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Abstract

Polymer electrolyte membrane (PEM) fuel cells psssthe potential, as a zero-emission
power source, to replace the internal combustioginen as the primary option for
transportation applications. Though there are mber of obstacles to vast PEM fuel cell
commercialization, such as high cost and limitedatility, there has been significant
progress in the field to achieve this goal. Expental testing and analysis of fuel cell
performance has been an important tool in this mcment. Experimental studies of the
PEM fuel cell not only identify unfiltered performee response to manipulation of
variables, but also aid in the advancement of ¢e#ll modelling, by allowing for validation
of computational schemes.

Compressive force used to contain a fuel cell abbenan play a significant role in how
affectively the cell functions, the most obviousaewple being to ensure proper sealing
within the cell. Compression can have a considerabpact on cell performance beyond
the sealing aspects. The force can manipulateabiéy to deliver reactants and the
electrochemical functions of the cell, by alterithgg layers in the cell susceptible to this
force. For these reasons an experimental studyun@deartaken, presented in this thesis, with
specific focus placed on cell compression; in otdestudy its effect on reactant flow fields
and performance response.

The goal of the thesis was to develop a consistedtaccurate general test procedure for
the experimental analysis of a PEM fuel cell inayrtb analyse the effects of compression
on performance. The factors potentially affectosd) performance, which were a function
of compression, were identified as:

» Sealing and surface contact
» Pressure drop across the flow channel
= Porosity of the GDL

Each factor was analysed independently in ordeletermine the individual contribution to
changes in performance.

An optimal degree of compression was identifiedtii@r cell configuration in question and
the performance gains from the aforementioned cesgwn factors were quantified. The
study provided a considerable amount of practioal analytical knowledge in the area of
cell compression and shed light on the importarfgerecision compressive control within
the PEM fuel cell.
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Chapter 1

Introduction

The transportation sector is a vital component twttN American society. Currently the
majority of transportation is powered by the insroombustion engine, run on fossil fuel
derivatives. In recent years, a heightened awaseatthe environmental impact of carbon
emissions, combined with growing energy demandstlaadinite supply of fossil fuels have
sparked the need for a zero-emission vehicle. el'bgist two options that meet the power
requirements for such a vehicle, batteries and ¢els. Though both satisfy the zero-
emission condition, at point of operation, batterdmave the disadvantage of long recharge
times and limited driving range. Only fuel cellavie the ability to match the convenience

and range of internal combustion power train vesi¢L].

Though many types of fuel cells exist, the protgoh@ange membrane (PEM) fuel cell is
best suited for transportation applications [2heif low temperature operation, in the range
of 70-80 °C, allows for quick start times, compaeato those of the internal combustion
engine. While the solid polymer electrolyte coastion makes the cell mechanically
robust, allowing for movement while eliminating thsk of electrolyte leakage. The PEM
fuel cell also delivers net power density comparatd that of the internal combustion
engine, with values of 1.13 kW/L reported by mactdeers [3]. However, there exist a
number of factors inhibiting vast commercializatiminthis technology, one of the foremost
being the lack of a hydrogen refuelling infrasturet Refuelling stations in Canada are
currently limited to the Hydrogen Highway, in lowerainland BC [4]. Other inhibiting
factors are those associated with the fuel cellstantion itself, specifically increasing
durability and performance while reducing cost.e3é challenges must be met before fuel

cell technology will become commercially compe#tiib].

Much of the recent work in the advancement of fuedl technology has focused on the
fuel cell computational model. Advancements fromm® and Li [6] and Baschuk and Li

[7] and their consistent and systematic approachdthematical modelling, has allowed for
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better understanding of the immeasurable phenomesithin the restricted confines of the
PEM fuel cell. However, mathematical and empiricaldels have their limitations. Due to
the vast number of mass transfer and electrochémioaesses occurring within the cell, it
is difficult for one to develop an all encompassimg@del without first prioritizing these
processes followed by the simplification or elimioa of those found to be of less
significance. Through this process, one tend®se kight of the bigger picture of overall
fuel cell improvement, as the focus is on singtlsl cell process simulation. As well,
while in some cases the simplification can leadatoelegant design, as in the case of
Baschuk and Rowe, it can also lead to a crude,curate offering, which emphasizes
unimportant phenomenon. Experimental studies @RBEM fuel cell are essential, not only
in identifying unfiltered performance response tanipulation of variables, but also in the

advancement of fuel cell modelling, by allowing f@lidation of their schemes.

While individual fuel cell component design haseiged much attention, such as flow
channel layout and GDL construction, very littiéeation has been paid to the manner in
which these components are assembled or compres€eunpressive force can play a
significant role in how affectively these comporgefiinction, the most obvious example
being to ensure proper sealing within the cellr these reasons an experimental study was
undertaken, with specific focus placed on cell cosapion in order to study its effect on
reactant flow fields and performance response.s Thapter will elaborate on the goals of
this thesis research and provide an outline forditaument itself. First, background on the

function of a PEM fuel cell will be provided, withsight into factors affecting performance.

