Thus, one has to solve for 5 constitutive variables:

(1). The concentration of oxygen in the gas phase, [ng ].

(2). The concentration of vapor water in the gas phase, [C] ].

(3). The liquid water saturation level, [s]. (the ratio between the liquid water volume and the

total void volume in the porous medium)

(4). The concentration of liquid water in Nafion phase, [C)'].
(5). The ionic potential, [¢].

To denote the location of a particular interface, the following notation will be used for

subscripts in the expression of boundary conditions:
(1). The first letter symbolizes the domain:

GDL : gas diffusion layer,
CL - catalyst layer,
MEM  : membrane.

(2). The second indicates the side of the interface:

+ - higher values of x-coordinates, perpendicular to the surface,

- - lower values of x-coordinates, perpendicular to the surface.

Oxygen concentration in the gas phase [CS (t,x)]

The mass conservation equation for oxygen requires one initial condition and 4 boundary

conditions

The initial condition is assumed to be zero. Thus,

Cs (0,x)=0 (4-29)
At the gas channel boundary, we assume that inlet gas is air. Thus,

s (t0)=Cy (4-30)
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At the interface between the GDL and CL, both the oxygen concentration and the oxygen flux
are continuous so that,

g g

Ol xeopl O |t x=cDL* (4-31)
g — g -
Ol x=6pL ©2ltx=GDL* (4-32)
At the interface between the CL and the membrane, it is assumed that no oxygen leaves, i.e.
g —
NOZ tx=CL 0

(4-33)

Vapor water concentration in the gas phase [C? (t, x) ].

The mass conservation equation for the concentration of vapor water requires one initial
condition and 4 boundary conditions. The initial condition is assumed to be zero. Thus,

C!(0.x)=0 (4-34)
At the gas channel boundary, we assumie that inlet'gas is air. Thus,
Co(t,0)=C" (4-35)

At the interface between the GDL and/CL,-both-the oxygen concentration and oxygen flux are
continuous so that,

g

_ o .
vt x=6DL =C, t,x=GDL" (4-36)
g _ N9 .
v lex=6bL ¥ ly,x=GDL* (4-37)

At the interface between the CL and the membrane, it is assumed that vapor water cannot
permeate into the membrane, i.e.

NS =0
t,x=CL

(4-38)

Saturation level of liquid water in porous media [s(t, x)]

The transport equation for the liquid water saturation level requires one initial condition and 4

boundary conditions. As to the initial condition, the saturation level profile is assumed to be zero,
thus

5(0,x)=0 (4-39)
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At the gas channel boundary, it is assumed that there is no liquid water, i.e.
s(t,0)=0 (4-40)

At the interface between the GDL and CL, it is assumed that the saturation level and liquid

water flux is continuous. Thus,

(4-41)

S|t,x=GDL' - S|t,x=GDL*

W|t,x:GDL' B

(4-42)

W|t,>(:GDL+

At the interface between the CL and the membrane, the flux of liquid water saturation level is

assumed to be zero.

=0 (4-43)

W|t,x=CL‘
Concentration of liquid water in Nafion phase [C,, (t, x)]

The mass conservation equation for the coneentration of liquid water in Nafion phase requires
one initial condition and 4 boundary conditions.-As.the-initial state, the Nafion phase had fully
hydrated. Thus the concentration of liquid ‘'water in.Nafion- phase is assumed to be in equilibrium

with the vapor water activity in the gas-phase, 1.€.

Co (0,X) = Cianoge) (4-44)
Conotosey = C1 (0.043+17.81c —39.850" +36.00° ) (4-45)

At the interface between the GDL and CL, the flux of liquid water in Nafion phase is assumed

to be zero, i.e.

