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Abstract
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1 Introduction

1.1 Background

The fuel cell is an electrochemical device that converts the chemical energy of its
reactants directly into electricity and heat, without combustion. Fuel cells have a
substantial range of potential applications, on a power scale from less than a watt to
megawatts. In transportation, fuel cells hold the potential to end the century-long reign
of internal combustion engines. In stationary energy production, fuel cell power plants
may have akey role in the transition of the energy economy toward a more distributed,
network-type structure. Fuel cells could also replace batteries in many small-scale
applications. Important technical breakthroughs in fuel cell technology have been
achieved especially during the past decade, and as a result, several of these
applications, which not a long ago appeared quite far removed from reality, are now
rapidly approaching commercialization.

The development of fuel cell technology has been accelerated by the increasingly acute
need for cleaner and more efficient energy conversion methods. Environmental
problems due to energy production and transportation are growing. This is the result of
the combination of population growth and economic growth, particularly in the third
world. Furthermore, it appears unlikely that the increase in globa energy consumption
could be brought to a halt any time soon. The danger that the release of carbon dioxide
into the atmosphere may adversely affect the climate of our planet is becoming
recognized as real. Therefore, there is an urgent need for cleaner energy technologies.
Conventional energy conversion methods, however, are approaching their efficiency
limits. Therefore, fuel cell technology is receiving growing interest and research efforts.

Fuel cells aso have the important benefit that their efficiencies are not significantly
affected by the size of the cell. In this respect, fuel cells are different from energy
conversion methods that rely on heat engines, such as turbines and internal combustion
engines, in which efficiencies generally decrease with decreasing size. Fuel cells are
regarded as a promising new power source for many small applications, which are
currently powered by batteries. Mgjor breakthroughs in battery technology are not in
sight, and therefore, there is a growing need to develop new power sources to meet the
increasing power demand of electronic devices. Small applications are also seen as an
important initial step toward the market entry of fuel cells, even though their direct
impact on the energy economy is not large.

The fuel cell type studied in the present thesis is the polymer electrolyte membrane fuel
cell (PEMFC). The advantages specific to the PEMFC are high power density, quick
start-up, rapid response to load changes, and the potential for reaching low production
costs. Because of its all-solid construction, the stability and leakage problems typical of
liquid electrolytes are avoided. In this thesis, experimental and theoretical studies on
PEMFCs were carried out, with emphasis on small applications, which have, until very
recently, recelved only a minor part of worldwide research efforts devoted to the
development of fuel cells. A maor am of the work was to achieve a better
understanding of mass transport phenomena in a fuel cell that operates using natural
convection as the air supply method.



1.2 Motivation and objectives

Fuel cells have many potential small-scale applications, such as portable computers,
mobile phones, power tools, and telecommunication base stations. The power
consumption of portable electronic devices is growing because of new features and
increased computing power. Currently, these devices are powered by various types of
primary and rechargeable batteries. The limitations of battery capacity are one of the
most significant sources of dissatisfaction for the users of laptop computers [1]. In
addition, discarded batteries often become harmful waste due to the toxic substances
present in them.

Both batteries and fuel cells produce electricity through electrochemical reactions.
However, the fundamenta difference is that a fuel cell is only an energy conversion
device, whereas a battery is a conversion and storage device at the same time. Energy is
stored in a battery in the form of substances that are consumed in the electrochemical
reactions. The depletion of the reacting substances or the accumulation of reaction
products will eventually cause the energy delivery from the battery to cease. The
battery must then be either recharged or replaced. In a fuel cell energy system, the
conversion and storage functions are decoupled, and therefore, the power and energy
capacities can be separately optimized. In addition, a fuel cell system can be rapidly
refueled, as opposed to the slow recharging of batteries.

The technology of small fuel cells is significantly less established than that of larger
fuel cells. The challenges of designing useful fuel cell power sources for smal
applications include the miniaturization of the system, achieving high power and
energy density, and ensuring reliable and efficient operation. Simplicity of the systemis
desirable, and therefore, natural convection is an attractive air supply method. Natural
convection is gravitationally induced fluid movement, which is caused by density
differences within the fluid. On the cathode side of a PEMFC, density differences arise
as a result of temperature gradients and composition changes. Because naturd
convection does not depend on the use of auxiliary devices, it is an attractive option for
simplifying the fuel cell system. Even if an auxiliary fan is used to feed air at peak
power, natural convection enables startup without auxiliary power, and it increases the
reliability of the system, because a failure of the fan does not lead to complete loss of
power. However, operating the cell on natural convection also means that effective and
reliable air supply must be ensured using passive means, i.e. methods that rely on the
choice of the geometry and materials of the cell.

The specific questions treated in this thesis were defined as a result of problems that
had arisen as aresult of initial experiments on free-breathing cells® in the Laboratory of
Advanced Energy Systems. It had become apparent that the present understanding on
mass transport in a free-breathing cell was insufficient to reliably identify the
performance limiting causes and to propose improvements of the cell design. The
transport of oxygen and water can be expected to profoundly influence the operation of
the cell. However, due to the spontaneous nature of natural convection, the small
magnitudes of the mass flows, and the relatively small dimensions of the cell structure,
these phenomena are difficult to observe and to quantify. The goal of the present thesis
was set to achieving a comprehensive picture of mass transport and its effects on cell
performance in a fuel cell operating on natural convection. In order to accomplish this,

! The terms “free-breathing cell” and “natural convection cell” are used interchangeably in this thesis.
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a variety of new applications of measurement techniques and modeling methods were
developed to elucidate mass transport inside a fuel cell. The work concentrated mainly
on the cathode (air) side of the cell, because the cathode is normally the largest source
of lossesin a hydrogen-powered fuel cell.

1.3 Outline of thisthesis

The thesis begins with an introduction to fuel cells in Chapter 2. The specific topics
covered include the operating principles, main functional parts, polarization behavior,
and efficiency of a PEMFC. Mass transport phenomena, water balance, and heat
management in the cell are also discussed. Special emphasisis placed on issues specific
to small fuel cells. The history and trends in fuel cell technology development are
briefly covered, and an overview of other types of fuel cellsisgiven.

Both experimental and modeling methods were utilized during the work. An overview
of the methods is given in Chapter 3. The fuel cell test station that served as a
foundation of the measurement setups is described, and the principles and
implementation of the special measurement techniques are discussed. The main
measurement techniques were the current interruption method, which provides
information on ohmic losses, the segmented current collector that was used to measure
current distributions, and a water collection setup to measure water transport. Climate
chamber measurements, from which additional data was obtained, are briefly covered.
In addition to the experimental work, a mass transport model of the cathode side of a
free-breathing fuel cell was developed. The main features and assumptions of the model
are discussed.

The results obtained using each of the measurement techniques, as well as modeling
work, are described in Chapter 4. The most important results are presented and
discussed, the interconnections among the subject areas are highlighted, and the
consequences and restrictions of the results are evaluated. The verification of the
reliability of the current distribution measurement system is discussed first, followed by
the sub-tasks in which the measurement system was utilized. These were the water
transport measurements, the climate chamber measurements, and the modeling study, in
which experimentally obtained current distributions were used to determine boundary
conditions for the model. In addition to these, the use of the current interruption method
for the investigation of individual cellsin afuel cell stack is presented, and results from
the characterization of titanium sinter materials for gas diffusion layers are reviewed.
A summary of the main results of the thesisis given in Chapter 5.
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2.1 History and major trends of fuel cell technology

The fuel cell is an old innovation, which has taken a long time to mature to the
threshold of widespread commercialization. The innovation is usually credited to Sir
William Grove, who in 1839 reported an electrochemical cell of a novel type. The
innovation arose from his experiments with electrolysis, which can be considered the
reverse process for fuel cells. A more extensive review on the early history of fuel cells
can befoundin[2].

This work deals with a class of fuel cells that uses proton conductive polymers as the
electrolyte. The first PEMFCs were developed by Genera Electric Company in the
1950’'s. They were used as power sources in the Gemini spacecraft. Initially, the
applications of PEMFCs were limited to space systems and other specia applications,
where fuel cells have significant technical advantages over aternative solutions and
high cost can be tolerated. The Nafion® membrane, which was developed in the 1960’ s
by E.I. DuPont de Nemours & Company, brought a substantial increase to the lifetime
of the cell, which was a problem in early PEMFCs.

However, it was not until the late 1980's when this fuel cell type became a viable
candidate for more earthly applications. This was made possible by fundamental
technical breakthroughs, most notably the reduction of the platinum contents needed in
the electrodes, that enabled costs to be decreased to levels that made the serious
development of the PEMFC worthwhile. Two of the most important drivers of
technology development during the recent years have been the needs of the
transportation and distributed energy sectors.

Fuel cells as power sources of electrical vehicles have been subject to extensive
research efforts. Transportation holds a large and growing share of world energy
consumption, and it is currently powered amost exclusively by oil products. Battery-
powered electric vehicles are unlikely to reach the performance and operating range of
vehicles that are powered by internal combustion engines. Hydrogen and fuel cells thus
appear as the best way of creating a sustainable transportation system. The high
efficiency of fuel cells on partia load makes them particularly favorable as vehicle
power sources, because most vehicles operate on a fraction of the peak power of the
engine for the mgority of time. Small fleets of fuel cell electric vehicles are currently
under field testing, and the prospects for their wider market introduction during this
decade appear favorable. Thisis especidly true in the case of hydrogen-fueled fuel cell
buses, for which market introduction is not dependent on the development of a
widespread service station network.

Fuel cells are also seen as promising in stationary power production. Fuel cells may
enable efficient and economical power generation in smaller units than what has been
possible using conventional technology. The present-day energy infrastructure is
mostly based on large central power stations and hierarchical distribution networks, but
there is a long-term trend toward distributed and small-scale power generation. In
industrial countries, the growth of energy consumption is relatively slow, and the
introduction of free energy trade has made it difficult to predict the development of
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energy markets far into the future. For these reasons, power production that can be
constructed rapidly and in small units becomes preferable over large central power
stations. In the developing countries, on the other hand, small power stations, which are
located near the consumption, are beneficial, because the national electricity
distribution grid may be relatively undeveloped. On the long term, hydrogen and fuel
cells can aso be seen as a key to the large-scale integration of renewable energy
sources into the energy economy.

In addition to the above mentioned sectors, small-scale portable and stationary
applications are emerging as a possibly very large market for fuel cell products. Until
recently, they have only received a minor share of al research efforts devoted to fuel
cells, but they are currently attracting increasing R&D investments. Small fuel cells are
not yet mature for consumer markets, but promising progress is being made. The
present work aims to contribute to this development.

2.2 The Polymer Electrolyte Membrane Fuel Cell

2.2.1 Overview

In principle, afuel cell is aremarkably ssimple device. Electrochemical reactions occur
at two reaction sites, which are called the electrodes. On one electrode, an oxidation
reaction takes place. This electrode is called the anode. On the other electrode, which is
caled the cathode, a reduction reaction takes place. As a result of the interphase
potentials on the electrodes, a potentia difference is formed between them. They are
separated by an electrolyte, which conducts ions between the electrodes while
separating the reacting species from each other. The electrolyte must also be
electronically insulating. The cell can be used as a source of electrical current by
connecting the electrodes to an external load. The electrons liberated in the anode
reaction are consumed in the cathode reaction. Respectively, the ions liberated in one of
the electrode reactions are consumed in the other reaction.

In a PEMFC, the anode reaction is the oxidation of hydrogen, and the cathode reaction
is the reduction of oxygen. Water is formed on the cathode as a by-product of the
reaction. The half-cell reactions and the total reaction in a PEMFC are given below.

Anode: H, - 2H"+2¢€
Cathode: 0, + 26 +2H" - H,0
Total reaction: 0, +H, - HO

The operating principle of a PEMFC is described in Figure 1, and the main functional
parts of a unit cell areillustrated in Figure 2. Each of them is given a discussion in the
next sub-chapters. The functions of the parts are described, and the required materia
properties and design considerations discussed.

13
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Figure 1. The operating principle of a PEMFC.
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Figure 2. The main functional parts of a PEMFC. The scale of the picture has
been distorted to emphasize the main features.

2.2.2 Membrane

The membrane can be characterized as an acidic electrolyte, in which the negative ions
are immobilized in a polymer matrix. A good membrane material for a PEMFC should
have a high protonic conductivity, good chemical and mechanical stability, small water
permeability, and low cost. In addition, it should be electronically insulating and not
permeable for H, and O, gases.

The most widely used membrane materia is Nafion® by E.l. DuPont de Nemours &
Company. The polymer structure consists of a poly(tetrafluoroethylene) backbone,
which has side chains ending with sulfonic acid groups. Nafion membranes are
available in various thicknesses ranging from 51 to 254 pm. Nafion and other
commonly used membrane materials require hydration in order to be proton
conductive. The resistance of the membrane is a magjor contributor to the total ohmic
loss of the cell, and the reduction of conductivity due to drying may significantly
decrease the performance of the cell. Because of the hydration requirement, the
operation temperature range of PEMFCs using common membrane materias is limited
in the upper end by the dehydration of the membrane as a result of evaporation.