1.1 Background

The PEM fuel cell is an electrochemical device tt@tverts chemical energy of reactants,
both fuel and oxidant, directly into electrical eme [2]. The fuel for the cell is pure
hydrogen while the oxidant is oxygen, providedhe form of air or pure oxygen. A PEM
fuel cell contains two bipolar plates, or flow @sat and a single membrane electrode

assembly (MEA), as illustrated in Figure 1.1. Timection of the bipolar plates is to deliver
2



Gas Flow Channel

©

Membrane Electrode Assembly (MEA)

Bipolar Plate

Figure 1.1: Simple representation of the PEM el construction

the cathode and anode reactant flows through tespective channels while also allowing
for current conduction away from the reaction stefa For this reason the plates are made
from an electrically conductive material, typicathyaphite or metal. The flow channel is
rectangular and is approximately 1 mm in width deg@th, or smaller. The channel layout
has a number of common configurations, includingesatine, interdigitated, and parallel
[8]. The channels are laid out in a manner socagrsure that the reactants will be
distributed evenly over the reactant surface. @leetrochemical reaction, which generates
the electricity extracted from the fuel cell, oczwrithin the MEA. The MEA consists of
five layers; two gas diffusion layers (GDL), or pas electrodes, two catalyst layers, and the
polymer electrolyte membrane layer, as illustratedrigure 1.2. While the catalyst and
electrolyte layers are almost always fastened ® another, the GDL can be fastened or is
frequently provided as a separate entity withindbké The gas diffusion layers, as the name
suggests, facilitate mass transfer from the floanctel to the catalyst layer, the reaction site.

In addition, the gas diffusion layer is the el@ek conductor that transports electrons to and

3



Cathode Reactants Anode Reactants
O35, No, H20O Ho, HoO, COs9,
CO, Ny, Og

Figure 1.2: The components of a PEM fuel cell etnedprocesses occurring within each
component. The PEM fuel cell is composed of theéhode bipolar plate, (b) cathode gas
flow channel, (c)cathode electrode backing lay@rcathode catalyst layer, (e) polymer
electrolyte membrane layer,(f) anode catalyst laggdranode electrode backing layer, (h)
anode gas flow channel, and (i) anode gas flow rebldid]

from the catalyst layer. Typically, diffusion lageare constructed from porous carbon
paper, or carbon cloth, with a thickness in thegeaof 100-30@um. The gas diffusion layer
also assists in water management by allowing amogpte amount of water vapour to

reach, and be held at, the membrane for hydratidrese layers are also typically designed
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to be hydrophobic and are treated with a polytktoabethylene (PTFE or Teflon) coating to
ensure that the pores of the GDL do not become exiad with liquid water [9]. The
catalyst layer is a carbon film (Vulcan X-72 andiéan 72) laced with platinum or platinum
alloys, referred to as carbon-supported platinunalgsts [2]. The platinum loading is
typically below 0.4 mg Pt/cfn with values reported as low as 0.014 mg PYettained
through the use of sputtering techniques [9]. Hawueconsidering practical fabrication
process of MEAs, platinum loading of 0.1-0.2 mgcR¥ is desirable to maintain good
repeatability of the membranes [2, 10]. The armutdcathode catalyst layers are divided by
the electrolyte membrane layer. The polymer ebtdyte membrane facilitates the transfer of
the positive ions from the anode to the cathodeiamdade of a sulfonated fluoropolymer,
similar to Teflon. The layer also serves as aibato the transfer of electrons, which are
forced away from the anode catalyst layer, throtigh current collection pathway, to the
cathode catalyst layer. In order for proton conidicto occur the membrane layer must be
humidified. The hydrogen protons become mobiley @iter bonding to water molecules,
becoming hydronium ions. Hydronium ions are the&pable of moving between the
sulfonic acid sites, through the membrane. The tnomenmonly employed polymer

electrolyte membrane is Nafion, manufactured by &P

The net fuel cell reaction occurs in two parts wethaction sites at the anode and cathode
catalyst layers. The reactions at these sitesedeered to as half-cell reactions. The anode
reaction is the oxidation of a hydrogen molecul® ihydrogen protons and electrons, as

illustrated in equation 1.

H, - 2H" +2¢ 1)

Following the hydrogen oxidation reaction (HOR) tmgdrogen protons are transported
through the electrolyte layer while the electrons forced to travel an external electrical
circuit. At the cathode half cell reaction sit@, @xygen molecule is reduced to produce a
water molecule, as illustrated in equation 2. Tiadf cell reaction is referred to as the

oxygen reduction reaction (ORR).



1 . _
EOZ +2H" +2e - HZO(é) (2)
The combination of the two half cell reactions, HOR and the ORR, results in the
overall PEM fuel cell reaction, provided in equati®

%Oz +H, - H,0, + Heat+ Electrical Energy 3)

The reversible cell potential for the full cell otan is 1.229 V, and is determined as a

function of Gibbs free energy, as illustrated ini&ipn 4.

__Bg,(T.P) @

rev n F

However, due to the presence of a number of irstvéities, the cell does not operate at
this reversible potential. Figure 1.3 displaysoaparison of the cells reversible potential
and the potential, or polarization curve, of a ¢@iPEM fuel cell. It can be seen that
potential is a function of the current drawn, orreat density, while the reversible potential

is independent of the current density, as it isstamt over the entire domain.

Reversible Cell Potential (e,)

‘/Polarizaion Curve

Cell Potential (V)

Concentratior
Activation 7 [ Ohmic Overpotentii

Overpotential f—r~—

Overpotential

»
»

Current Densit- J (Alcrd)

Figure 1.3: Polarization curve for a typical PEb&Ifcell illustration reversible cell potential
and sources of over potential



As current is initially drawn, in the low currengmiity portion of the curve, losses are due
to activation overpotential. Activation overpot@his caused by the slow moving reactions
on the electrode surfaces. Since these reactionsotloccur readily, a proportion of the
voltage generated is lost as these electrochemeealtions are driven from equilibrium.