N
w

=0 (4-46)

t,x=GDL"

The CL/membrane interface boundary condition for the concentration of liquid water in the

Nafion phase (Equation 3) is taken from the model of Lin & Nguyen [92], where the water content
below 14 mol H,O/mol SO, was determined by water vapor activity. When the gas stream is
saturated, however, and liquid water exists in the pores of the CL (between 14 and 16.8 mol
H,0O/mol SO;), the water content varies linearly with the liquid water saturation level [27]. Since

liquid water is generated when a fuel cell starts up, any liquid water in the CL/MEM interface pores

can dissolve into the Nafion phase. This leads to the boundary condition
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c! =C, (0.043+17.81a —39.85a” +36.00° )+ 2.8C, s (4-47)

Wt x=CL+

At x=L, the concentration of liquid water in membrane is assumed to be in equilibrium with

the vapor water activity in the gas phase.
Ca el Coanode) (4-48)
lonic potential [¢(t,x)]

The potential equation requires 4 boundary conditions. At the GDL boundary, the ionic current
is zero.

=0 (4-49)

|
Plx=GDL*

At the interface between the CL and the membrane, the ionic potential and ionic current are

continuous. Thus,

¢|x=CL’ - ¢|x=cU (4'50)

x=CL’ p

i oL (4-51)

At x=L, the ionic potential is zero.

¢l =0 (4-52)

4.4. Methods of solution

The numerical solution techniques used here are the same as in the Chapter 2 and the solution

procedure is showed in the Figure 2-3.

The governing equations and boundary conditions are discretized by the finite difference
method. The convergence criteria for a steady state are
V'new _V'old

V-Old

<1x10™ (4-53)

where V. is an arbitrary variable.
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4.5. Results and discussion

Water management plays an important role on the performance of PEM fuel cells.
Understanding their starting process and performance evolution are also crucial in the actual
operating applications. Simulation results for this issue by employing the PEM fuel cell cathode
model is presented in the following sections. Investigations on how the structural parameters of the
cell such as GDL permeability, CL permeability, catalyst loading, and GDL thickness affect its

performance are also demonstrated.

To validate the numerical model, the comparison of calculation results and Navessin et al.’s
experimental results are carried out. The comparison results are shown in Figure 4-2. The
experimental operating conditions and parameters of Navessin et al. are listed in Table 4-4, and
those of the model are listed in Table 4-5. The I-V polarization curve represents the fuel cell’s

steady state at an operating temperature of 25°C. The PEM fuel cell operates under uniform
conditions from the time it is turned on until a steady state is achieved. It is found that current

model results agree well with the experimental data:

Figure 4-3 shows the evolution of the liquid water saturation level, measured at various cell
voltages. The liquid water saturation fevel plot can be divided into four sections. From startup to
10 sec, liquid water accumulates in the catalystlayer. Between 102 sec and 0.5 sec, liquid water
begins diffusing into the gas diffusion layer.. During the next phase, from 0.5 sec to 2 sec, the liquid
water saturation level in the CL decreases as more and more liquid water occupies pores in the GDL.
In the final phase, the liquid water saturation level increase in both CL and GDL until a steady state
is reached. Although the liquid water saturation level decreases in the CL between 0.5 sec and 2 sec,
note that it will increase again once the electrochemical reaction rate generates enough liquid water

to fill the Nafion phase. When V,=0.6 V, for example, the electrochemical reaction rate is moderate

and less liquid water is generated. In this case, at the time after 2 sec, the liquid water saturation
level decreases (Fig. 4-3c). In contrast, the liquid water saturation level increases after 2 sec for
V,=0.2Vand 0.4 V (Figs. 4-3a, 4-3b).

Figure 4-4 demonstrates the evolution profiles of ionic potential at various cell voltages. When
the cell voltage is higher, both oxygen reduction reaction and the loss of ionic potential will be
lower. When the cell voltage is lower (i.e., the current density increases), oxygen reduction reaction
and the loss of ionic potential will be larger. It can be clearly seen from Fig. 4-4 that the ionic
potential will not decrease monotonically with time. It reaches a critical value then increases with

time until the steady state is obtained. Thus the difference between the critical value and the steady
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state of any given ionic potential is dependent on the cell voltage applied. When the cell voltage is
0.2V, the difference is about 20%. The ionic potential reaches 80% of its critical value in 0.005sec

and reaches the critical value in the order of 10 sec.