Extensive research is underway by several research groups to create new membrane
materials. Trends in membrane research are reviewed in [3] and [4]. Important goals of
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membrane research are lowering costs and discovering materials that would enable
operation above the boiling point of water.

In the experimenta work reported in this thesis, composite micro-reinforced
membranes of W.L. Gore & Associates were used. The composite structure of these
membranes provides durability while allowing very thin membranes to be produced
[5]. Thin membranes are well suited for small applications, because they can be
maintained in a hydrated state using product water of the cell reaction only. The
thicknesses of the membrane grades used in the work of this thesis were 25 and 35 pm.

2.2.3 Electrode

The electrodes of a PEMFC typically contain noble metal catalyst, in order to achieve a
sufficient reaction rate at low temperatures. Platinum offers the best performance when
pure hydrogen is used as fuel, but the addition of other noble metals may enhance the
tolerance of the catalyst against fuel impurities. Ruthenium is commonly used for this
purpose.

For useful current densities to be obtained, the electrode needs to have a high real
surface area compared to the geometric area of the electrode. In order to be in effective
use, the catalyst particles must be located in such way that they form a three-phase
boundary, i.e. they are in contact with both electronic and protonic conductors, and
there are free passages for the reactant to reach the catalyst site, and for water transport.
The proton conducting phase contained in the electrode region must be hydrated in
order to be proton conductive, similarly as the bulk membrane phase.

Because of the high cost of the noble metals, it is essential to achieve alow noble metal
content in the electrodes. For this reason, thin-film electrodes are regarded as the
optimal solution. The thin-film electrode is a porous layer consisting of proton
conducting phase and high surface area carbon black particles with smaller platinum
particles attached to them [6]. Typica electrode thicknesses are of the order of
micrometers, and the platinum contents are in the range of 0.1-0.4 mg cm?. The
electrode is formed on the membrane surface by spraying, decaling, or other suitable
manufacturing method. Research on manufacturing methods has been reviewed in [4].

The entity consisting of the membrane and the electrodes is usually caled the
membrane electrode assembly (MEA). The thickness of the MEA is only some tens to
hundreds of micrometers, depending on the type of membrane used. Because of this
extremely compact structure, the power density of a PEMFC can be very high.
Therefore, the PEMFC is usually regarded as superior compared with other fuel cell
types in applications in which power density is a prime consideration, most notably in
transportation and portable applications.

The experimental work reported in this thesis was performed using PRIMEA® MEAs
from W.L. Gore & Associates. Their electrodes are of the thin-film type, containing 0.3
or 0.4 mg cm of platinum per electrode, depending on the MEA grade used.
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2.24 Gasdiffusion layers

In an assembled fuel cell, the MEA is sandwiched between porous gas diffusion layers.
The purpose of the gas diffusion layers is to form an electronic and thermal contact
between the electrodes and the flow field plates, and to provide transport paths for the
reactant gases and water. The desirable properties for a gas diffusion layer material are
high electrical and thermal conductivity, high porosity, an optimal combination of
hydrophobic and hydrophilic properties, good chemical and mechanical durability, and
low cost. Typical gas diffusion layer materials are carbon-based papers, felts, or cloths.
For achieving an optimal combination of properties, several authors recommend a
structure that consists of a macroporous backing layer and a microporous diffusion
layer applied on one or both sides of the backing layer [7-10]. The typical thickness of
commercially available materials is in the range of 300-400 um. In the majority of the
experimental work of this thesis, the gas diffusion materials were of the ®SIGRACET
series by SGL CARBON GmbH.

Gas diffusion layer materials, related characterization methods, and recent research
have been reviewed by Mathias et al. [11]. According to them, ex-situ methods for
material characterization appear relatively well established, but the correlation of
material parameters from ex-situ measurements to actual fuel cell performance is still
poorly understood. The selection of an optimal material still needs to rely primarily on
trial and error. The need for further research on gas diffusion layersis particularly acute
from the point of view of small applications, in which reliable and efficient operation
must be achieved while relying as much as possible on passive solutions, such as the
choice of cell materials.

Before the introduction of thin-film electrodes, the catalyst was usually impregnated
into the gas diffusion layer, resulting in a structure know as a gas diffusion electrode.
This approach has been found to result in ineffective use of noble metals and weaker
contact between the electrode and the membrane. Therefore, gas diffusion electrodes
have mostly been abandoned in favor of thin-film electrodes, which also are regarded
as better suited for mass-manufacturing.

In addition to traditional carbon based gas diffusion layers, sinter or mesh-type metallic
materials may be advantageous in some applications. The mechanica rigidity of
metallic materials may open up new possibilities in cell design, because the materia
does not require the same degree of mechanical support as carbon papers and cloths.
The rigidity of metallic materials is also advantageous in normal cell designs, because
the gas diffusion layers are under compression in an assembled fuel cell. Carbon-based
materials are easily deformed, resulting in reduced porosity and weaker mass transport,
whereas metallic materials can withstand high compression loads without reduction in
porosity.

Metallic materials, however, have their own characteristic problems. Their
conductivity, most notably at the material interfaces, is usually weaker than that of
high-quality carbon-based materials. Non-noble metals are prone to corrosion
problems, whereas the use of noble metals is limited by their cost. For these reasons,
carbon-based materials have traditionally been chosen for PEMFCs. However, only few
published studies exist on the use of metallic gas diffusion layersin fuel cells [12-14].
It is possible that they hold unutilized potential, which is becoming more relevant due
to the growing interest in small fuel cells.
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2.2.5 Flow field plates

The MEAs and the gas diffusion layers are normally located between flow field plates,
which typically have channels on the surfaces facing the gas diffusion layers. The
channels provide a passage for the distribution of the reactant gases to the electrodes
and the remova of product water. The flow field plates also act as separators of
reactants, form the electrical connection between unit cells, and function as the
mechanical supporting structure of the cell.

The channel geometry of the flow field plates significantly affects the effectiveness of
mass transport inside the cell. The optimum channel geometry may be different on
different sides of the cell. The choice of geometry is more critical on the cathode side,
because the reaction water is produced on the cathode and because the diffusivity of
oxygen is significantly lower than that of hydrogen. As shown later in the thesis,
however, the flow geometry of the anode side may aso have important implications on
water distribution over the active area of the cell.

In the optimization of the channel geometry, a balance between a number of conflicting
requirements must be sought. The channels of the plate should distribute the reactant
gases effectively to the active electrode region. On the other hand, the flow field plate
should offer mechanical support for the MEA and provide passages for electronic
current and heat. For the optimization of the width and depth of the channels, and the
width of the ribs between them, the following guidelines can be given:

- Minimizing the width of the ribs between the channels improves mass transport in
the gas diffusion layer in the regions adjacent to the ribs. These regions are
problematic from the point of view of mass transport, because the transport path
from the channel to these regions is longer than to the regions adjacent to the
channels. In addition, the porosity of the gas diffusion layer may be reduced in the
regions adjacent to the ribs as a result of the contact pressure exerted by the ribs.
Decreasing the ratio of rib width to channel width, however, increases the contact
pressure against the gas diffusion layer, which may increase the loss of porosity.

- Decreasing the channel cross-section increases the flow velocity and pressure loss
at a given mass throughput rate, which helps to remove water droplets. This must
be balanced against the power consumption of the air supply system.

- If air is supplied to the cathode by natural convection or with a fan, low resistance
to flow is required, and the optimum cross-section is, therefore, larger than when a
compressor or a pump is used. The upper limit for the width of the channels is set
by the requirement to provide mechanical support for the MEA. The limit is thus
dependent on the rigidity of the gas diffusion layer. Increasing the depth of the
channels also reduces flow resistance, but at the expense of increasing the
thickness of aunit cell.

From the above mentioned guidelines it is evident that a rigid non-compressible gas
diffusion layer material provides more freedom in the design of the flow field
geometry, compared to traditional, easily deformed, carbon-based materials. This is of
particular importance in free-breathing fuel cells, in which wide channels can be
expected to be advantageous.

The research reported in the present thesis focused on a cathode channel geometry that
consists of parallel straight channels which have their ends open to the ambient air,
enabling the use of natural convection to supply air to the cathode. The geometry of the
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cell isillustrated in Figure 3. This type of channel geometry is a well known solution
for constructing small, free-breathing cells. However, little research has been done on
mass transport phenomenain this type of cells and the optimization of the cell structure.
In the few existing studies, mainly whole-cell variables have been measured, with no
direct information on local conditions inside the cell [15]. Previous theoretical studies
have been limited to the prediction of current-voltage characteristics by analytic

eguations [16].
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Figure 3. A free-breathing single cell. Plane views of the anode (left) and cathode
(right) flow fields and a spatial view of the assembled cell (middle) are

shown.

The material used for flow field plates should have a high electrica and thermal
conductivity. It should aso be impermeable to gases, mechanically durable, and
chemically stable in fuel cell conditions, and it should be cheap and well suited for
high-volume manufacturing. The technical requirements for a bipolar plate material,
apart from the suitability for manufacturing, are well satisfied by graphite, when its
natural porosity is blocked with resin impregnation or other suitable treatment. It is
commonly used in the construction of prototype cells and stacks. The flow field plates
used in the experimental work of this thesis were made of graphite, with the exception
of the cathode plate of the current distribution measurement system.

The main disadvantages of graphite are high cost and poor suitability for cheap
manufacturing methods, and therefore, alternative materials are being developed. The
most promising flow field plate materials for mass-manufactured fuel cell products are
usually considered to be either composites of carbon and polymers [17-21], or metallic
materials combined with a suitable surface treatment to reduce corrosion and improve
electrical contact [22-27]. Extensive research and product development is continuing on
both approaches. Composite materials promise cheap manufacturing by molding, but
achieving good mechanical strength and gas tightness together with high electrical and
therma conductivity is chalenging. Steel, on the other hand, is a cheap and
mechanically durable material, but the channels are difficult to manufacture into it, and
achieving sufficient corrosion resistance can be problematic.
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2.2.6 Stack design

The voltages required for practical applications usually exceed the voltage of one unit
cell. The voltage requirement of the intended application can be satisfied by
constructing a stack, which is a series-connected, mechanically integrated assembly
consisting of several unit cells. The basic features of a typicad PEMFC stack are
illustrated in Figure 4. The flow field plates of the stack, with the exception of those at
the ends of the stack, have channels on both of their major surfaces, one being the
anode side of aunit cell and the other being the cathode side of the next unit cell. Flow
field plates of this type are thus called bipolar plates. A stack consisting of MEAS
between bipolar plates has a high power density, and low internal resistance can be
reached because electrical connection between the unit cells is formed directly through
the bipolar plates. The stack shown in the Figure is of a type in which air is supplied
using a compressor or a pump. This is usualy an optimal choice for large fuel cell
systems. A high-power stack may contain additional features, such as provisions for
cooling and gas humidification.

The challenges of constructing stacks include ensuring the effective distribution of
reactants to all of the electrodes and the removal of excess water from all parts of the
stack, and minimizing voltage and temperature differences between the unit cells. In
order to be suited for series production, the design should aso be mechanically simple
and easy to assemble.

In the design of small fuel cell power sources, simplification of the fuel cell systemisa
central issue. Especially on the cathode side of the cell, optima solutions may be
radically different from those used in large fuel cells. In small applications,
pressurization is generally undesirable because of the parasitic power consumption of
the compressor. The use of natural convection or asmall fan is likely to be the optimal
solution in the lower end of the power range. As a result, the choice of the cathode
geometry and stack design for small applicationsis strongly influenced by the necessity
of minimizing the flow resistance.

The channel geometry illustrated in Figure 3 enables the construction of a natural
convection stack, in which the electronic connection between the unit cells is provided
directly through the bipolar plates. Apart from the geometry of the cathode channels,
the resulting stack structure is thus similar to the stack in Figure 4.
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bipolar plate
gasdiffusion layer

Figure4. A PEMFC stack, with exploded view to one unit cell.

In addition to the geometry used in the present thesis, severa different single cell and
stack geometries for small fuel cells have been proposed. Some examples include
planar cells [28], annular cells [29,30], and strip cell and pseudo-bipolar designs
[31-33]. A cell array with “flip-flop” interconnection has also been recently reported
[34]. In very small cells, it may be advantageous to utilize silicon substrates and related
manufacturing methods [35,36]. Non-traditional stack types usually have the
disadvantage of higher ohmic losses resulting from the more complicated
interconnections between the unit cells. However, they may be better suited for
applications in which there are stringent requirements for the physical form of the cell
or where independence of the physical orientation is required.

2.2.7 Thepolarization curve

The reversible open-circuit voltage of a H,/O, fuel cell at a temperature of 25 °C and
pressure of 1 atm is 1.23 V, assuming that the product water is formed in liquid state.
Practical open-circuit voltages are lower because of mixed potentials, which may be
due to, for example, impurities in the anode gas or molecular hydrogen diffusing to the
cathode. The effect of the latter phenomenon increases when extremely thin membranes
are used, asit is usually the case in small fuel cells. The open-circuit potential depends
on the activities of the reactants, and therefore, it is lower when air is used on the
cathode instead of pure oxygen. As a result of these phenomena, the practical open-
circuit voltages of PEMFCs are typically in the range of 0.90 £ 0.05 V.