This voltage drop, as illustrated in Figure 1.3jighly non-linear.

As the electrical current load increases, activatwerpotential is less of a factor and
ohmic losses increase at a greater rate, the @mters the region characterized by ohmic
overpotential. This voltage loss is caused byrésestance to the flow of electrons through
the material of the electrodes and the various ectons in the current collection pathway,
as well as the resistance to the flow of ions tglothe electrolyte. These losses are

proportional to current density, and are essetiaiear.

The high current density voltage losses in the @ah be mainly attributed to
concentration overpotential. This rapid voltagepdis cause by a depletion of the half cell
reactants in the vicinity of the active reactiotesias mass transport is limited. The mass
transport limitations are due to diffusion limitats in the electrode backing and catalyst
layers, and the phenomena of water flooding. &htaurrent densities, the amount of water
produced at the cathode catalyst layer is grehser the amount that can be removed by the
flow moving through the flow plate channel. Thew@anulation of liquid water in the porous
diffusion layer limits the amount of oxygen thanaaach the reaction surface, effectively
choking the ORR.

1.2 Thesis Objectives and Outline

The performance of a PEM fuel cell is dependenit®mesponse to activation, ohmic, and
concentration polarization. These losses canieettl linked to varying electrical and mass
transfer properties of cell components in the MEANhile proper design of these
components is an important factor in obtaining rogati operational conditions, once in the

cell, the degree of compression can significanffeca their properties and the resultant



performance response. The overall goal of thisisheesearch was to perform an
experimental analysis on fuel cell performancehveimphasis on cell compression and its

effect on performance and flow field response.
Specifically the thesis objectives were identifeedifollows

= To develop a consistent and accurate general tesegure for the experimental

analysis of a PEM fuel cell

» To determine the general effect of varying degrefesompression on PEM fuel

cell performance and identify factors contributtoghis performance response

» To develop a precise compression testing techniaé would allow for the

isolation of the factors contributing to variatimnperformance response

= To determine the individual effect of each conttibg factor on PEM fuel cell
performance with the goal of identifying the donmhdimiting parameter in the

cell performance as a result of compression

» To determine the sensitivity of compression relapeiformance response to

changes in catalyst platinum loading.

Through these objectives this study offers insighto the compression related
performance response, while also enabling the pssgsn of PEM fuel cell development

toward the ultimate goal of vast commercialization.

Chapter 2 summarizes the studies, currently presdinerature, that analyze the effects of
compression on PEM fuel cells. Chapter 3 will egsttically present the experimental
apparatus used, as well as the techniques appiig¢dis study. Chapter 4 presents and
discusses the results of the experimental testifige thesis conclusions are summarized in
chapter 5. Chapter 6 provides recommendationsshwimclude design modifications and

concepts to be studied in future work.



Chapter 2

Literature Review

Over the past two decades, significant efforts Hae@n made to investigate PEM fuel cells
as a possible zero emission power source for toategppn applications. A vast number of
research studies were undertaken in the hopesprbiimg PEM fuel cell performance, with
the ultimate goal of advancing the system to atpeimere it can compete with the internal
combustion engine. Experimental testing has playedconsiderable role in this
advancement. These experimental studies, thrdwggbgtimization of fuel cell components
and operating conditions, have improved power dgmgiile reducing cost. Before one can
identify an area of potential research one must fae fully aware of the current state of
PEM fuel cell research. Also, knowledge of theseks is critical in order to identify key
variables affecting cell performance. This chaptdr present several of these works, from
published literature, and establish the currentestd PEM fuel cells. In addition, the

limitations of these works and areas requiringhfertinvestigation will be established.

2.1 Operating Conditions

A significant amount of fuel cell research has &l on optimising the operational

conditions of the cell. These conditions incluéenperature, reactant pressure, relative
humidity and stoichiometry. Manipulating cell openg temperature has been found to
have a considerable effect on cell performancegaRa et al. [11] studied the performance
of an experimental fuel cell assembly over the terafure range of 50-80 °C. It was found
that an increase in temperature resulted in inecegserformance. This performance
increase was in both the ohmic and concentratie@rpmtential region. The ohmic gains

were quantified through a measurement of cell t@st®, defined as the total current
resistance that all cell components contribute The increase in temperature was found to

drastically reduce this resistance. While the eotr@tion polarization gains were a result of



the decrease in flooding within the cell. The ease in temperature resulted in higher
vapour capacity within the cell, thus evaporatingess water and drastically increasing
supply of reactants, which resulted in an increag@e limiting current density. A number
of other studies including those performed by Jaingl. [12] and Q. Yan et al. [13] as well
as others [14, 15] confirmed the performance figdirof Paganin et al. [11] in that
temperature range. The performance gains in theecdration overpotential region, due to
an increase in temperature, were also examinedakgi ®t al. [16 17] and K. Broka and P.
Ekdunge [18]. These studies focused on the impéch temperature increase on, O
permeability in the Nafion membrane. It was fouimdpoth these studies, that for consistent
relative humidity an increase in temperature resulin a significant increase in,0O
permeability, which also contributes to an increiasthe limiting current density. While in
this moderate temperature range, 50-80 °C, increasemperature was found to have a
positive impact on performance, excessive cell ajpey temperature has been found to have
a detrimental effect. Williams et al. [19] invegtted the resultant cell performance beyond
this temperature range, in the region of 80-120 fiGvas found that excessive temperature
increase, into this range, had a negative impad M fuel cell performance. This drop in
performance was attributed to a resultant decremselative humidity. As was previously
mentioned, when cell temperature increased, thewagapacity of the reactant flows would
also increase, in other words, the relative humidit the reactant flows would decrease.
Should the capacity reach an excessive level, tiegufom temperatures exceeding 80 °C,
the reactant flows would extract moisture from thembrane layer, inhibiting reactant

permeability and proton transfer.