Figure 4-5 presents the evolution profiles of oxygen concentration at various cell voltages. At
the initial state, it assumes that there is no oxygen in the cell. After start up, the oxygen transport
from the gas channel to the catalyst layer via gas diffusion layer. In the gas diffusion layer, the
oxygen diffuses continuously to the catalyst layer along the pores. In the meantime, the oxygen
dissolves into the Nafion film and reaches the pellet surface. Then liquid water is generated. At the
inlet, the distribution of oxygen concentration is constant. Within 5sec, it changes dramatically at

the very beginning and then decreases with time in the catalyst layer. After 5sec, when V,=0.2V
and 0.6V, it remains. But when V,=0.4V, the turning point is 10sec. After 5sec and when V,=0.2V,
the oxygen transport is affected by liquid water. When V,=0.4V, the liquid water is less than when
V, =0.2V, thus it needs more time to reach the steady state. When V, =0.6V, because the

electrochemical reaction reacts moderately, it.consumes less oxygen. And it generates less liquid

water than others, thus it reaches the steady state-quickily.

The fuel cell cannot be turned on if'the Nafion phase is completely dry, so it is assumed that
the concentration of liquid water in the Nafion-phase-is equal to the concentration of fixed charge
sites at the anode. Figure 4-6 shows the evolution of ‘the CL water content over time at three
different cell voltages. These plots can be divided into three sections: from startup to 3 sec, the
water content decreases; from 3 sec to 13 sec, the water content increases; and in the final phase, the
water content is constant. Initially there is less liquid water amount in the gas pores than in the
Nafion phase, so at first liquid water flows from the Nafion phase to the gas pores. When more
liquid water begins to be generated, it dissolves into the Nafion phase again and we see increasing

water content in both the CL and the membrane.

Figure 4-7 displays the evolution of the total ionic potential drop (IPD) in the catalyst layer, for

three different cell voltages V..

x=CL

IPD= Y (4,

x=GDL

a8 (0). (4-54)

This plot can be divided into five sections: (1) a rapid rise, which lasts from startup to 0.01 sec; (2)
from 0.01 sec to 0.1sec, the potential plateaus (remains approximately constant); (3) at 0.1 sec the

potential rises rapidly again to its maximum value; (4) the potential drops again; and (5) a second
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plateau is reached representing the steady state.

The total dimensionless oxygen consumption (TOC) in the catalyst layer also evolves over

time, as shown in Figure 4-8. This quantity is defined as

TOC = ZCL Cé, | oo ~Cs. (%)

g.inlet
x=GDL Co2

(4-55)

The plot can be divided into six sections: (1) a rapid rise from startup to 5x107° sec; (2) the first
plateau, which lasts from 5x10° sec to 5x107 sec (consumption increases slightly during this
phase); (3) another rise from 5x107 sec to 0.5 sec; (4) a second plateau from 0.5 sec to 2 sec
(where the consumption decreases slightly); (5) a rapid rise to the peak value from 2 sec onward,;
and finally (6) a steady-state plateau. Oxygen consumption increases less than 15% in the first
plateau, and decreases by only 2% in the second plateau. As the IPD increases, the fuel cell must
overcome higher and higher activation energies to maintain a higher rate of electrochemical reaction.
After the fuel cell overcomes the maximum activation energy, the IPD decreases. As shown in Fig.

4-8, when V,=0.2 V and 0.4 V, after 2 sec, the"TOC increases rapidly. Thus, after a fuel cell

overcomes the maximum activation energy, it retains:a high electrochemical reaction rate with a

lower IPD.