When current is drawn from the cell, various efficiency losses begin to arise. The term
“overpotentia”, which originates from electrolysis cells, is often used for the losses,
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although in the case of afuel cell the effect of the losses is the reduction of operating
voltage. The overpotentials in fuel cells are commonly classified to three types, which
are

- activation overpotentias, arising from reaction kinetics
- ohmic losses, arising from the resistances of the cell materials and interfaces
- mass transport overpotentias, arising from the limitations of mass transport.

The polarization curve of a PEMFC usually consists of three distinct regions, which
result from the three types of overpotentials. The typical shape of the polarization curve
is shown in Figure 5. It is important to realize that the curve in the Figure describes
only the relation between the average current density and cell voltage. However,
significant variation of local current density over the active areais possible, and current
distribution measurement is thus an important tool for analyzing local conditions inside
the cell.

voltage

current density

Figureb. The typical polarization curve of a PEMFC. The regions dominated by
different overpotentials are indicated:
I activation overpotentials
] ohmic (IR) losses
[l mass transport overpotentials.

The achievable current density range covered by the polarization curve depends
strongly on operating conditions, and the choice of cell materials and design. High-
power cells with pressurized air cathodes, operating near the upper limit of the
allowable temperature range, can produce more than 1 A cm™ at practical operating
voltages, whereas in small free-breathing cells operating close to the ambient
temperature, it may be difficult to exceed 100 mA cm™.

At low current densities, the shape of the curve is primarily determined by activation
overpotentials, which give it the characteristic logarithmic shape. The main source of
activation overpotentia is the cathode. When pure hydrogen is used as fuel and the cell
is well humidified, the activation losses of the anode electrode are negligible. This is
caused by the rate of the hydrogen oxidation reaction, which is orders of magnitude
higher than the rate of the cathode reaction.

When current density increases, the shape of the curve becomes approximately linear,
which reflects the effect of ohmic losses. The membrane is a mgor source of ohmic
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losses, but also the electronically conducting components and the interfaces between
the components contribute to them. The dependency of ohmic losses on current density
may deviate from linear if the conductivity of the membrane changes as a result of
changes in humidity or temperature.

When current density isincreased further, the curve begins to bend down, which results
from limitations in the availability of reactants at the catalyst surfaces, i.e. from the
mass transport overpotentials. In addition, mass transport overpotentials contribute to
the linear shape of the curve in the middle region. The main source of losses is the
cathode side, because the diffusivity of oxygen is significantly lower than that of
hydrogen, due to the larger molecule size of oxygen. In addition, flooding problems
that cause mass transport limitations are more likely to be encountered on the cathode
side, because water is produced there.

The concentration of oxygen that reaches the catalyst surface depends on the
concentration gradients arising in the gas channels, the gas diffusion layer, and in the
porous electrode. In the gas channels, mass transport is driven by a combination of
diffusion and either free or forced convection, depending on cell design. In the gas
diffusion layer and in the electrode, gas-phase transport normally takes place mainly by
diffusion, except in some special types of cell designs in which the gas mixture is
forced into the porous materia [37]. The magnitude of mass transport by diffusion
depends on the diffusivities of the species, the interaction between the porous medium
and the diffusing species, and the interdiffusion effects between different species
present in the system.

Several experimental studies have been carried out to explain the effect of mass
transport phenomena on the polarization behavior and to identify the losses associated
with each cell component. In particular, many studies have concentrated on discerning
the losses in the porous electrodes and in the gas diffusion layers from each other. In a
review that summarizes the results of several research efforts, Mosdale & Srinivasan
[38] state that their experimental results could be explained by interpreting transport
limitations in the electrode as the main source of mass transport overpotentials.
However, they also note the possibly large effect of lossesin the gas diffusion layer in
case its porosity is reduced, for example as a result of flooding. The porosity of the gas
diffusion layer is also affected by the compression force between the cell components.
Lee et al. [39] examined the effect of the compression force and found that the amount
of compression affected strongly the limiting current density, and it was observable
dready at the linear region. The limiting current density has been found to be
determined by losses in both the catalyst layer and the gas diffusion layer [40], and it is
determined more by the mole fraction than the partial pressure of oxygen. For this
reason, pressurization of the cell does not significantly increase the limiting current
density, although performance at intermediate current densities is improved [41]. The
effect of pressure on cell performance is not elaborated further in this thes's, because
the focus of the work is on small, ambient-pressure fuel cells.

The losses caused by interdiffusion of oxygen in a mixture of nitrogen and water vapor
have been observed experimentaly by AC impedance measurements [42], and by the
use of different synthetic gas mixtures [43]. The effect of interdiffusion effects is,
however, relatively small, especially when the operating pressureislow.

The concentration gradients arising along the length of the gas channels can be
expected to depend on the stoichiometries of the gas streams, and the distribution of
current across the active area. Current distribution determines the spatia distribution of
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the consumption of reactants and the production of water. Because gas composition in
turn affects current density, theses factors are interrelated. Moreover, in a natural
convection cell, the air stoichiometry is affected by gas composition, because the
strength of natural convection depends on density changes in the gas mixture. The
factors affecting mass transport in a natural convection PEMFC are thus interrelated in
acomplex way.

Because the small thickness of the cell components makes direct measurements of local
conditions inside the cell difficult, modeling approaches are often used to improve
understanding of mass transport in fuel cells. A considerable number of numerical
models have been reported for investigating mass transport phenomena in fuel cells.
These will be reviewed in Chapter 3.6. In addition, the dependency of the limiting
current on operating parameters and cell structure has been studied by analytica
modeling [44-46].

2.2.8 Efficiency

Because a fuel cell is not a heat engine, its efficiency is not limited by the Carnot law,
which states the maximum efficiency of a heat engine operating between given
temperature levels of upper and lower heat reservoirs. Another reason why fuel cells
are highly efficient is because energy conversion takes place by electrochemical
reactions instead of chemical combustion, which is a highly irreversible process. The
latter fact is often overlooked in the discussion of efficiencies, as pointed out by Haynes

[47].

The reversible efficiency of afuel cell is the Gibbs energy change 4G in the reaction
divided by the enthalpy change 4H in the reaction:

AG
=— 1
Mo = 5 @
The Gibbs energy change in the reaction is related to temperature by:
AG =AH -TAS 2

where A4S is the entropy change in the reaction. In a PEMFC, the available Gibbs
energy decreases as a function of temperature, and therefore, the theoretical maximum
efficiency decreases slightly as afunction of temperature. Because of improved kinetics
and mass transport, however, an increase in temperature is generaly advantageous for
the performance of a PEMFC, within the limits dictated by water management.

The efficiency of a fuel cell is related to the shape of its current-voltage curve. The
voltage efficiency of afuel cell isdefined as the relation of cell voltage to the reversible
voltage:

E

N = E_ (3)

Any improvement of the cell that results in a reduction of overpotentials obviously
brings a direct efficiency gain a a given current density. Another important
consequence of Equation (3) isthat voltage efficiency decreases with increasing current
density.
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The current efficiency is defined as the ratio of hydrogen consumed in the anode
reaction, obtained from Faraday’ s law, to the total hydrogen flow fed into the cell:
n = A

' 2Fn,

(4)

where j is current density, A is the active area of the cell, F is Faraday’s constant, and
N2 is the molar flow rate of hydrogen. Evidently, a high hydrogen utilization rate is
desirable from the point of view of achieving maximum efficiency. ldedly, the cell
would be operated on 100 % hydrogen utilization, i.e. on a stoichiometry of 1. Thisis
also referred to as “dead-end” operating mode. From the system point of view, dead-
end operation can be accomplished by either closing the hydrogen outlet of the cell or
recirculating the excess hydrogen back to the inlet. In systems in which hydrogen
utilization is below 100 %, a typical solution is to combust the excess hydrogen in an
afterburner in order to recover its energy in the form of heat, and for safety reasons.
However, neither a recirculation system nor an afterburner is easily implemented in a
small system, and therefore, it is desirable to operate the cell itself in dead-end mode.

The parasitic losses resulting from power consumption of auxiliary devices must also
be accounted for when the efficiency of practical fuel cell system is determined. These
losses can be described with the system efficiency 77s. In small-scale systems, the
parasitic power consumption of auxiliary devices tends to be significant compared to
the output power of the cell, which makes it particularly important to simplify the
system as much as possible.

The total efficiency of a fuel cell system is the product of the three efficiency
components.

,7t0’[ :l7V,7I,75 (5)

Current and system efficiencies usually improve with increasing current density,
whereas voltage efficiency decreases. Because of the combined effect of the efficiency
components, the peak of the efficiency curve is generally located somewhere between
zero and peak power. The nominal efficiency of a fuel cell power system, therefore,
depends on the choice of nominal operating voltage. A better efficiency can be reached
at the expense of power density at nominal operating voltage, or vice versa. In terms of
cost, lowering the operating voltage decreases the cost of the cell per nomina power
but increases the fuel cost due to lower efficiency. Conversely, lower fuel cost can be
attained by accepting a higher cost per nominal power. This relates the choice of the
operating voltage to economic issues.

2.2.9 Water management

Water management in a PEMFC is one of the most essential issues for obtaining good
and reliable performance. The commonly used perfluorosulfonate membranes need to
be hydrated in order to be proton conductive, and because of the proton conducting
phase present in the electrodes, they also need to be humidified in order to function. In
other parts of the cell, the amount of liquid water should be kept to the minimum.
Liquid water must be prevented from accumulating on the electrode surfaces, in the
pores of the gas diffusion layers, and in the gas channels. Liquid water in these regions
obstructs the transport of reactants to the active catalyst sites, thus reducing
performance. The objective of effective water management is thus to regulate the
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transport of water in such way that a sufficient amount of water is retained in the proton
conductive phases, but excess liquid water is removed from the cell at the same rate as
it is produced, with minimum obstruction of the gas transport paths.

Figure 6 illustrates the flows of water in a PEMFC. Water is produced on the cathode,
and additional water may be supplied to the cell along the inlet gas streams if the
product water is not sufficient to maintain the proton conductive phases humidified.
When ambient air is used as a source of oxidant, the cathode conditions are affected by
ambient temperature and relative humidity. Water transport between the anode and the
cathode takes place by three different processes. Protons migrating through the
membrane drag water molecules along with them. This phenomenon is referred to as
electro-osmotic drag. The magnitude of electro-osmotic drag in polymer membranes
has been subject to several experimental studies [48-51]. The formation of a water
concentration gradient inside the membrane gives rise to diffusion, which usually
counters the electro-osmotic drag and is, therefore, often referred to as “back-
diffusion”. Furthermore, if there is a pressure difference across the membrane,
hydraulic permeation contributes to the water transport. The net water transport through
the membrane is the resultant of these three processes.
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Figure®. The flows of water in a PEMFC.
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The net water transport is commonly characterized using the net water transport
coefficient a, which is defined as the average number of water molecules dragged by
one proton to the direction of the cathode. The direction and magnitude of net water
transport is a function of several factors, such as current density, temperature, gas flow
rates, and the materials and geometry of the cell. In addition, the value of a may vary
across the active area of the cell. It is likely that at high current densities, the electro-
osmotic drag dominates, whereas at |lower current densities, the back-diffusion process
is dso significant, and the pattern of net water transport is more complicated and
difficult to predict. The fluxes of water between the membrane and the gas streams
depend on the local water content in the membrane, and the temperatures, flow rates
and gas compositions on both sides of the cell. They are also affected by the properties
of the gas diffusion layer. The transport of water in vapor phase takes place through
diffusion and convection, similarly as the transport of reactant gases.

In this thesis, the focus is on operating the cell on dry hydrogen, because the use of
external gas humidification devices is undesirable in small applications. Inspection of
the water streams in Figure 6 reveals that operating the cell on dry anode gas requires
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the average value of a, weighted with the current distribution, to be zero or negative.
A negative value of @ means that part of the product water exits through the anode
outlet. If dry hydrogen is used and the anode is operated in dead-end mode, the
weighted average of @ must be exactly zero, in order to achieve steady-state operation.

2.2.10 Heat management

Operating temperature affects the performance of the cell in severa ways. The rates of
the electrochemical reactions depend on temperature, the protonic conductivity of
membrane materials increases with increasing temperature, and the tolerance of the
catalysts against impurities is improved along with it. Increasing temperature also
facilitates water removal, thereby enabling higher currents to be drawn from the cell
before the onset of flooding. Because the saturation pressure of water increases strongly
with increasing temperature, more water transport can take place in vapor form, which
is generally more practical than removing water in liquid form. In addition, an increase
in temperature increases the diffusivities of gases. If the flow of air on the cathode is
driven by natural convection, the flow rate increases with increasing temperature
difference to the surroundings.

The temperature of a fuel cell is determined by the balance between its waste heat
production and the rate of heat removal. Because of the high power densities
characteristic of this fuel cell type, large fuel cells require active cooling, which also
enables active temperature control. Active cooling can be arranged using fan-driven air
cooling, or in the case of a stack with high power density, using heat exchangers and a
liquid heat transfer medium such as water. In laboratory-scale work on single cells and
small stacks, external heating is normally used to maintain the cell at its desired
operating temperature.