The operating conditions within a cell are ofterpeledent on one another, as was
illustrated with relative humidity and temperatues is the case with most phenomena
involving ideal gas flows. A decrease in the igathumidity of the reactant flows, as a
result of temperature increase, was found to neglgtimpact cell performance. A number
of studies have analysed the impact of changingtivel humidity of the reactant flows,
independent of temperature change, including Q. &taal. [13]. This study examined the

changes in performance over a relative humidity @anof 70-100% for the anode side and
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10-100% for the cathode side. It was found thiy fuumidified reactant streams resulted in
the highest peak performance. It was also foumad &h lower cell temperature operation,
below 75 °C, the fully humidified flows suppliecethighest peak performance, but they also
resulted in a drop in limiting current density whasmpared to lower humidification levels,
specifically 70 and 80%. However, this was not tase for higher cell temperature
operation, which displayed highest peak power dufisuwell as maximum limiting current
density. The drop in limiting current density watributed to liquid water build up from the
condensation of the humidified reactant flows wliesy came into contact with the cell,
operating at a lower temperature. These findingeveonfirmed by Nguyen and White [20]
through modelling and experimental techniques dkaseseveral others [12, 14, 21].

The effect of reactant flow pressures on cell pemBnce has also been studied in depth.
Larminie and Dicks [22] present a theoretical argahthat the increase in partial pressure
of the reactant flow will result in an increasehe reactivity of the gas, therefore increasing
cell potential. This derivation was performed tigh a manipulation of the Nernst equation.
However this increase was quantified to be smalkaale for even large increases in
pressure. Paganin et al. [11] experimentally cordd this Nernst relationship between
reactivity and pressure. It was found that angase in pressure resulted in an increase in
open circuit voltage and limiting current density the experimental cell assembly. This
increase was from anode/cathode pressure of 1/ltatt5 atm. Practical studies have
found that an increase in pressure can have o#wamdary positive performance effects,
beyond reactant activity. Bernardi and Verbrug®f# studied the water transport properties
of a PEM fuel cell. It was presented that an iase=in flow pressure, while imposing a
gradient between the anode and cathode, with theda experiencing higher pressure,
would encourage the transport of water across @feohl membrane to the anode side. This
improved water management technique, which hunedithe anode side of the membrane
and reduced water build-up on the cathode side, faasd to improve limiting current
density. Squadrito et al. [24] examined this wadtansport and performance response to
pressure. This study confirmed the findings ofdPag and Bernardi and also identified a

temperature dependence on this water transportopim&mon, suggesting that at elevated
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temperature, the evaporation of membrane moistutee dominant factor and the pressure
gradient cannot overcome this phenomenon. IrhaBe studies the performance of the cell
was more sensitive to increases mpdessure as opposed to increases,isupply pressure.
Also in these cases it was presented that the margicrease in performance would not be
sufficient to satisfy the increase in parasitic dodue to elevated pumping power
requirements. No general consensus has been deadtie regards to optimal pressure

settings.

The concentration of the reactants supplied, contyniferred to as stoichiometry, can
also have an effect on the performance of the PEM ¢ell. Li [2] presents theory that
losses due to decreasing reactant concentratiothenfuel cell can incur significant
performance losses. These losses arises fromattdghat cell potential will adjust to the
lowest electrode potential given by the Nernst équdor the various reactant compositions
at the exit of the anode and cathode channelss [bks, also referred to as Nernst loss can

be quantified through a modified form of the Neragtiation, presented in equation 5.

RT, Kay
My ===
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Nernst loss is dependent on flow channel alignrasntell as total reactant consumption.
Should the flow channels be aligned such that dmthanode and cathode outlets are in the
same vicinity, this would maximize Nernst losses addition this equation reveals that
should the reactants be fully consumed, the Neloss would be extremely large,
approaching infinity. A stoichiometry of 1.2 for,l8upply and 2 for @supply should be
used in typical operation to prevent these lossHse stoichiometry number represents the
ratio of molar flow rate supplied to the cell vessthe flow rate consumed in the cell.
Practical studies by Jang et al. [12] and otheds I5] found little benefit to increasing the
stoichiometry beyond this value for static loadditions. Dynamic load studies by Qu et al.
[25] and Kim et al. [26] present that for lower istbometries or ‘starved’ conditions, the
cell displays poor dynamic load response comparedcdses where excess reactant

stoichiometries were provided.
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2.2 Component Optimization

A significant number of studies have focused ondpimization of the design of individual
cell components. Components of greatest intenesttee MEA, GDL, and bipolar plate.
This section will summarize the studies presenteliterature dealing with the optimization
of these components and the findings there in.