The current density evolution for various.cell-voltages is shown in Figure 4-9. These plots can
be divided into five sections. From startupto 15%20 " sec, the current density rises rapidly. From
5x107° secto 2x107 sec, the current density plateaus. The current density begins to rise rapidly

again at 2x107 sec, eventually reaching its maximum value, then drops briefly. Finally, it reaches
a steady-state plateau. As seen in Fig. 4-3, liquid water hinders oxygen transport as it diffuses from
the CL to the GDL. The electrical conductivity is also reduced during this period, due to decreased
water content, and the current density levels off as a result. Note that the total oxygen consumption
increases rapidly after 0.05 sec (Fig. 4-8), and that the ionic potential drop increases rapidly after
0.1 sec (Fig. 4-7). Thus, the current density increases rapidly after 0.1 sec. Oxygen transport
resistance increases after 0.1 sec, however, because at this point the liquid water saturation level is

increasing in both GDL and CL (Fig.4-3). Thus, the current density levels off after 1 sec.

The current density drops off after reaching its maximum value for the following reason. The
higher the current density, the more liquid water is generated and the more gas pores are occupied
by liquid water. When this happens, however, the catalyst pellets also have less oxygen on their

exposed surface. This tends to reduce the electrochemical reaction rate and causes a drop in the
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current density. At lower cell voltages the electrochemical reaction rate is higher, so more liquid
water is generated and we see a more extreme drop in the current density. For instance, when

V,=0.2 V the drop is more than 30%

Figure 4-10 shows the effect of modifying GDL permeability for V,=0.4 V. Cases 1 through 4

used permeabilities of 9x10™"° cm?, 1x10° cm?, 1x10®° cm?,and 1x107 cm?® respectively.
The higher the permeability, the more liquid water will be drained; this lowers the amount of liquid
waver available and reduces the current density. If the GDL permeability is too low, however, liquid
water cannot drain effectively. This will reduce the available oxygen on the catalyst surface,

decreasing cell performance and limiting mass transport.

Figure 4-11 examines the effect of CL permeability when V,=0.4V, cases 1 through 4 use

values of 8x10™cm?, 3x10™ cm?, 3x10™ cm?, and 3x10° cm?, respectively. Cases 3
and 4 have the highest permeabilities and effective water drainage. But when liquid water drains
from the fuel cell quickly, it also reduces the water content of the Nafion phase. Thus, a lower CL
permeability means that there will be more liquid water-in the Nafion phase. The maximum current
densities achieved in cases 1 and 2 are similar; but the steady-state current density in Case 2 is
higher. This is because in case 1, liquid water Is_accupying more of the gas pores and effectively

covering the catalyst pellet surface, causing seriesrconcentration overpotential.

The current density evolution for V,=0/4V-is:shown in Figure 4-12, under catalyst loadings of

0.2 mg, 0.3 mg, 0.4 mg, and 0.5 mg for Cases 1 through 4 respectively. A higher catalyst loading
means a more rapid electrochemical reaction. The current densities in Cases 1 and 2 are obviously
lower than those in Cases 3 and 4, because the catalyst loading is too low in the former to drive the
reaction. The maximum current density in Case 4 drops rapidly, on the other hand, because of fuel
cell flooding. Oxygen cannot reach the surface of the catalyst pellets when there is too much liquid

water. This suggests that excessive catalyst loading does not improve cell performance.

Finally, Figure 4-13 demonstrates the evolution of current density for V,=0.4V under various
thicknesses of the gas diffusion layer. Through Case 1 to 6, the thicknesses are 220 zm, 235 um,
240 pum, 245 um, 250 um, and 265 um, respectively. The current density increases to a constant

(steady state) value after 2 sec for GDL layers less than or equal to 240 um thick. For the

remaining cases, the current density rises again after 2 sec, reaches its maximum, then decreases in
value and reaches a steady state. A thicker gas diffusion layer means a higher maximum current

density, but this value may overshoot the sustainable current. Thicker GDL also imposes a greater
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resistance to liquid water transport, which promotes flooding of the fuel cell. Liquid water drains
more quickly with a thinner gas diffusion layer, but the fuel cell cannot be too dry or its

performance will deteriorate.
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Table 4-1. Governing equations
Variables GDL CL MEM
0 1 GDL~g ) c|_ g
o ald-s)ecs )= S((a-s)sfcs )=,
0, -