Because of the beneficial effects of increasing temperature, it is generally desirable to
operate a PEMFC close to the point where drying problems begin to emerge. It must be
remembered, however, that the production of heat occurs within a small space in the
electrode, and therefore, the volumetric power density of heat production can be high.
Therefore, local heat transfer limitations may give rise to hot spots, which cause drying
problems or even material damage, even if the average cell temperature is within
alowable limits. Adequate heat removal from the electrode to the surrounding cell
structure is, therefore, an important issue in cell design and in the choice of materials,
especially when high current densities are sought. In addition, the requirements of
portable applications may set limits to the allowable temperature at the exterior surfaces
of the cell.

Because of its operating temperature range, the PEMFC is commonly regarded as the
most suitable fuel cell type for applications in which the energy supply is primarily
required in the form of electricity. The waste heat of a PEMFC is of limited use because
of its low temperature. It may be useful for space heating in the immediate vicinity of
the cell, but low-temperature heat is difficult to transfer over extended distances. The
low temperature of waste heat may also make cooling problematic when high power
densities are sought, because the small temperature difference in relation to the
environment requires large heat exchanger surfaces to be used.

In small fuel cells, the thermal power density may be relatively small, and active
temperature control systems are aso undesirable, because extreme system
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simplification is sought. Therefore, small fuel cells often need to be operated at
relatively low and variable temperatures. Because of the significant effects of
temperature on cell performance, variable temperature makes it challenging to achieve
good and reliable performance.

2.3 Other fud cell types

Fuel cells are commonly classified according to the type of electrolyte. Fuel cell types
other than the PEMFC are briefly covered here. A more thorough review can be found
for examplein [52].

Substantial research efforts are being devoted to the development of high-temperature
fuel cells, the main types of which are the solid oxide fuel cell (SOFC) and the molten
carbonate fuel cell (MCFC). Their applications are envisaged mainly in stationary
power production. In addition to the PEMFC, the most important low temperature fuel
cell types are the phosphoric acid fuel cell (PAFC) and the alkaline fuel cell (AFC).
PAFCs are being sold by a few companies, and some hundreds of units are in field
operation worldwide.

A fuel cell type known as the direct methanol fuel cell (DMFC) can be considered a
sub-type of the PEMFC. The main difference is the anode reaction, in which methanol
is oxidized instead of hydrogen. The electrochemical oxidation reaction of methanol is
more complicated than the oxidation reaction of hydrogen, resulting in higher
activation overpotentials, and the power density per electrode area is accordingly
smaller. However, the rest of the fuel cell system is simplified, which may result in a
higher power density for the system as awhole. Most importantly, fuel storage becomes
considerably easier because methanol is liquid at room temperature, whereas hydrogen
isagas. The DMFC may be particularly well suited for small applications because of
the difficulty of storing hydrogen in asmall package. Also, the auxiliary devices needed
for hydrogen handling may not be readily available.

The practical differences between the cell types include the types of catalysts and
membranes used. In a DMFC, alloy catalysts are necessary to improve the tolerance of
catalysts against the CO formed as a by-product of the anode reaction. The membrane
of a DMFC should have a minima permeability for methanol, in order to avoid
efficiency losses as a result of lost fuel, and mixed potentials on the cathode.
Developing suitable membrane materials is currently regarded as the main issue in
DMFC development.

In this thesis, no work on methanol as fuel was done. However, because of the
similarities between the fuel cell types, the results of this work also have relevance for
the development of DMFCs. From the point of view of optimizing the cathode of the
cell, the main difference to hydrogen fueled cells is that more water will be dragged
from the anode to the cathode, making flooding problems more severe.
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3 Methods

3.1 Thefud cell test station

In al of the experimental work presented in this thesis, a GlobeTech GT-100 Fuel Cell
Test Station (GlobeTech, Inc., later on incorporated into ElectroChem, Inc.) was used
as the foundation of the measurement system. It was complemented with various
auxiliary measurement systems and devices, according to the specific needs of different
stages of the work. The test station consists of a gas sub-system, a load unit, and a
computer, which performs the tasks of system control and data collection. The principal
parts of the test station, and the gas tubes and electrical connections between them, are
described in Figure 7.

The gas handling unit feeds the fuel and oxidant gases to the fuel cell. The gases are
stored in pressurized bottles. Flow rate is regulated using MKS Type 1179A Mass-
Flo® Controllers (MKS Instruments, Inc.). The gases can be humidified in the built-in
humidification bottles, in which the gases bubble through water which is maintained at
a constant temperature. The gases pick up humidity from the water, and the level of
humidification can be controlled by adjusting the temperature of the bottles. The
humidification bottles can be bypassed if dry reactant gases are desired. In the
experiments reported in this thesis, only the anode part of the gas-handling system was
used in most of the measurements, because the test cells had open cathodes, into which
ar was fed using natural convection or a fan. An exception to this was the
characterization of the sinter material, which was done using a small single cell with
forced oxygen supply. The gas handling unit also contains back-pressure regulators,
which can be used to control the gas pressure in the cell. Pressurization, however, was
not used in any of the measurements of thisthesis.

The load is a Scribner Series 890 Fuel Cell Load Unit (Scribner Associates, Inc.). It is
air-cooled and rated at 100 W. It can be controlled in galvanostatic (constant current) or
potentiostatic (constant voltage) mode, or in constant power mode. Galvanostatic
control was used in al of the measurements, because water production is directly
proportional to current density, and consequently, constant current leads to constant rate
of water production, which facilitates water management. The load unit features a built-
in current interrupter circuitry, which can be used to measure the ohmic resistance of a
fuel cell. The current interruption method will be discussed in Chapter 3.2. Integrated in
the load unit, there is also a temperature control sub-system, which can be used to
control the temperature of the cell. This sub-system consists of a thermocouple sensor,
two heating cartridges, and a temperature controller.

The computer that controls the measurement systems runs a FuelCell® software
(Scribner Associates, Inc.) with a variety of system control, data acquisition, and
display features. The computer communicates with the load unit via GPIB, and the |oad
unit transmits the control signals to the gas handling unit.

The procedures and practices in the use of the equipment in the experimental work
were based on experience gained from the previous experimental work of our group. It
has been described in detail in references [53-56].
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Figure7. The fuel cell test station used in the work of this thesis.

3.2 Thecurrent interruption method

The measurement of ohmic losses is an important practical tool in the analysis of water
management in a PEMFC because changes in the hydration state of the membrane are
directly reflected in the resistance of the cell. The measurement of ohmic loss in a fuel
cell is not straightforward because it has to be separated from the contributions of other
overpotentials. In addition, the ohmic loss results from the resistances of both the
proton conductive and the electronically conductive components of the cell. However,
it can usually be assumed that if the compression forces between the cell components
remain constant, any short-term changes in the resistance of the cell result from
changes of the membrane resistance.

In this thesis, the current interruption method was used for the measurement of ohmic
losses. The method is aso known as the current step method. The use of different
variations of this method to measure the ohmic loss in electrochemical cells has been
described in [57-60]. The current interruption method is based on the use of rapid
current transients to separate the different overpotentials from each other. The practical
implementation of the method involves the use of either a fast switch to interrupt the
current or a separate circuitry to feed a current pulse into the cell. The latter approach
has been found to yield more accurate results, especially when current is high [59,60].
The required high speed of the switch and the low impedance of the circuitry are
difficult to attain when the circuitry should be able to carry a high current. In the test
station used in this work, the current interrupter circuitry was of the genuine interrupter
type. Because relatively low total currents were used, this was regarded as sufficient.
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The current interruption method takes advantage of the nearly instantaneous
disappearance of ohmic losses when a rapid current transient occurs. In a PEMFC, the
decay of the ohmic losses to less than 1 % of theinitial value has been estimated to take
place within 0.5 ns of the interruption [59]. Electrochemical 1osses, on the other hand,
respond with considerably longer time scales. For the fastest decaying part of the
electrochemical losses, the same authors mention an experimentally obtained time scale
of 10 ns.

Figure 8 illustrates the shape of a voltage transient when current is interrupted and
subsequently switched on again. In the case of a current pulse, the shape of the transient
would be inverted. From the Figure, it is evident that the ohmic loss can be measured
by recording the voltage of the cell immediately before and immediately after the
interruption. Ideally, the difference between the recorded voltages should represent the
ohmic loss. The practical implementation of the method is more complicated because of
the impedances of the measurement circuitry and the noise of the electronics. An
example of areal voltage transient is illustrated in Figure 9. The signal contains noise
from the measurement electronics, and a voltage overshoot is observed immediately
after the interruption.

In practical measurement setups, some of the decay of the electrochemical lossesin the
cell occurs aready before the overshoot and subsequent oscillations have fully
subsided. This has been reported to occur even in specialized measurements systems
with an extremely low inductance [59]. Therefore, the shape of the voltage transient
needs to be extrapolated back to the moment of interruption, in order to obtain the true
IR-free voltage. Otherwise, some of the fastest decaying electrochemical losses would
be misinterpreted as ohmic loss.

The current interrupter system of GT-100 test station performs the data collection and
processing internally and produces the final reading to the computer screen and to the
datafiles. While this is often sufficient when the method is used for routine monitoring
of the cell, some important additional insights can be gained by observing the entire
voltage transient. This can be done, for example, using a digital oscilloscope or other
rapid voltage sampling device. Recording the entire transient makes it possible to assess
the quality of the data and to perform extrapolations when they are needed. Because the
oscilloscope probes can be freely attached to any part of the measurement circuitry, it
can aso be used to detect sources of error resulting from the non-idealities of the
circuitry. For example, in preliminary measurements it was found that in the GT-100
system, the resistance reading given by the software that controls the measurement
system is systematically overestimated [55]. Additional investigations reveaed that the
resistance of one of the current leads is included in the reading, which causes the error
[56].

Using only single measurements for the calculation of the ohmic loss may aso lead to a
decrease of data quality when the cell voltage is unstable. Consider a case where the
cell voltage is rising or faling when the current is interrupted. Between the
measurement of the initial voltage level, and the interruption, some change of voltage
takes place. When the ohmic loss is calculated, this change would erroneously be
included in the ohmic loss reading. This can be avoided by visualizing the entire
voltage transient to obtain the precise voltage at the moment of interruption.

The ohmic loss of a fuel cell can also be obtained using impedance spectroscopy
[42,61-63]. It is based on observing the response of the cell to AC signas by
simultaneous voltage and phase measurements. Impedance spectroscopy can be used to
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obtain also other information than the magnitude of the ohmic loss. However, when one
is mainly interested in the ohmic loss, the current interruption method provides the
needed information with good accuracy and relatively straightforward data analysis.

In Publication V, the current interruption method was used to measure the ohmic losses
inindividua cells of a stack. From practical experience on stacksit is known that large
variations of cell voltage may exist among different unit cells of the stack. Therefore, it
is important to investigate reasons for the observed voltage differences and to discover
methods to achieve a more uniform voltage profile. The key to attaining these goals is
to separate the contributions of different overpotentials from each other in each unit
cell. The measurement of only the polarization curves of unit cells, combined with good
understanding of electrochemistry, may lead to qualitatively correct interpretations of
the performance limiting factors in different unit cells. However, the direct
measurement of ohmic losses will always reduce the need for guesswork and thereby
provide a more firm basis for the search of performance gains.
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Figure8. The principle of the current interruption method.
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Figure9. A measured voltage transient after a current interruption in a fuel cell.

The zero of the voltage scale corresponds to average cell voltage.
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3.3 Current distribution measur ement

Loca current density can vary considerably over the active area of a fuel cell.
Therefore, significant performance gains may be achievable by discovering ways of
taking more effective use of the active area. In thisthesis, current distributionsin afree-
breathing cell were studied experimentally, using a segmented current collector plate.
This is the first implementation of a current distribution measurement system in the
context of a free-breathing cell. The construction and test measurements with the cell
are described in Publication I. The same measurement system was utilized in
Publications I1, 111 and 1V to obtain parameters for modeling work, to perform water
transport measurements, and to investigate the effect of environmental conditions on
cell performance.

Current distribution measurements in PEMFCs have received growing interest in recent
years. A number of different approaches have been reported for this purpose. The
measurement system used in this thesis is based on the use of a segmented current
collector. Current is collected by electrically conductive segments, which are embedded
in a supporting structure made of a non-conductive material. Current is measured from
each segment individually, and a mapping of current distribution as a function of
position on the active areais obtained. Other segmented cell designs have been reported
by several groups [64-70].

An alternative method is the use of Hall-sensors, which are embedded in the flow field
plate [71]. In addition, a segmented cell in which current distribution is measured with
Hall-sensors has been reported [72].

The segmented cathode current collector plate used in this work isillustrated in Figure
10. The channel geometry of the plate consists of parallel straight channels, with their
ends open to the outside air. The cross-sectional dimensions of the channels are
3 x 3 mm. The dimensions of the active area are 50 x 50 mm. The resolution of the
segment matrix is 12 segments in the horizonta and 4 segments in the vertical
direction. On the anode side of the cell, a non-segmented graphite plate was used.