The bipolar plate is a vital component of PEM faells, as it provides fuel and oxidant
flow to the reaction surface, removal of the reactproducts, current collection and
mechanical support for the cells in the stack. oBipplates constitute more than 60% of the
weight and 30% of the total cost in a fuel celc&taFor this reason, the weight, volume and
cost of the fuel cell stack can be reduced, sigaifily, by optimizing the layout
configuration of the flow field and use of lightwét materials. Different combinations of
materials, flow-field layouts and fabrication te@ues have been developed for these plates
to achieve the aforementioned functions efficientlyith the aim of obtaining, both,
performance and economic gains [8]. While resirpragnated graphite is the most
commonly used bipolar plate material, its brittiature and lack of mechanical strength
combined with relatively poor cost effectiveness layge volume manufacturing make it a
less than ideal option [8, 27]. Alternatives testmaterial have been investigated in depth.
Metals as a bipolar plate material have receivedhrattention as of late, however due to
their highly reactive nature, and resultant susbéjpy to corrosion, coatings and treatments
are required [27]. Woodman et al. [28] claim a 6@%uction of mass and 56% reduction in
thickness through the application of corrosion stesit, coated aluminium bipolar plates.
Other proposed bipolar plate materials includentitm, chromium, stainless steel, and
niobium [29-32].

In an attempt to optimize reactant distributioni@as, bipolar plate, flow field layouts
have been investigated. Earlier attempts at flbanoel designed involved mostly a straight
channel orientation, as was presented by Pellegti $paziance [33] with their parallel
straight channel flow field. These straight desigad a number of shortcomings, including

flow stagnation points, leading to water build-apd inadequate pressure drop, resulting in
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poor reactant distribution. To remedy this Watkatsal.[34, 35] developed a continuous
style flow channel, referred to as a serpentinégdesThis channel allowed for better water
management as a result of the increased pressype @iso this layout resulted in as much
as a 50% increase in power output. This layoutfindser been modified to include parallel
cooling circuits, as presented by Fletcher et38] pnd segmented serpentine circuits which

allow for better reactant distribution, as presérig Cavalca et al. [37].

The design of a complete membrane electrode asgeimluding GDL, is a delicate
balancing of transport media. Conductance of gi@strons, and protons must be optimized
to provide efficient transport to and from the @élechemical reactions [9]. Optimization of
the MEA can be difficult as isolation of a singlarpmeter is near impossible, as these
transport mechanisms are oft dependent on one emotHowever a number of general
developments have been made in membrane desigganiRaet al. [11] present a study
analyzing three Nafion membrane thicknesses. fiteetmembranes analyzed were Nafion
112, 115, and 117 with respective thicknesses pfi88, and 17mwm. It was found that the
thinnest membrane, Nafion 112, provided the bebtpmsformance, offering both lower
resistance and increased limiting current densign tits two counter parts, Nafion 115 and
117. These findings were further validated inwalgtpresented by Akalycin and Kaytakoglu
[38]. Also, as was previously stated, reactant idifroation is a key factor in optimizing
membrane layer functionality. In order to optimizeth reactant permeability and proton
transport the membrane requires humidification. isTie achieved by fully humidifying
reactant flows [12-14, 21, 39]. Paganin et al] [Al%0 investigated the effect of platinum
loading on cell performance, citing optimal parasnetof 20 Wt% Pt/C while revealing a
trend of increasing performance for increasingiplah loading, a function of platinum

distribution per unit surface area, with the uniig Pt/cr.

While increased platinum loading results in incegaperformance, much of the research
in the field of catalysts has been aimed towardsrélaluction of this loading. The emphasis
has been on efficient platinum distribution teclusis| in order to reduce overall fuel cell
costs. It has been found that reducing this lagadian significantly reduce economic

barriers while minimally reducing cell performancelhe platinum loading is typically
14



below 0.4 mg Pt/cfy with values reported as low as 0.014 mg PY/attained through the
use of sputtering techniques and the use of cashpport particles [9, 40, 41]. However,
considering practical fabrication process of MEpigtinum loading of 0.1-0.2 mg Pt/éris

desirable to maintain good repeatability of the roeames [2, 10].

Another factor affecting catalyst function is canbmonoxide (CO) poisoning. PEM fuel
cell performance degrades significantly when COpirigsent in the fuel gas. The CO
consumes active catalyst layer sites and thergfbibits the hydrogen oxidation reaction on
the anode side. Oetjen et al. [42] found that esraall CO concentrations in the fuel supply
resulted in a significant drop in cell performancéhere are several affective methods to
mitigate CO poisoning. One such method is theiegipbn of platinum alloys to promote
CO oxidation. Oetjen et al. [42] and Schmidt 48] both found that the use of platinum-
ruthenium (Pt-Ru) alloy in the catalyst layer imyped performance considerably for fuel
cells with a H/CO fuel source. The presence of the Ru resultearformation of a water
derived hydroxide (OH) group. This OH group caentibe used to oxidize the CO to £0
effectively cleaning the catalyst surface. A seteoechnique that has been affective at
improving CO tolerance is the operation of the fuelll at elevated temperatures.
Zawodzinski et al. [44] found that elevated tempees, exceeding 100 °C, were equally as
effective as the introduction of Ru at the mitigatiof CO poisoning. The dependence of
CO tolerance on cell temperature was explainedheystrong temperature dependence of the
adsorption equilibrium constant of CO on Pt. Theuwrfaces being freed from CO by either
marginal thermal desorption or electrochemical atih rates explained the increase in
tolerance with respect to the increased loading [#owever this technique is not practical
for CO tolerance in PEM fuel cells, as the increaseemperature results in membrane
dehydration and poor cell performance. Introductd oxygen into the fuel supply has also
been found to improve CO tolerance. The preseh€® on the anode side has been found
to accelerate the CO oxidation process. Gottedaldl Pafford [46] found that with ;O
bleeding, the PEM fuel cell could tolerate CO cartictions of 500 ppm in the fuel supply.