Do,e8™ [[(1-5)] Vi, +V-[(1-5)] v-C¢ |

Do, [[ 1s]v2c9+v[1s]vcg}

Cg

%((1-s)g§fmcvg ) -R,

+

;((1 s)gOLCg) R, +

v D, [[(L-s)] Ve +v-[(t-s)] v-c?] | bt [[(1-3)}’ v2Cs +v-[(1-5)] v .cg]
s gf;wa ZtS:R 7 %%:(mng)%m“
/;2’5:;[ j sV 2s+(V: s) ) ’;/V'VW;IVW"( ddzcj(svzw(v.s)z) -
Cvt‘ - grﬁL%z DV £, 5;\2' =DNvCN +nf’%vzv+
& i Ko V9-4FR, =0 V=0
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Table 4-2. Boundary conditions

Variables X=0 GDL/CL CL/MEM X=L
g g —air g — N¢ 9 —
COz Coz —C02 N°2 GbL N°2 GDL Noz cL 0 )
g _~air g —_ N|9 g _
C:v Cy=Cl Ny GDL_NV GDL VieL =0 B
S s=0 NW|GDL - NW|GDL NW|CL =0 -
c) - NVNV\ =0 Co ™" =(0.043+17.81c —39.80° +36.0¢° ) C, +2.8C,s Ch, .., =Chictoce
GDL MEM

¢ B ip‘GDL_O ip‘CL_ip‘CL ¢=0

86



Table 4-3.

Correlations used in Chapter 4.

Diffusivity of Oxygen in Nafion

membrane[64]

Dg, = 0.00Slexp(—?

2768j

Diffusivity of Oxygen in liquid water

DY =2.41x10° (_,
i

1.026
AL
j (TT

|

Diffusivity  of
stream[93]

Oxygen in gas

D¢ = o.1775[ !

1.823
273.15}

Diffusivity of vapor water in gas
stream[93]

D¢ =0.256
307.15,

]2.334

Henry’s constant for oxygen between -

Y & HY =1.33x10° exp (ﬁ] e
Nafion and air[64] T mo
Henry’s constant for oxygen between -

y Y HY =1.33x10° exp(‘igJ e
liquid water and air[2] : T mo

CN
Water content r=—4 c
B
Net electro-osmotic drag =25
coefficient[27] \ 224
Conductivit of Nafion

uctivity ! KN=exp{lzes[i-iﬂ(0.0051394-0.00326) %2

membrane[27] 303 T cm

Diffusivity of liquid water in Nafion membrane[27]

ch 1
W

2>2>3

1

=10° exp| 2416 —-= | |(-3.1+2.04
) p[ (303 Tﬂ( )

1

1

Cv';‘(3>,124) =10" exp [2416 (ﬁ - ?)} (6.89-1.331)

1 1

N
CW(

A>4

/=10° exp 2416(
303

_I_ﬂ(2.563-0.33/1+0.0246/12-0.000671/13)
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Table 4-4. Parameters used by Navessin et al.[82]

Gas diffusion layer properties

Porosity 0.6
Thickness 0.035 cm
Catalyst layer properties
Porosity 0.55
Thickness 0.005 cm
Catalyst loading (mpy) 0.78 mg
Area per unit volume * 727,664 m™*
\Volumetric fraction of Naion in catalyst pellet
) 0.2
Raduis of catalyst pellet, (Ragg) 2.5x10” cm
Exchange current density * 1.27,1.66 mA cm™
Reference concentration of Oy,(Cy ¢ ) 2.34,2.25 umol cm™
Membrane properties
Porosity 0.35
Thickness™ 0:0062, 0.0061 cm
Operation conditions
Temperature 25.0 °C
Pressure 1.0 atm