Because the segments need to be isolated from each other and they must be individually
adjustable, small air gaps exist between the segments in the same rib of the flow field,
as seen in Figure 10. For this reason, the geometry does not consist of strictly separate
paralel channels. However, the variation of cell performance and mass transport
conditions is likely to be more significant in the along-the-channel direction, and
therefore, the slight equilibration of gas composition through the small air gaps is not
expected to severely distort the results.

The segmentation is not extended into the gas diffusion layer and the electrode.
Because an electrical contact among the segments exists through the gas diffusion
layer, it is important to quantify the magnitude of error resulting from this. In
Publication I, results of simulation work are presented to obtain insight into current
flow in the gas diffusion layer.
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Figure10.  The segmented current collector plate.

Because only the flow field is segmented, it is essential that all of the segments are in
good contact with the gas diffusion layer in order to obtain reliable results. To achieve
this, the measurement plate is equipped with individual adjustment screws for the
pressure of each current collector segment against the gas diffusion layer. The massive
supporting structure of the plate also helps to ascertain good contact for all of the
segments, because it prevents the structure from bending when the retaining bolts are
tightened.

Before the measurements, the segments were carefully leveled. The leveling was
verified by operating the cell at low ( < 50 mA cm™) current density and measuring the
voltage drops through each current path. At low current densities, significant mass-
transport related differences in local current density are not expected to occur. When
significant local deviations from the average current density level were observed, they
were corrected by adjusting the screws.

A separate data logging system was used to record the current densities. The scanning
of the entire segment matrix took approximately 2 seconds. The measured voltage
drops were converted to current densities using the assumption that each segment
collects current from an equal area.

3.4 Water transport measurements

The net water transport through the membrane significantly influences the overall water
balance of the cell, and it was thus considered an important issue to be investigated
experimentally. The measurements are described in detail in Publication I1l. The
segmented cathode plate was used in the measurements, and a water collection
arrangement was added to the measurement setup. Severa previoudy published studies
on water transport in PEMFCs exist (e.g. [73,74]), but small fuel cells operating on dry
gases at ambient pressure and low temperature have so far received little attention. The
only previously published study on water balance in a natural convection cell focused
on a different cell geometry [28]. In addition, water collection measurements have not
before been combined with the measurement of current distribution.

Water collection was performed by allowing the gas exiting the anode side of the cell to
flow through a glass tube, in which moisture was captured from it using a drying agent.
Water was collected from the anode side outlet, because in a natural convection cell, it
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would be difficult to connect a water collection tube to the cathode channels without
disturbing the air flow. A CaSOs-based Drierite® drying agent (W.A. Hammond
Drierite Co. Ltd.) was selected because it should be effective for capturing moisture
even from gas with a low partial pressure of water. The tube leading from the anode
outlet of the cell to the drying tube was heated in order to prevent the condensation of
water in the tube. The amount of collected water was determined by weighing the
drying agent before and after the measurement. In addition to collecting water,
simultaneous measurements of cell polarization, resistance, and current distribution
were performed.

The rate of water production in the cathode reaction can be calculated using Faraday’s
law:

h = A

H20 2F
When the water production rate given by Equation (6) is multiplied by the duration of
the measurement, the amount of water produced is obtained. Making the reasonable
assumption that the collected water originates entirely from the cathode reaction, the

percentage of water exiting through the anode can then be calculated from the ratio of
the collected water to the total water production.

(6)

Net water transport can alternatively be expressed as the net water transport coefficient
a, which gives the number of water molecules transported through the membrane per
proton, as discussed in Chapter 2.2.9. It is known that two protons must be transported
through the membrane for one water molecule to be formed in the cathode reaction. By
using this information, the coefficient a can be calculated from the measurement data.
The result should be interpreted as the average of a over the active area, weighted with
the current distribution.

An aternative approach for the extraction of water from a gas would be cooling the gas
to a low temperature, such as in [28] and [74]. When the experimenta setup for the
work of Publication Il was being developed, some tentative experiments were made
with a measurement setup in which the anode outlet gas was led through a vessel
enclosed in an ice bath. However, the approach that uses a drying agent proved easier to
implement using available equipment, and therefore, the ice bath approach was
abandoned.

3.5 Climate chamber measurements

The temperature and relative humidity of the ambient air can be expected to affect the
performance of a free-breathing cell. The effect of these factors was thus seen as an
important topic to be studied experimentally. For this purpose, a measurement setup
was constructed in a climate chamber (ArcTest Oy), in which temperature and relative
humidity could be controlled. The experiments were performed using the current
distribution measurement system, which was placed in the chamber inside a protective
box in order to shield it from the effect of air currents caused by the air circulation
system of the chamber. The measurement of current distribution is a new feature
compared to previous climate chamber studies reported in the literature [31,75,76].

The test station described in Chapter 3.1 was used also in these measurements, with
some simplifications resulting from practical considerations. Active temperature control
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was not used, and therefore, the cell temperature was determined by the balance
between heat production in the cell and heat removal to the surroundings. In addition,
resistance measurement could not be performed due to the inductances of the long
current cables needed. Publication IV describes the work in more detail.

3.6 Modeling

Modeling can be used to gain insights into mass transport conditions inside the fuel
cell. By modeling, it is possible to provide quantitative predictions on the local values
of gas mole fractions and flow velocity, which are difficult to measure directly.
Considerable efforts have been devoted to the modeling of fuel cells by several authors.
The important early works of Bernardi and Verbrugge [77,78], and Springer et al.
[41,79] were one-dimensional descriptions of the central parts of the cell. The original
Bernardi and Verbrugge model has later been improved [80]. The models of Fuller and
Newman [81], and Nguyen and White [82] include simplified descriptions of two-
dimensional phenomena, and true two-dimensional models have later been reported by
severa authors [83-91]. Three-dimensional models have also been recently reported
[92-94], and some groups have included two-phase transport [87-93,95,96], non-
isothermal effects [82,92,93,95,97], and dynamic behavior [84,88,96]. However, al of
the above mentioned models describe cells with forced air feed. The only theoretical
study on free-breathing cellsis by Li et al. [16], who developed analytical equations for
the prediction of the current-voltage behavior.

In the present work, a numerical model of mass transport on the cathode side of the cell
was developed in order to quantify the local mole fractions of oxygen and water vapor,
and flow velocity. Some main features of the model are reviewed here, and a more
detailed description of the model can be found in Publication Il. The model describes a
cathode gas channel and gas diffusion layer in two dimensions. The model is steady-
state, isothermal, and describes gas-phase transport. The main new aspect of the model
is the description of buoyancy as the driving force of mass transport. The model was
implemented using the FEMLAB® multiphysics package (COMSOL AB), which runs
within the MATLAB® environment (The MathWorks, Inc.). The calculations were
performed on an SGI Origin 2000 computer system (Silicon Graphics, Inc.).

Special emphasis had to be placed on the treatment of flow resistance in the channel. In
the modeling of a natural convection cell, the flow velocity cannot be prescribed as an
input parameter. Instead, it will be determined as an output variable of the model, from
the balance between the driving forces and the flow resistance. This necessitates some
improvement to a two-dimensional model. Normally, a two-dimensional model
assumes the model region to extend to infinity to the direction norma to the model
plane. However, the real shape of the flow channel is a rectangular pipe, and a
conventional two-dimensional model thus considerably underestimates its flow
resistance, because two of the walls are unaccounted for. A more redlistic description
can be created by the method of volume averaging, which means the integration of the
flow profile of the missing dimension into the two-dimensional model. A more
extensive discussion on the use of volume averaging in fuel cell modeling can be found
in[98].
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In the model developed in the present work, the components of the volume averaged
Navier-Stokes equation take the form

6p 6<u>2 . o(u)(v) - L<u> . aZ<u>J _Op-g(p-p) - {u)

5| ox dy x> oy’ B*/3
p[au)y) ofv)*)_ (0%v) o)) . _ o uy)
5 ax + ay - lu OXZ + ayz Dp g(p IOO) Bz /3 (7)

where p is density, x and y are model coordinates, (u) and (v) are the respective
volume-averaged velocity components, p is pressure, g is the acceleration of gravity, u
is dynamic viscosity, and B is the haf-width of the channel. The subscript O refers to
ambient conditions. The features resulting from the volume averaging are the last terms
of the equations and the 6/5-factors on the left hand sides of the equations. Buoyancy is
described by the second last terms of the equations. The Navier-Stokes equation is
solved only in the channel region.

The mole fraction of component i in the gas channel is solved from the equation:
N; = -D,0X; + X;c{u) (8)

where N; is molar flux, D; is diffusion coefficient, X; is mole fraction, c is total
concentration, and (u) is volume-averaged velocity vector. In the gas diffusion layer the
fluxes are described by the Stefan-Maxwell equation:

1
H)¢ :EZ(xiNj—xjNi) (9)

ij i
where Dj; is the interdiffusion coefficient between components i and j. The cathode
electrode is included in the model as a boundary condition. Measured current
distributions are used to define the fluxes of oxygen and water vapor at this boundary:

nl:No|X_O :_n[](y) nDNW|X:O — nl]1+za)1(y) (10)
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where n is normal vector a the boundary. The use of a measured current distribution
enables the calculation of the local oxygen consumption and water production without
modeling the membrane and the anode side of the cell. The value of the net water
transport coefficient a, however, still needs to be either assumed or measured. From the
discussion on water transport in Chapter 2.2.9, it is evident that the theoretical
prediction of a would require a full-cell model, which was outside the scope of the
present thesis.

During the model development, the possibility of extending the model to the third
dimension was investigated. With a true three-dimensional model, it would be possible
to make predictions on mass transport conditions in the regions of the gas diffusion
layer adjacent to the ribs of the flow field. Because the transport path between these
regions and the gas channel is longer, it is likely that oxygen mole fractions in these
regions are lower and water mole fractions higher than those predicted by the present
model. However, it became apparent that the memory requirements of a true three-
dimensional model were beyond the capabilities of the Matlab-based modeling
environment, and therefore, it was decided to use the two-dimensional approach with a
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volume-averaged description of the channel region. A two-dimensional model should
be able to produce reasonable approximations of mass transport conditions in most of
the gas diffusion layer volume of the modeled cell, because the width of the flow
channelsis three times the width of theribs.
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4 Results

4.1 Current distribution measurements

The first experiments with the current distribution measurement system aimed at the
determination of the accuracy and reliability of the measurement system. The gas
diffusion layer and the electrode were not segmented, and this can be assumed to lead
to some degree of smoothing of the current distribution. Furthermore, local variability
in the contact pressure of the pins against the gas diffusion layer can be expected to
distort the results, and therefore, it is essential to minimize the variability.

In order to minimize the differences in contact pressures, the flow field was carefully
leveled before the measurements, using the adjustment screw system described in
Chapter 3.3. The results indicate that the leveling was generally well accomplished. In
most cases, some sporadic non-idealities remained, but their effect was small and easily
distinguished from mass transport related effects. As an example, Figure 11 (a) depicts
a case in which two of the segments ((6,1) and (8,1)) had a better contact to the gas
diffusion layer than the surrounding segments, resulting in an upward deviation from
the overall shape of the distribution, and slight downward deviations in the surrounding
segments. This is caused by the tendency of electric current to seek the path with the
lowest resistance. In addition, the deformation of the gas diffusion layer as a result of
eXcess pressure at one segment may cause a weaker contact at the surrounding
segments, which further reduces their readings. However, as seen in the Figure, the
deviations are small compared to the variability caused by other effects.

Examples of the effect of a segment with a weak contact to the gas diffusion layer can
be found in Publication 1V. A segment with a poor contact appears in the current
distribution mapping as a small local depression, with the surrounding segments
deviating upward from the overall shape of the distribution.

Excessive contact pressure can also cause increased resistance to mass transport in the
gas diffusion layer, resulting in areal reduction of local current density at the electrode.
However, with most gas diffusion layer types, excessive contact pressure can be
detected afterward by inspecting the gas diffusion layer for unusually deep depressions.

As aresult of the experiments, it can thus be concluded that when the contact pressure
of an individual pin against the gas diffusion layer is either weak or excessive, the
effect can be in both cases easily identified by examining the distribution data and the
cell. Therefore, the risk of misinterpreting non-idedlities in the data as being the result
of mass transport phenomena is small. The magnitude of the distortions appears to be
tolerable, and it does not influence the overall form of the distribution.

The largest uncertainty exists with regard to the corner segments, where the effect
contact pressure variations may not be easily distinguished from mass transport effects.
In the corners, it is more difficult to determine, whether the obtained value deviates
from the overal shape. In the measured current distributions, it was frequently
observed that local current densities at the corner segments deviated downward from
the overall shape of the distribution. This can be seen for example in the distribution in
Figure 11 (a). The effect of contact resistance variation cannot be completely ruled out,
but it appears more likely that this is mainly due to lower temperature, and mass
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transport related effects. The channels at the edges of the flow field are narrower than
the rest of the channels, as seen in Figure 10. This decreases local current density in the
corners and elsewhere along the vertical edges of the flow field.