Another affective form of oxidation introduction ierough the use of hydrogen peroxide
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(H20,) in the anode humidifier, as presented by Schmiicil. [47]. This method has the
added safety benefit of avoiding the potentialljatite H, and Q supply gas mixture.

The GDL also plays a complex, multifaceted rolehwitthe PEM fuel cell. Diffusion
layers facilitate mass transfer, which includeshbetactant and vapour flows, from the flow
channel to the catalyst layer, the reaction sitiéncell. In addition, the gas diffusion layer
is the electrical conductor that transports eletrim and from the catalyst layer. The ability
to effectively transport mass through the GDL ipitglly quantified using permeability.
While there exist a number of studies that meas@®@t permeability for the application in
computational modelling, as presented by Gosticil.ef48] and Feser et al. [49], minimal
experimental work has been presented on varyingneability and the resultant
performance response. Willlams et al. [19] studmwmime effects of varying GDL
permeability and found weak proportionality betweparmeability and performance.
However this study chose to vary permeability bgrafing the GDL media. This resulted in
the influence of factors, such as polytetrafludngktne (PTFE) loading, and GDL fibre
construction on the performance trend. An impdrtanent advance in GDL technology is
the use of a micro porous layer (MPL) on the catadyde of the GDL. The MPL consists of
carbon black powder and a hydrophobic agent. dtbdeen reported that the MPL increases
the catalyst utilization and the overall fuel gedirformance depending on its structure [50-
54]. Lin and Nguyen [54] found that the additionaoMPL on the GDL offered better fuel
cell performance even when exposed to a lowertaictsometry. To ensure proper mass
transfer the diffusion layer must provide a cleansport pathway, as such, the effective
function of the GDL depends on preventing liquidtevabuild-up. To facilitate mass
transfer and prevent water build up, diffusion lsyare treated with a PTFE adhesive
coating. Studies of the influence of this coatoimgcell performance found that the optimal
loading value of PTFE was 15-30 Wt% [11, 52, 59, F®oorer performance at higher PTFE
was attributed to the lack of hydrophilic pathwayshe diffusion layer, which prevented the
flow of product water on the cathode side to thgolair plate flow channel, resulting in

electrode flooding.
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2.3 PEM Fuel Cell Compression

Compression of the fuel cell can affect a numbeopdrational parameters within the cell.
The degree of cell compression controls the GDtkiless, contact resistance, and sealing
force. Increased compressive force reduces tlutrield contact resistance within the cell,
through improved interfacial contact. It also e@ses the compression of silicone gaskets,
thus increasing the sealing force at flow interfaathin the cell. Compression of the GDL
can have a significant affect on its physical props. Increasing the compressive force
changes the porous structure within the GDL, rauydhe proportion of void space.
Gostick et al. [48] presented that this reductidrvoid space will change the diffusion
properties of the cell as well as its electricahawctivity. The study found a consistent
inverse proportionality between porosity and peioildgg values of the GDL. This trend
was correlated by Tomadakis et al. [57] in a stoflg multitude of porous materials. Given
a known GDL structure Tomadakis could provide pexildy as a function of porosity to
within 25% of experimentally calculated values. wFstudies have presented experimental
data on compression. Barber et al [58] studiedamresistance for varying compressive
load. It was found that surface contact was opahi at the maximum allowable
compressive force. Chang et al. [59] also preseate experimental study in fuel cell
compression but performance data was not genera@ehtact resistance and conductivity
were quantified for an irregular cell configuratiod number of computational studies on
inhomogeneous GDL compression have been perforri®e63]. Zhou and Wu [63]
analyzed the mass transfer properties of the GDtosnding the land area in the bipolar
plate. Due to the ribbed design of the flow platanpression at excessive levels can lead to
inhomogeneous compression of the GDL. The land ammpresses the GDL while the
channel offers no resistance; as a result the GbLryxes into the channel cross-section.
This formation was found to limit diffusive masarsfer and current density locally, at the
point of over compression. However, these linotasi were balanced by reactant cross flow,
where excessive pressure gradient between adjelanhels resulted in the flow bypassing
the channel through the GDL. This phenomenon aagaa convective mass transfer and
promoted better reactant delivery [60, 63]. Leale{64] and Ge et al. [65] presented GDL

17



compression studies, however these studies chaggetate their cells for extended periods,
and introduce factors such as component degradatidnexcessive liquid water build-up.
The trend of inverse proportionality between compi@n and performance could not be
solely attributed to the compressive effects agg also a function of time.

There clearly exists the need to perform a thoroB&M fuel cell compression study.
This would allow for the study of all compressioslated parameters, including surface
contact and sealing pressure, and their effecuehdell performance. This research would
also allow for the investigation of GDL permealyiland conductivity as a performance
variable, independent of other GDL factors sucHP&&E loading and fibre construction.
This work would offer valuable insight into optimebmpression techniques for fuel cell

operation, as well, provide data to be applieditare computational models.