! Lists value for HMEA-2 and HMEA-3, respectively.
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Fig 4-1. Schematic of the model domain. [91]
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Fig 4-2. A comparison of the model to experimental data.
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Fig 4-3. Evolution of the liquid water saturation level under various cell voltages. (a) V,=0.2V, (b)

V.=0.4V, (c) V,=0.6V
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lonic potential, ¢, [V]

Fig 4-4. Evolution of the ionic potential distribution under various cell voltages. (a) V,=0.2V, (b)
V.=0.4V, (c) V,=0.6V
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Fig 4-5. Evolution of the dimensionless oxygen concentration distribution under various cell
voltages. (a) V,=0.2V, (b) V,=0.4V, (c) V,=0.6V
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Fig 4-6. Evolution of the water content under various cell voltages. (a) V,=0.2V, (b) V,=0.4V, (c)
V.=0.6V
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Fig 4-7. Evolution of the total ionic potential drop in the catalyst layer under various cell voltages.
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Fig 4-8. Evolution of the total dimensionless oxygen consumption in the catalyst layer under

various cell voltages.
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Fig 4-9. Evolution of the current density under various cell voltages.
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Fig 4-10. The effect of GDL permeability on the current density (V, =0.4 V)
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Fig 4-11. The effect of CL permeability on the current density (V,=0.4 V)
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Fig 4-12. The effect of catalyst loading on the current density (V,=0.4 V)

100



1.0 T T T L) L) v

0.8

0.6

04

Current density [A cm'g]

0.2

0.0 [ [l [l 1 [l
104 103 102 1071 100 101 102 103

Time [sec]

Fig 4-13. The effect of GDL thickness on the current density (V,=0.4 V)
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5. Conclusions and recommendations

This work includes the development, validation, and application of a mathematical model of a
proton exchange membrane fuel cell cathode. The catalyst layer is treated as a thin
film-agglomerate model. Two different geometric thin film-agglomerate models are used to
investigate the transient transport of gaseous species, protons, and liquid water. The results agree
well with the experimental data. Results generated by the model illustrate how the various species
transport occurs within the fuel cell. Parametric studies of other design factors’ effects reveal there

optimum values which lead to a greater current output during its evolution period.

5.1. Conclusion regarding the cylindrical thin film-agglomerate

model

In Chapter 2, a transient, two-phase model is developed to investigate the effect of water
flooding in the gas diffusion layer and catalystlayer of the cathode on the overall cell performance.
This model is developed to investigate the transient transport of gaseous species, protons, and liquid
water. The effects of operating temperature and relative=humidity of the air inlet on the cell
performance are also studied. It is found from-simulation results that the liquid water accumulation
in the GDL and CL leads to electrode flooding if it is not drained efficiently. Moreover, the effect of
liquid water in the catalyst layer should be ‘takenin to account in modeling because it bears

substantial impact upon the transient evolution of model properties and cell performance.

Modeling data also reveal that the transport of proton is much faster than the others. The ionic
potential reaches the steady state in the order of 10 sec but the liquid water transport takes place in
the order of 10 sec. The ionic potential does not decrease monotonically with time. It first reaches a
critical value then increases with time till the steady state. This phenomenon is obvious under the

condition that lower cell voltage is applied.

In the cases of lower cell voltage, the current density overshoots as time evolving. The
overshot are 13%, 11% and 7% when the operating temperature is 60°C, 70°C and 80°C
respectively. The higher the operating temperature is, the higher the cell performance will be. In the

steady state.