The lack of segmentation in the gas diffusion layer probably does result in some
smoothing of the current distribution, even when there is no variability in the contact
pressures. A simple model was developed to quantify the magnitude of the error. In
Publication I, results are given for a case in which a current density of 150 mA cm™
was assumed under one of the segments and a current density of 300 mA cm’? under the
other segments. The difference in the current densities between neighboring segments
is rather steep compared with those that are expected to be found when the cell is
operated under reasonable conditions. Even in the highly uneven distribution seen in
Figure 11 (b), differences significantly higher that this are not encountered.
Examination of the model results indicates that the segment under which the current
density is lower is collecting current from a slightly enlarged area. However, the
enlargement, estimated from Figure 13 in Publication |, isonly 15 % even in this rather
extreme case, indicating that the smoothing should remain within acceptable limits.
Possible additional effects may be caused by the measurement circuitry, and including
them in the model may thus be a worthwhile direction for more elaborate theoretical
treatment of the problem.

In some publications on current distribution measurements, methods have been
proposed for reducing the smoothing effect of lateral currents. The methods include
extending the segmentation into the gas diffusion layer and the electrode [64], and
using an array of several individually controlled loads to maintain the segments at the
same potential [66]. However, the authors of these publications do not mention having
attempted to quantify the actual benefit of these methods, and therefore, some
uncertainty remains over the issue.

(a)

A
A

o
=]
=1

n
S
S

{
150
e |

|
mo‘-
l
* ~
< 42 i
e 4
e &
% P
12

@
S
s

Current density (rnNch]

Current density (mAfcm’

2

J’-%:s 3 -
fe

Figurell. Example resultsfrom current distribution measurements, representing
nearly uniform (a) and highly non-uniform (b) distributions.

As an overall conclusion from the preceding discussion, it can thus be stated that the
data obtained with the current distribution measurement system can be considered to
represent the true current distribution of the cell with a sufficient accuracy and
reliability. However, the data and the cell should always be inspected closely for
indications of contact pressure variations, and the probable slight smoothing of the
distribution should be taken into account when distributions with steep local variability
are measured.
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The segmented current collector plate was used in Publications | to IV. The
measurements covered a current density range up to 300 mA cm’, a cell temperature
range up to 75 °C, and a range of ambient temperatures from 10 to 40 °C. In the
majority of the experiments, the cell was operated in the orientation shown in Figure
10, i.e. the channels oriented vertically. In the measurements reported in Publication |1,
some experiments were made on operating the cell with the channels oriented
horizontally. Significant accumulation of liquid water in the channels was observed,
and average current densities higher than 40 mA cm could not be obtained. It was thus
concluded that the channel geometry is not suited for operating in this orientation. In
the measurements of Publication |, a sheet of paper enfolded around the top of the cell
was used to strengthen the air flow caused by natura convection. It was found to
improve performance, but it was not adopted as a standard practice due to concerns on
the reproducibility of the geometry.

The measured current distributions exhibited significant variations as a function of
current density, cell temperature, anode conditions, and ambient temperature and
humidity. In Publication I, one of the objectives of the study was to determine the
feasible operating temperature range of the cell. It was found that good performance
was obtained at 60 °C, but above this temperature, drying problems began to emerge.
At 75 °C, most of the cell areawas found to be nearly inactive, as seenin Figure 11 (b).
On the basis of these observations, cell temperatures above 60 °C were excluded from
the subsequent measurements.

The drying of the membrane phase was detected using the current interruption method.
In most of the measurements, the ohmic loss readings were obtained using the software
of the measurement station. As discussed in Chapter 3.2, this results in less accurate
readings than analyzing the voltage transients with an oscilloscope. The readings given
by the test station are slightly overestimated, and random scatter is increased when the
cell voltage is unstable. The latter phenomenon was observed, for example, in the
measurements reported in Publication 1. However, for the purposes of most of the
experimental work, the accuracy obtained using the built-in features of the test station
was considered acceptable.

In Publication 1, some tentative conclusions on oxygen transport and flooding
phenomena were made. However, the exact nature of mass transport phenomena cannot
always be reliably deduced from the current distribution data itself. Therefore, other
experimental techniqgues and modeling were used to complement the current
distribution measurements. These will be discussed in the next sub-chapters.

4.2 Modeling

Modeling was used to obtain insights into mass transport in the cathode channels and
gas diffusion layer. The modeled cases represented cell temperatures of 40 and
60 °C. The current densities were 100 and 200 mA cm™ at 40 °C, and 100, 200, and
300 mA cm™ at 60 °C. Measurements were performed with the current distribution
measurement system at these temperature and current density levels to obtain current
distributions to be used as boundary conditions. Cell voltage and resistance were
measured simultaneously with the current distributions.
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In the experimentally obtained current distributions, the local current density was
generally decreasing toward the upper end of the channel, especially at high current
densities and at the lower temperature level. It was aso found that, at the highest
current density levels, the cell voltage decreased slowly with time and exhibited
increasing short-term fluctuations. The cases corresponding to the highest current
density levels can thus not be classified as genuinely steady-state. However, it was
regarded as justified to include them in the calculations, in order to create a wide range
of cases for modeling. When evaluating the stability of cell voltage, it should also be
remembered that the magnitude of short-term fluctuations of voltage in natura
convection cellsis generally higher than in cells operating on forced convection.

Example results for the mole fractions of oxygen and water are given in Figures 12 and
13. Therest of the results are given in Publication 1. The results quite strongly indicate
that the cell operated in a partially flooded state when the cell temperature was 40 °C.
The relative humidities at the upper end of the channel were above 100 % at both
current density levels. At the cell temperature of 60 °C, the experimentally obtained
performance was improved compared to the lower temperature level. According to the
model results, this can be partly attributed to a higher flow rate, which enables more
effective removal of water and more even distribution of oxygen to the electrode. The
model results for flow velocity are 0.013 - 0.016 m s at 40 °C and 0.022 - 0.025 m s*
at 60 °C. It thus appears that velocity is primarily determined by the temperature
difference between the cell and its surroundings. Another factor that contributed to
improved performance was the saturation pressure of water vapor. At 60 °C, the
saturation pressure is 170 % higher than at 40 °C, and accordingly, the remova of
water in vapor state is more effective. Because the model did not indicate flooded
conditions, it was concluded that the current distributions in the 60 °C were mainly
determined by the availability of oxygen in the channel.

In the base case, the model was solved using an assumed net water transport of
a = -0.25. Thismeans that 50 % of the product water is assumed to exit the cell through
the anode outlet. Experimenting with different values of a reveaed that it affects quite
significantly the water mole fraction predicted by the model. When a was varied from
-0.4 to -0.1, the predicted maximum of water mole fraction at jae = 300 mA cm™? and
Teat = 60 °C varied by up to 48 % compared to the base case. However, it could be
determined that when the value of a was varied, the changes in the model results for
velocity and oxygen mole fraction were small or moderate. At
jave = 300 MA cm? and Tea = 60 °C, the variation compared to the base case result was
up to 6 % for the mole fraction of oxygen and up to 12 % for flow velocity.
Comparison of the modeling results with the operationa stability attained during the
experiments indicates that the real value of a was probably less negative than what was
assumed. At 60 °C and 300 mA cm, experimental cell voltage was found to fluctuate
increasingly with time, which is likely to have been caused by flooding. Model results,
on the other hand, gave a relative humidity of 82 % at the upper end of the model
region, which does not indicate saturation. This suggests that the water mole fraction
was probably underestimated.
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When the results from the modeling work are assessed, the assumptions included in the
model must be carefully considered, and taken into account when the model is
developed further. The development of the model was limited by the memory handling
capabilities of the modeling environment, but it can be expected that advances in
software development will enable the construction of more elaborate models in the

future.
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The results quite clearly indicate that most of the time the cell operated at or near
saturation conditions, and liquid water was thus likely to exist in the gas diffusion layer.
Liquid water is not currently included in the model, which probably results in some
overestimation of the porosity of the gas diffusion layer. Furthermore, oxygen mole
fractions are artificially reduced in the model results when the saturation limits are
exceeded, because this results in overestimated mole fractions of water vapor.
Therefore, two-phase modeling should be investigated in the further development of the
model. This also emphasizes the need for a better understanding of the interaction
between liquid water and the gas diffusion layer.

The model results clearly confirm that temperature strongly affects mass transport
conditions inside the cell. Therefore, deviations of the real temperatures from the
temperature assumed in the model may impair the reliability of the results. Temperature
distribution inside the cell is affected by heat production of the electrodes and the
heating elements, and heat transport in the cell materials and between the cell and its
surroundings. Relative humidity is probably the most severely affected solution
variable because of the steep dependency of saturation pressure on temperature. Flow
velocity in the channel should reflect the average temperature along the channel, and
consequently, small local deviations probably do not radicaly compromise the
reliability. However, it must be remembered that the cell temperature used in the
caculations was a measured value, which was obtained with a single temperature
sensor. It is difficult to ascertain how well it represents the average temperatures of the
channel walls. The supporting structure of the plate is made of plastic with relatively
poor therma conductivity. Therefore, the existence of significant temperature
differences along the length of the channel and even between the channel walls is
possible. The magnitude of the temperature dependency of flow velocity can be
estimated by comparing the model results for flow velocity at different cell
temperatures. When temperature is increased from 40 to 60 °C, flow velocity increases
by 70 % at 100 mA cm and 44 % at 200 mA cm™. The treatment of non-isothermal
effectsislikely to be another worthwhile issue in further developments of the model.

Degspite relying partly on experimental data, the model can aso be of some help in cell
geometry optimization. For example, the examination of the Darcy-type flow resistance
term reveals that the flow resistance caused by the channdl is strongly dependent on its
cross-section. The dimensions of the channel were 3 x 3 mm in all of the studied cases.
Increasing the width by only one millimeter (i.e. to 4 mm wide and 3 mm deep) would
reduce the Darcy-term by more than 40 %. Repeating the model calculation for these
channel dimensions, using Teq = 60 °C, a = -0.25, and assuming a constant
j = 200 mA cm throughout the electrode, results in an increase of 25 % in predicted
flow velocity. Alternatively, it might be beneficial to reduce the length of the channels,
because the present channel length appears to lead to relatively large variations of water
mole fraction along the length of the channels.

4.3 Water transport measur ements

Using an assumed value of the net water transport coefficient resulted in some
uncertainty in the results of the modeling work. This emphasizes the importance of an
experimental study on water transport. The results of water transport measurements are
reported in detail in Publication I11.
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In order to connect the results to the modeling work, the levels of average current
density and temperature were chosen to be the same as the steady-state cases in the
experimental part of Publication 1. These were 100 and 200 mA c¢cm™ at 60 °C, and
100 mA cm? at 40 °C. To obtain a sufficient resolution in the water collection
measurements, the durations of the measurement runs were extended compared to those
used in the work of Publication Il. The duration was normally 4 hours at each set of
measurement parameters, unless high water production required it to be shortened.
Using arelatively long measurement time should also help to minimize the distortion of
the results by the possible accumulation of water inside the cell. For the same reason, a
stabilization period of one hour was used.

Another major aim of the experiments was to investigate the effect of anode conditions
on water transport. In a free-breathing cell, the cathode conditions cannot be actively
controlled, and consequently, the relative importance of the anode side from the point
of view of water management increases. One measurement series was performed with
the anode in flow-through mode, using stoichiometry levels of 1.5, 2.0, and 2.5. In
addition, the flow direction of hydrogen was varied. Hydrogen entered the cell from
either an upper or a lower corner of the flow field, resulting in the general flow
direction of either down or up, respectively. These different anode conditions can be
expected to affect the net water transport and the distribution of water inside the cell. In
the measurements reported in the other Publications, hydrogen was usually fed through
the lower inlet, with the exception of the work of Publication I, in which the upper inlet
was used.

The hydrogen stoichiometries used in the flow-through case may appear unrealistically
high when considering a single cell only. However, it must be remembered that in
stacks it may be useful to design anode manifold geometries in which the anodes of
several unit cells are connected in series with respect to gas flow. This may lead to
hydrogen stoichiometries which are even higher that those used in the work of
Publication I11.

The results in the flow-through case indicate that hydrogen stoichiometry affects the net
water transport significantly. The percentage of water expelled through the anode
increased approximately linearly with increasing stoichiometry. At 40 °C and
100 mA cm, the percentage varied between 2 % and 10 % depending on the anode
conditions. At 60 °C and 200 mA cm, the range of variation was from 2 % to 58 %. At
60 °C and 100 mA cm®, the cell operated on the threshold of drying, and as a result,
steady-state operation could only be achieved when the direction of hydrogen flow was
down. The amount of collected water in this case was small. The drying problems and
the high percentages of water removal through the anode in some cases at 60 °C can be
understood by considering the strong temperature dependency of the saturation pressure
of water vapor.