18



Chapter 3

Experimental Apparatus and Conditions

The experimental setup included a PEM fuel celthvein active area of 100 éprand test
station. The cell was an in-house design andpbkeifications for all components, including
bipolar plates, current collectors, MEA, end platasd sealing media are presented in detail
in this chapter. The test rig was a Fuel Cell Auated Test Station (FCATS), designed and
constructed by Hydrogenics, Inc. This chapter dificuss the test station design and will
offer an uncertainty analysis of the data collect@@ ensure consistent test conditions and
repeatable results, a deliberate and precise ags@nocedure was required for the test fuel
cell. This chapter will present the assembly aisdssembly techniques for all tested fuel
cell configurations. Repeatable data also relies @onsistent test procedure. Identical test
procedures were applied to each test cell assemhbigh included three test phases. First,
the integrity of the cell had to be ensured byingstor the presence of leakage. Once proper
sealing had been established the flow field ofdék was analysed by the investigation of
flow channel pressure drop data. The final phaas the performance test, where cell
potential data was collected for a consistent ciirrdensity domain. The detailed
methodology of the three test phases will be pteskin this chapter.

3.1 Fuel Cell Components

Due to the large number of parts and layered coctstin of the PEM fuel cell, a great deal
of precision was required in the design of the ftedl components in order to ensure proper
cell performance. This section will outline thesidm of the fuel cell used in the study and
all of its components. The overall assembly pressbmvas selected not only for its robust
design, but to allow for the continuation of pasperimental research. This specific
assembly has been used in previous performancé@mdests presented in literature [15,

66]. As well, some of the components used in #s=@bly were provided at no cost, as part
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of contractual agreements with the Fuel Cell aneée@rEnergy Group, specifically the
MEA, which provided significant economic incentifa@ their use. The complete PEM fuel

cell assembly is depicted in Figure 3.1.

Figure 3.1: PEM fuel cell assembly

3.1.1 Bipolar Plate

The bipolar plates were machined from resin impag¢ggh graphite plates. Though graphite
is brittle and can be difficult to machine, it afea number of desirable properties for a fuel
cell flow channel material. The carbon structusestable and is therefore resistant to
corrosion in the hostile fuel cell operating comadis. Also, the material provides favourable
electrical conduction, which is important for propeell function as the flow plate is a
component of the current collection pathway. Idiadn the graphite has a low density, and
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therefore adds little weight to the overall assgmbRAnother option for bipolar plate was
metal, specifically aluminium, titanium, or everaistess steel. Though steps have been
taken to develop plates of these materials a nurobebstacles are still present. Metal
provides vastly superior electrical and thermalduantivity; however the production of an
oxide layer on the plate surface of these metasstabally inhibits electron transfer,
effectively increasing cell resistance. Effortscreate light weight metal alloys that have
been processed so as to avoid this oxide buildaye Iproven to be expensive and have
produced excessive pressure losses, such as pedfarafoamed metal. An effective low-

weight and low-cost metal bipolar plate has ydi¢aleveloped for commercial applications.

The bipolar plates were machined with a serperftove channel layout, as illustrated in
Figure 3.2. The layout design has its advantagesdisadvantages. The single channel
construction creates a relatively long reactanwflpath and therefore can result in
substantial pressure drop and a large parasiticepdvad. However, the advantages are
significant, as this channel arrangement has soiperater management capabilities. The
single serpentine flow field eliminates areas afystant flow that are pervasive in other flow
channel layouts, such as the parallel or pin-typw fields. The lack of flow stagnation
eliminates liquid water build-up as all water detgl are forced through the channel to the
flow field outlet [8]. In addition, the large psase drop within the channel can aid in the
removal of product water in vapour form. The rielatof molar flow rate for water vapour
and reactant gas is illustrated in equation 6 [8fan be seen from this equation that as total

pressure decreases, the capacity for vapour flemimareases. Should

O
Nvap _ I:>\/ap _ I:>\/ap
P. P-P

O
N gas gas vap

(6)

sufficient pressure drop exist in the anode charthied phenomenon has been found to draw
water from the cathode side, through the membranthe anode flow channel, where it is
exhausted from the cell and results in significamthproved performance at high current

densities [67]. Table 3.1 summarizes the dsies and flow parameters for the bipolar
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Figure 3.2: Bipolar plate serpentine flow charagbut

Table 3.1: Bipolar Plate Flow Channel Dimensiond BRlow Parameters

Dimensions Flow Parameters
Width - a (mm) 1.0 | Cathode Flow Rate (sccpm) 1994
Depth - b (mm) 1.1 | Cathode Repp 2110
Land Width - w (mm) | 1.0 | Cathode Entrance Length (mm) | 133
Channel Length (m) 5.1 | Anode Flow Rate (sccpm) 502
Number of Turns 50 | Anode Repy 724
Anode Entrance Length (mm) 45
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plate channel. The flow parameters are calculatatie current density of 0.6 A/émTo
allow for a general cell temperature measuremeiii@ inch diameter hole was drilled into
the top, inlet side, of the cathode bipolar plat@uring cell operation the hole would be

occupied by the cell temperature thermocouple amddvallow for temperature regulation.

3.1.2 Membrane Electrode Assembly (MEA)

The membrane manufacturer, SolviCore, offered teetede assembly constructions; a
five layer MEA and a three layer MEA. Both constians included a membrane layer and
two catalyst layers. But the five layer constroitincluded two, fastened gas diffusion
layers, that were hot pressed to the membrane, leyelie the three layer assembly required
external gas diffusion layers to be placed on tHeAMluring the cell assembly process.
Though the five layer MEA was initially suppliedltimately the three layer MEA was

selected for the final experimental cell configiomt The change in MEA was made
following preliminary tests and the reasons behimg decision are presented in section 4.1.