102



In the parametric study on the transient evolution demonstrate that, within 10%sec, the current
density rises rapidly. Between 10%sec and 10sec, there is a plateau. After 1sec, the current density
relates with cell voltage, gas diffusion layer porosity, catalyst layer porosity, catalyst layer thickness

and agglomerate radius. For gas diffusion layer porosity, between &g, =0.2 and &g, =0.5, the

higher the GDL porosity is, the higher the cell current density will be. After 1sec, if the GDL

porosity is below 0.3, the current density will go down. When &, =0.2 and V,=0.4V, the current
density decreases 6%. But when V,=0.2V, the current density decreases 15%. When &, =0.3 and
V,=0.2V, the current density decreases 8%. This is affected by the liquid water in the gas diffusion

layer. When &, =0.5, the current density changes subtly.

For the catalyst layer porosity, the current density will decrease when the CL porosity is too

low. When ¢, =0.04 and V,=0.2, the current density decreases about 20%. This is affected by the

liquid water in the catalyst layer. The higher the CL porosity is, the more the water is drained. But
the electric conductivity drops in the meantime. For catalyst layer porosity, optimum current density

appears between &, =0.06 and ¢, =0.1,

During the simulation of the catalyst layer thickness effects, it is found that a thinner catalyst
layer leads to lower platinum loading-for the electrochemical reaction. On the contrary, a thicker
catalyst layer, results in even more accumulated liquid.water and the current density decreases

rapidly. The optimum values of catalyst layer thickness appears between o, =10 xm and 13 um.

For the agglomerate radius study, the result reveal that a larger agglomerate causes the
electrochemical reaction occurs only on the surface. The catalyst inside the agglomerate does not
participate in the electrochemical reactions. Therefore, the current density and the utilization of
catalyst are inversed. It suggests that the agglomerate radius should smaller than 100nm for a higher

utilization of catalyst.

5.2. Conclusions regarding the spherical thin film-agglomerate

model

A transient, one-dimensional, two-phase model of a PEM fuel cell cathode is presented in
Chapter 4 with the catalyst layer treated as a spherical thin film-agglomerate. This model is used to
investigate the transient transport of gaseous species, protons, and liquid water. The effects of GDL
permeability, CL permeability, catalyst loading, and GDL thickness on cell performance are also

investigated.
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The model results agree well with the experimental data. The observed IPD and TOC
variations show that after the fuel cell overcomes its maximum activation energy, a high
electrochemical reaction rate with low IPD is maintained. Electrochemical reactions affect the
amount of liquid water in the cell; when less water is generated, the cell reaction rate is reduced.
Nevertheless, the higher liquid water content and saturation level tend to lead to the flooding
catastrophe.

Parametric sensitivity analysis also shows that at higher permeability, more liquid water is able
to drain from the cell. Cell performance will decrease if there is too little liquid water, but may also

be influenced if the water cannot drain effectively. Among the values adopted in this chapter, the

optimum GDL permeability is Kgg-=1x10"cm® and the optimum CL permeability is
Kyg =3x10"cem?.

Moreover, a cell with higher catalyst loading leads to more rapid electrochemical reactions, but
this may also result in too much liquid water generation. This ultimately impedes oxygen transport,
so excessive catalyst loading does not improve cell performance. Among the values considered in

this chapter, the optimum loading is my =0.4mg .

Finally, the GDL thickness is found to play an important role in liquid water transport. A
thinner layer offers less resistance to liquid water-diffusion and drainage. Water content and cell
performance therefore tend to remain constant..\When the gas diffusion layer is thick, liquid water
cannot drain effectively and the catalyst pellets will have less surface oxygen. According to these

results, the optimum thickness is 5, = 245um .

5.3. Recommendations

In this work, the transient behavior for a PEM fuel cell via two-phase transient and half cell
model which based on a thin film-agglomerate approach has been applied to investigate the
transport of gaseous species, liquid water, proton, and electrochemical kinetics in great detail.
Generally, the results obtained from this model are in agreement with experimental data. However,

there are still a number of improvements for this model that can be done in the future.
1. Extend the model from one-dimensional to two-dimensional or higher-dimensional.

2. Extend the computation domain form cathode to a single cell.
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