The current distributions recorded during the water collection measurements were
found to depend primarily on the average current density, hydrogen flow direction, and
cell temperature. The dependency on hydrogen stoichiometry was found to be small in
the majority of the cases, with the exception of Teg = 60 °C, jave = 200 MA cm’?, and
upward hydrogen flow direction. The shapes of the distributions can be interpreted by
considering the variation of water transport over the active area. When the genera
direction of hydrogen flow was down, the shapes of the current distributions were
considerably more even than when the direction was up, as seen for example in Figure
14. This gives indication of changes in the magnitude and direction of water transport.
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When the general direction of hydrogen flow was down, there was a strong water flux
from the cathode to the anode in the upper parts of the cell, because hydrogen was dry
in the upper parts of the cell, and on the other side, the upper parts of the cathode were
operating close to saturation. Toward the lower edge of the active area, the situation
changed and the magnitude of water transport toward the anode decreased, and even a
reversal of direction may have occurred. The outcome was the redistribution of water
from the upper parts of the cell, which were operating close to saturation, to the lower
parts, which were operating close to dehydration. On the other hand, when the direction
of hydrogen flow was up, this redistribution of water did not take place. Dry hydrogen
caused severe drying in the lower parts, and moisture picked up by the hydrogen in the
upper parts simply exited the cell without being redistributed to other parts. Indications
of drying near the hydrogen inlet can also be found in the data reported in Publications
| and IV.

The conclusions are supported by the inspection of cell polarization and resistance
measurements. In the cases where the hydrogen flow direction was down, cell
resistance was generally lower and voltage higher than when the direction was up. This
results from the favorable effect of water redistribution in the cases where the flow
direction was down. Again, the dependency on stoichiometry was small, with the
exception of the case Te) = 60 °C, jave = 200 MA cm, and hydrogen flow direction up,
in which the cell was operating on the threshold of drying.

As an important general observation on the results, it can be concluded that the
variation of a across the active area must be considered for the accurate determination
of water transport. The combination of measurement techniques used in Publication 111
helps to draw qualitative conclusions on the local variation of a, even if it does not
yield the exact local values of the coefficient. More direct measurement of local water
transport phenomena has been reported to be possible, but it requires highly
sophisticated methods such as neutron imaging [99].
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The results from the water transport measurements can also be used to complement the
conclusions of the modeling work of Publication II. In the modeling study, a value of
a = -0.25 was assumed. However, measurement data from Publication I11 indicates that
when the cell temperature was 60 °C and hydrogen was flowing down a a
stoichiometry of 1.5, the weighted average of a was very close to zero. According to
the sensitivity analysis carried out in Publication I1, the assumption of a =-0.1 resulted
in a water mole fraction of 0.225. This exceeds the saturation limit, which is 0.198 at
this temperature. Therefore, it appears likely that in the modeled cases, the cell was
operating under flooded conditions at least at the highest current density level at 60 °C,
and the flooding at 40 °C was even more severe than indicated by the model results.

Further measurements were performed with the cell operating in dead-end mode, i.e. on
a stoichiometric amount of hydrogen. The levels of temperature and current density
were the same as in the flow-through series, and the direction of hydrogen flow was
varied. Gas tightness of the cell in dead-end mode was checked using leak detection
spray (AGA TL4) and an Edwards Gas-Check B4 leak detection device (Edwards High
Vacuum International, Ltd.). Neither of these methods revealed observable leaks in the
cell or the connectors of the gas tubes, and it was thus concluded that essentially all of
the hydrogen fed into the cell was consumed in the anode reaction.

The results indicate that, despite the lower flow rates of hydrogen, the anode conditions
significantly affected the current distribution, cell voltage, and resistance, although the
dependencies were less clear than in the flow-through case. Drying problems were
slightly less severe than in the flow-through case, due to the absence of water removal
through the anode. In some cases, contrary to the previous series, hydrogen flow
direction up resulted in better performance, at least when cell voltage is used as a
measure of performance. This may indicate that the cell was operating close to the limit
of flooding, and performance was thus improved by increased water removal when
hydrogen flow direction was up. However, a case in which water is evenly distributed
in the cell may still represent a more optimal situation, even if a lower voltage is
observed in a short-term measurement, because an uneven distribution of water may
lead to the formation of local dry spots and reduced lifetime of the cell.

Operation in dead-end mode was found to be steady-state over the measurement period
of 4 hours in al of the cases. In long-term operation, the possible effect of the
accumulation of water and inert gases in the anode channels should be investigated. In
sustained operation, it may turn out be necessary to periodically purge the anode side in
order to maintain steady-state operation.

It is aso interesting to note that in most of the measurements in both flow-through and
dead-end mode, current density was increasing toward the upper end of the channel,
contrary to most of the current distributions presented in the other Publications of this
thesis. The likely reason is that the measurements were performed in the middle of the
winter, and the outside temperature was exceptionally low. This resulted in a lower
room temperature and lower relative humidity than in the measurements of the other
Publications. Water vapor pressure in the air entering the cell was thus low, which
resulted in more drying conditions inside the cell. Therefore, there was less flooding in
the upper parts of the cell, and on the other hand, there were drying problems in the
lower parts. The ambient temperature, averaged over both of the measurement series,
was 21 °C, and the average relative humidity was 15 %. For comparison, during the
experiments of Publication 11, the ambient temperature was 28 °C and relative humidity
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was 46 %. Calculation of the respective vapor pressures reveals that in the latter case,
the water vapor pressure is more than seven times as high asin the former case.

4.4 Climate chamber measurements

Further insight into the effect of ambient conditions on cell performance can be found
by inspecting the results of the measurements performed in the climate chamber. The
temperature and relative humidity in the chamber were controlled, whereas the cell
temperature was allowed to change freely. The chamber temperature range was from 10
to 40 °C, and arelative humidity range up to 90 % was covered.

The highest temperature differences between the cell and the air in the chamber were
obtained at the lowest chamber temperature (10 °C). The highest limiting current
densities were also obtained in this case. This observation is in agreement with the
modeling results, which indicate that the air flow rate is primarily determined by the
temperature difference between the cell and its surroundings. When the chamber
temperature was increased, this generally led to a reduction in the temperature
difference, and accordingly, to alower limiting current. An increase of cell temperature
should allow more water to be transported in vapor form, but the benefit of this appears
to have been offset by the reduction in air flow rate. A dight deviation from the
decreasing trend in limiting currents can be observed by comparing Figures 3 (a) and
(b) in Publication IV. At Tam, = 40 °C, the limiting currents were dlightly higher than at
Tamb = 30 °C. However, inspection of the temperature readings in Table 2 of the same
Publication reveas that the temperature difference between the cell and its
surroundings was dlightly higher at Tan, = 40 °C, and the result is thus consistent with
the interpretation that the limiting current under the studied conditions was mainly
dependent on the air flow rate, which is determined by the temperature difference.

Inspection of current distributions provides more detailed information on flooding at
the upper end of the current density range. It appears that highly uneven current
distributions usually occurred in the region of the polarization curve that was
dominated by mass transport limitations. The effect of relative humidity on flooding
behavior was found to increase with increasing temperature. The effect of relative
humidity was clearly seen in the current distributions from a measurement series in
which the ambient temperature was maintained at 40 °C and the humidity of the air in
the chamber was varied. The current distributions show that when the humidity of
ambient air was increased, the flooded region expanded toward the lower end of the
channels. Changes in oxygen partial pressure in the channels were not sufficient to
explain the changes in the current distribution. The extreme ends of the series are
depicted in Figure 15, and the complete seriesis shown in Publication V.

Cdll resistance data is not available from the climate chamber measurements, but
comparison of the linear parts of the polarization curves in the Publication indicates that
significant changes in resistance did not occur. Resistance measurements described in
the other Publications also indicate that drying is generaly not expected to be a
problem within this temperature range. However, possible dlight local drying is
observable in the segment (4,12) in the Figure, probably resulting from the drying
effect of dry hydrogen near the inlet of the hydrogen channels. The drying effect is
limited to a small area near the inlet, because the mole fraction of water vapor is high
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on the cathode side, resulting in rapid humidification of the hydrogen by water
transported through the membrane. This interpretation is in agreement with the results
of the water transport measurements discussed in Chapter 4.3.

In order to improve cell performance in situations in which the cell temperature and the
temperature difference between the cell and the surroundings are low, it may be
worthwhile to consider methods for removing the excess water partly in liquid form.
This could be achieved, for example, by methods that rely on capillary action. Water
removal in liquid form would not be affected by the rate of air flow or the partia
pressure of water vapor in the cathode channel.
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Figure15.  The effect of the relative humidity of ambient air on flooding. Low
humidity (a) and high humidity (b) cases are shown.

4.5 Measurement of the ohmic losses of individual cellsin a
stack

The current interruption method is a commonly used measurement technique for the
determination of ohmic losses in fuel cells. However, the application of this method to
the measurement of ohmic loss of an individual cell in a stack has not been discussed in
literature. The subject is briefly mentioned in an older publication [100], but no results
are given.

Publication V discusses the application of the current interruption method to the direct
measurement of ohmic losses in individual cells of a stack. The work reported in the
Publication derives from initial work by Mikkola, reported in [56]. In the work of
Mikkola, the possibility of separating the ohmic losses in different unit cells from each
other was demonstrated. In addition, the sources of error present in the measurement
setup were explored and the typical time scales of transient phenomena during a current
interruption were determined. In the present work, the measurement method was
improved to alow for faster and more accurate measurements, and a successful
measurement series was demonstrated.

The measurements reported in Publication V were performed using a small commercial
stack which consisted of four unit cells, seen in Figure 16. The active area of the stack
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was 25 cm? per unit cell, and the channel geometry was similar to that of the current
distribution measurement plate. The stack was not opened or modified in any way to
prepare it for the measurements. Current interruptions were produced with the built-in
current interrupter circuitry, and the oscilloscope was connected in parallel with the unit
cell being measured.

Figure1l6.  Thefour-cell stack used in the experiments of Publication V.

As an important practical observation, it was found that the oscilloscope must be
isolated from the ground in order to take a reading with a single measurement without
disturbing the operation of the stack. The stack was grounded through the measurement
system, and therefore, a voltage measurement device connected to the stack must be
disconnected from the ground. If a grounded measurement device is connected to one
of the unit cells, a parallel current path to ground is formed, distorting the results
severely. The problem caused by grounding can alternatively be solved by taking two
measurements from each unit cell, one from the anode side plate and one from the
cathode side plate, both referenced to the end of the stack, and subtracting the anode
reading from the cathode reading. This approach was used in the work of Mikkola. In
this approach, it is not necessary to disconnect the oscilloscope from the ground. The
disadvantage of this approach is the longer measurement time, which results from the
need to take two readings for each unit cell. This increases errors resulting from short-
term changes in the ohmic losses.

During the measurements, the stack was operated on both natural and forced
convection. This enabled a wide range of different water management conditions to be
created. No external temperature control was used, because it was regarded as
worthwhile to investigate the performance of the stack under redlistic operating
conditions. Forced convection was provided with a small fan, which was installed in a
cardboard housing under the stack and directed toward the channel inlets. Some of the
air moved by the fan also flowed past the end plates of the stack, providing externa
cooling.
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Examination of the recorded voltage transients indicates that the duration of the
overshoot and the oscillations after the interruption was approximately 3-4 ps.
Recalling the time scales discussed in Chapter 3.2, it is evident that the main concernin
the analysis of the results was to avoid interpreting the fastest decaying part of the
electrochemical losses as ohmic. The ohmic loss was obtained from the recorded
transients by linear extrapolation back to the moment of current interruption. The redl
shape of the voltage transient would probably be more closely described by exponential
fitting as in [59]. However, because of the amount of noise present in the data and the
relatively small number of data points in the possible nonlinear region, reliable fitting
by nonlinear methods was not possible. Therefore, linear fitting was used to obtain
consistent results. The correction resulting from the extrapolation was small, of the
order of afew millivolts. It appears that the accuracy of the results cannot be improved
by the use of more elaborate extrapolation methods. A measurement circuitry with a
lower inductance would be needed to shorten the duration of the non-idealities at the
beginning of the transients.

Comparison of the ohmic losses and unit cell voltages reveals that the reliance on unit
cell voltage measurements may lead to erroneous conclusions on the performance
limiting processes in a stack. Figures 17 and 18 depict the outcome of the
measurements in the forced convection case. Figure 17 shows that when current density
was increased, an increase of cell resistance took place in the middle cells (2 and 3),
compared with the unit cells at the ends of the stack (1 and 4). The increase was up to
21 % at 400 mA cm?, compared with the unit cell with the lowest ohmic loss.
However, the profile of the unit cell voltages in Figure 18 is markedly different. The
highest unit cell voltage was obtained from cell 1, the lowest from cell 4, and the
middle cells represent intermediate values. Monitoring the unit cell voltages aone
would not have revealed that the middle cells were on the threshold of drying.

The most likely reason for the uneven ohmic loss profile at high current densities is the
drying of the middle cells, as a result of an uneven temperature distribution. The
verification of this conclusion by direct temperature measurements was not attempted.
It would be difficult because of the small volume in which the increase of temperature
islikely to happen.

The higher air flow rate in the forced convection case was another factor that
contributed to the increase in ohmic losses by increasing evaporation. The ohmic losses
at 200 mA cm™ were 47-49 mV per cell on forced convection, whereas on natural
convection, readings of 29-32 mV per cell were obtained at the same current density.
However, this does not explain the differences observed in the ohmic losses of the unit
cells at high current densities, and therefore, an uneven temperature profile remains as
the most logical interpretation for the differences between the unit cells.

Because the rise of temperature probably takes place unevenly across the active area, it
is possible that practically dead regions existed in the middle cells at high current
densities. Therefore, the problem may be more severe than the magnitude of the ohmic
losses adone would indicate. Because an increase of resistance also increases heat
production, this may lead to the formation of local hot spots and even cause materia
damage, even if the drying is not widespread. Another reason why the measurement of
ohmic loss may actually underestimate the severity of the situation is because the
readings are likely to be affected by uneven current distributions. However, the stack
was not equipped for current distribution measurement, and therefore, the effect of this
factor cannot be quantified.
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The sum of the obtained ohmic losses in individual cells was in good agreement with
the total ohmic loss measured as a single reading for the entire stack. A reading of the
ohmic loss of the whole stack was taken before and after the measurement sequence of
the unit cells. The total ohmic loss that was calculated from the sum of the individual
cell measurements exhibited a smaller amount of random scatter than the readings
obtained by a single measurement of the whole stack. A possible reason for this may be
found by considering the overshoot after the interruption. When a single measurement
of the whole stack is taken, the initial overshoot is large, and the uncertainty in the
IR-free voltage is accordingly higher.

The observations made as a result of the measurements can be used, for example, to
optimize the air feed into the cell. Air stoichiometry was probably quite high in the
measurements in which forced convection was used. Decreasing the fan power from the
setting used in the measurements might have improved performance, because it would
have reduced water removal. However, in some cases this might also lead to drying out,
because it would have reduced cooling, resulting in increased evaporation. When a
method is available for the measurement of ohmic losses at unit cell level, it becomes
easier to determine whether natural or forced convection is the optimal air supply
method for a given operating situation, and in the case of forced convection, to
optimize the fan power.

4.6 Characterization of sinter materials

The results obtained from the experimental and modeling studies discussed in the
previous chapters indicate that in order to achieve effective water removal and oxygen
supply on natural convection, it would be advantageous to enlarge the cross-section of
the air channels. Increasing the channel width would be the most desirable way of
achieving this, because increasing the channel depth would make the unit cell thicker.
Increasing the channel width, however, requires improved mechanical rigidity from the
gas diffuson material, and therefore, sinters become an interesting alternative to
carbon-based materials. The experimental evaluation of a sinter materia as gas
diffusion layer is detailed in Publication VI. A brief description of the main results is
given here.

The studied material was a 0.5 mm thick titanium sinter, supplied by Labgas Instrument
Co. In the Publication, a porosity of 55 % was given for the material. However, a later
verification of the result with a more accurate method gave a porosity reading of 32 %
[101]. Carbon paper, which was SGL CARBON ®SIGRACET BB-10B, was used as a
reference material. A reference measurement was performed with a carbon paper on
both sides. In subsequent measurements, the carbon paper on either anode or cathode
side was replaced with the sinter material.

The main results of the measurements are shown in Figure 19. The data is the same as
reported in Publication VI, but the graphs have been redrawn, and the resistance units
have been replaced with the more commonly used mQ cm?. The resistance of the cell
with an unmodified sinter was found to be up to seven times as high as in the reference
case. A platinum coating was sufficient to bring the total resistance of the cell down to
avalue that was approximately three times as high as the total resistance using a carbon
paper. This confirms the initial assumption that the higher resistance of the cell using
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sinters was primarily due to contact resistances and not the bulk resistance of titanium.
The thickness of the sinter, therefore, did not significantly affect the comparison with
the resistance of the carbon paper.

The results aso indicate that the coating slightly improved mass transport on the
cathode side, compared with the unmodified sinter. It is possible that the platinum
coating made the material more hydrophobic, thus improving the removal of liquid
water from the pores. An unmodified sinter is highly hydrophilic, and consequently,
water was not expelled from it as effectively as from the carbon paper, resulting in the
onset of flooding at alower current density than with the carbon paper.

In the assessment of the results, it must be remembered that the use of arigid material
makes it possible to increase the ratio of channel width to rib width in the flow field,
reducing the effect of flooding of the gas diffusion layer in the regions adjacent to the
ribs. In addition, the sinter was dightly thicker than the carbon based material, and
therefore, mass transport limitations in the sinter may have been exaggerated in the
results. A thinner sinter together with a flow field geometry with wider channels can
thus be expected to result in a significantly more favorable comparison against the
reference material. Therefore, the present results, despite being promising, do not yet
demonstrate the full potential of sinter type materials.
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S5 Summary

The motivation to this thesis arose from the need to gain a better understanding of mass
transport phenomena in a polymer electrolyte membrane fuel cell using natura
convection for air supply. The aim was to be able to identify the performance limiting
processes and to indicate opportunities for performance improvements. The subject was
studied using a variety of experimental and modeling techniques, some of which were
novel developments. The work focused on a cathode channel structure consisting of
parallel rectangular channels in vertical orientation. The benefits of this geometry
include low internal resistance and high power density.

An important theme of the work was to achieve a more effective utilization of the
active area of the cell. The basic tool in this work was a current distribution
measurement system, which was based on the use of a segmented current collector. As
the first phase of the research work, it was considered a priority to ascertain that the
measurement system produces reliable and accurate results. The lack of segmentation
of the gas diffusion layer and the possibly uneven contact pressures of the collector
segments against the gas diffusion layer were identified as the most significant potential
sources of error. The results of test measurements indicate that the variation of contact
pressures can be reduced to an acceptable level. The effect of the remaining variations
can be easily identified in the data as small local deviations, which do not distort the
overall form of the current distributions. The error caused by lateral currents in the gas
diffusion layer was investigated with a numerical simulation of the current field in the
gas diffusion layer and the current collector segments. The results indicate an error of
15 % when an extreme difference in current density between the areas under adjacent
collector segments was assumed. In a more typical case, the error should be
significantly smaller. Furthermore, the results of the test measurements confirmed the
existence of significantly uneven current distributions especialy in the direction along
the channels. This proved the usefulness of current distribution measurements as the
choice of research method.

In order to clarify and quantify the preliminary analysis of mass transport made on the
basis of the experimental work, a mass transport model of the cathode side of the cell
was developed. The model was constructed to determine the flow velocity and the mole
fractions of oxygen and water vapor in a cathode channel and gas diffusion layer. The
model was constructed in two dimensions, and the three-dimensional geometry of the
channel was accounted for by the method of volume-averaging. This enabled the
construction of the model with moderate memory requirements, while still providing a
relatively good approximation of the true geometry of the channel. The model made it
possible to determine, whether flooding of the gas diffusion layer or insufficient air
flow in the channel was the reason for uneven current distributions. In the cases studied
with the aid of the model, the limiting current density was found to be determined by
flooding, which resulted from insufficient removal of water in vapor form at high
current densities. The limiting current density was found to be strongly dependent on
the operating temperature of the cell. This was caused both by the effect of temperature
on the rate of air flow in the channel and the temperature dependency of the saturation
pressure of water vapor. The prediction of water mole fraction in a half-cell model
depends on the availability of measured value for net water transport, which limits its
use for the prediction of flooding. However, it could also be ascertained that even if



uncertainty exists over the net water transport, the model can still be used to obtain
useful predictions on the oxygen mole fraction and flow velocity in the channel.

The modeling study was complemented with the experimental determination of net
water transport. This was achieved by collecting water from the anode outlet with a
drying agent. By comparing the amount of the collected water to the total water
production, the fraction of water output through the anode was obtained. The results
indicate that the variation of the net water transport coefficient across the active area
needs to be considered for the accurate prediction of water transport in the cell. The
effect of water redistribution by hydrogen flow was observed, indicating that the anode
side flow geometry is an important design consideration in small fuel cells, where it is
desirable to eliminate auxiliary devices that control water balance. It was found that
when the general direction of the hydrogen flow was against the direction of the air
flow, the distribution of water over the active area was more even than when the
direction of hydrogen flow was the same as that of the air flow. The effect of anode
conditions was also observed in a measurement series performed in dead-end mode,
despite the lower flow rates of hydrogen.

The effect of ambient temperature and humidity on cell performance was analyzed by
comparing data obtained under different ambient conditions. The comparison of data
from different measurements at the upper end of the operating temperature range
revealed that the onset of drying was affected by the vapor pressure of ambient air.
Additional data on the effect of ambient conditions was available from measurements
performed in a climate chamber. According to these results, the relative humidity of
ambient air significantly affects the onset of flooding at the higher end of the studied
ambient temperature range. In the measured current distributions, it could be seen that
at a given average current density and cell temperature, the flooded region expanded
downward in the channel as the relative humidity of ambient air was increased. At low
overpotentias, the effect of the variation of ambient humidity on flooding was found to
be small.

Stack research was included in the thesis with the investigation of ohmic losses in
individual cells of a stack using the current interruption method. The ohmic losses of
the unit cells were measured by observing the voltage transients in the unit cells with an
oscilloscope. The detailed investigation of stacks at unit cell level isimportant, because
large performance variations among unit cells will significantly decrease the overall
power density of a stack. In addition, the peak current of the stack is determined by the
weakest performing unit cell. A severe failure of one unit cell may even prevent the
operation of the stack. The measurement of ohmic losses in the unit cells of a small
stack reveaded that in some cases, the middle cells of the stack were suffering from
some local drying, which resulted from overheating. This was not obvious from the
measurement of unit cell voltages.

As for the optimization of the cell design, the results of the work indicate water
management as the most important area to be considered. Over most of the operating
temperature range studied, the prevention of flooding at high current densities calls for
attention. The removal of water would be facilitated by increasing the cross-section of
the channels, which would increase the air flow rate and thus improve the removal of
water in vapor form. The results also indicate that the increase of water vapor content
over the length of the channels is relatively large at high current densities. It would be
possible to increase the current density at which saturation at the upper end occurs by
reducing the length of the channels and by increasing the number of parallel channelsto
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maintain the desired active area. For low operating temperatures, methods of removing
the product water in liquid form may be worth considering, because the vapor pressure
of water decreases with decreasing temperature, making it increasingly difficult to
remove water in vapor form. In the prevention of drying at high current operating
temperatures, the selection of the relative orientations of the air and hydrogen flows
was found to be important. By redistributing the product water along with the hydrogen
flow to the areas that are on the threshold of drying, the temperature at which the onset
of drying occurs can be increased.

An optimized cell geometry may also place new requirements on the properties of the
cell materials. In particular, increasing the width of the cathode channels or the ratio of
channel width to rib width requires a more rigid gas diffusion material to be used. The
results of a preliminary study indicate titanium sinters as a promising alternative to the
traditionally used gas carbon-based materials. Furthermore, understanding the
interaction of the gas diffusion layer materia with water becomes increasingly
important in the absence of the active control of water management, emphasizing the
need for further research in thisfield.

The work as a whole provides a quantitative insight into mass transport phenomenain a
natural convection fuel cell design with straight vertical cathode channels. The
performance of the cell has been characterized by the measurement of current
distribution, polarization, and resistance. The species mole fractions, air flow rate, and
the net water transport coefficient have been quantified, and effects of ambient
temperature and humidity have been measured. Based on the results, the driving forces
of species transport and the performance limiting processes can be identified. The work
has covered a broad range of operating conditions and current densities. The results
obtained for this particular cell design can be generdized in the form of
recommendations for the optimization of the design. The determination of an optimized
design and the quantification of the resulting improvements are left for future work, but
the results of the present study can be utilized to identify the relevant design parameters
and to indicate the direction for optimization. Furthermore, a set of improved analysis
toolsis provided for future work on fuel cells.
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	Abstract: 
A fuel cell converts chemical energy into electricity and heat through electrochemical reactions. Polymer electrolyte membrane fuel cells (PEMFCs) are approaching commercialization in many applications, including transportation, stationary power, and portable devices. In this thesis, the focus was on small-scale PEMFCs, in which natural convection is used as the air supply method. 

A cell design with straight vertical cathode channels was studied using experimental and modeling methods, in order to obtain a quantitative insight into mass transport phenomena and to identify the performance limiting processes. The variation of mass transport conditions over the active area of the cell was studied using a current distribution measurement system, which was based on the use of a segmented current collector. The accuracy of the method was analyzed by experimental work and numerical simulation. In order to quantify the local mole fractions of water and oxygen, and the velocity of buoyancy-driven air flow in the cathode channel, a numerical model was developed to describe mass transport in the cathode channel and the gas diffusion layer. Water transport across the polymer membrane was studied by measuring the fraction of product water exiting through the anode. The results give indication of the variation of net water transport coefficient across the active area. The redistribution of water along with the hydrogen flow was also observed. The effect of ambient temperature and relative humidity on cell performance was investigated in a climate chamber. For stack research, a measurement approach was developed for determining the ohmic voltage losses of individual cells in a stack by the current interruption method. 

As an overall conclusion, it was found that the cell design should be improved especially from the point of view of water management. In order to reduce flooding problems, the cross-section and length of the cathode channels were identified as key parameters to be optimized. It was also found that mechanically rigid gas diffusion layer materials are advantageous for designing an optimized geometry. In addition, it was found that the choice of the anode flow geometry can be used to control the distribution of water across the active area. 
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