In this section the specifications for the threglaVEA will be presented.

The MEA, displayed in Figure 3.3, was manufactuusthg Nafion 115. Nafion is a
sulfonated tetrafluorethylene copolymer createdDoyPont. The naming convention for
Nafion uses the equivalent weight, the weight ofiddeper mole of the sulfonic acid group,
and thickness to distinguish between varying typdor this experiment, Nafion 115,
describes Nafion containing 1100 g equivalent weigh Nafion at a thickness of 5
thousandths of an inch, or 12im. The catalyst layers were carbon supportednulat
with a platinum content of 0.4 mg Pt/€for both the anode and cathode catalyst. While
virtually all of the MEAs were constructed with the4 mg Pt/crha few assemblies with
catalyst layers loaded at 0.2 mg Ptiquer electrode were also used in the study dutirg t

platinum loading sensitivity testing.
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Figure 3.3: Membrane electrode assembly with 8rlagnstruction, Nafion 115 with 0.4
mg Pt/cni per electrode

3.1.3 Gas Diffusion Layer (GDL)

The gas diffusion layers were also supplied by i€ave. The GDLs were manufactured
using carbon fibre filaments, g in diameter, arranged randomly in the surfaceeland

stacked through the GDL thickness, as illustratedrigure 3.4. The carbon filament is
bound using a carbon based adhesive and is codated\80 wt% PTFE treatment to make
the porous layer hydrophobic. The surface in adntdgth the catalyst layer was coated with
a microporous layer (MPL). The MPL consists ofbcar black powder and approximately
10 wt% PTFE, which acts as a hydrophobic agenttarmnd the powder. The porosity of
the diffusion layer was given to be 78%, which he tratio of void space to total GDL
volume. The resistivity of the layer was providasl 80 n@2-cm as determined through 4
point probe measurement. Due to proprietary reasum other GDL properties were
provided by the manufacturer. In order to gairitfer insight into the structure of the GDL
scanning electron microscope (SEM) images wexgtuced for both the carbon fibre layer
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Figure 3.4: GDL filament arrangement with two dimai®nal random fibre structure [57]

and the MPL, as illustrated in Figures 3.5 - 3T&e GDL material was supplied in large 30
x 30 cm sheets and individual GDLs used in the asflembly were cut from these sheets.
Templates were designed to ensure identical GDledsions for all cases. The individual
layers were designed to be square with dimensiéorib x 105 mm. These dimensions
would allow for the diffusion layer to overhang thége of the channel area by 2.5 mm, and
would allow for a slight margin of error in the assbly procedure while maintaining

complete coverage.
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Figure 3.5: SEM image of GDL carbon fibre layek 2Bagnification
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Figure 3.6: SEM image of GDL carbon fibre layep2Znagnification

26



Figure 3.8: SEM image of GDL MPL 5000x magnificati
27



3.1.4 End Plates

The fuel cell end plates were custom manufacturech fan Aluminium alloy, 6061. This
material satisfied the functional requirements loé &nd plate, high strength (125 MPa
tensile strength) and high thermal conductivity Q18/m-K) [68]. High strength was
required so as to ensure that the end plate wantldeflect under the fuel cell sealing force,
therefore the compression force would be distridbuggenly over the entire cell surface.
While high thermal conductivity was required in erdto facilitate heat transfer from
external heating pads that were required to heatctl to its operational temperature.
Aluminium 6061 is easily machined and is used imumber of practical applications,
including automotive parts, and was therefore tgadiailable. Also it was relatively cheap
compared to other aluminium alloys. The aluminiend plate used for the PEM fuel cell

assembly is shown in Figure 3.9.

Clearance

holes

/

NPT thread

Figure 3.9: PEM fuel cell aluminium end plate
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End plates for both the cathode and anode side wemeufactured identical to one
another. Twelve clearance holes were machinedydlu perimeter of the plate, three to a
side, as illustrated in Figure 3.9. These holesevsized for a free fit to accommodate %"
SAE 8 bolts. Two %" NPT threads were tapped inagjte corners of the plate, designed to
accommodate flow connectors for the reactant iatet outlet flows. Two mal&” to ¥4”
NPT fittings were attached to both the inlet antleduports. The copper current collector,
outlined in the following section, was fastenecedily to the end plate interior surface. To
isolate the current collector electrically from tead plate an EPMD rubber gasket was
placed between the plates. Though electricalllaied, the rubber allowed for a thermal
connection between the surfaces which facilitatethe heating of the fuel cell assembly to

operational temperature, via the external heat.pads

3.1.5 Current Collector

The current collectors used for the PEM fuel cefpexrimental assembly were designed in
house and were machined in the Engineering MacBinog, one such collector is displayed
in Figure 3.10. The collectors were manufacturechfC15720 copper, which contains 99.6
wt% copper. The copper provided both excellenttat=al and thermal conductivity with 89
S/m and 353 W/m-K respectively, measured at 206&]. [ Through holes were drilled at
opposite corners of the collector to allow for taat gas flow, with spacing identical to that
of the aluminium end plate, as illustrated in Feg@r10. A terminal was machined at the top
of the plate to accommodate an external load cdimmec The load terminal was fastened
with a %" bolt and clearance hole for this conrattivas required at the top of the collector
terminal. Also an additional clearance hole washred for the compression bolt that
passed through the connection plate terminal. dloé=arance holes are also identified in
Figure 3.10. As was previously mentioned, the emnrrcollector was fastened to the
aluminium end plate. A rubber gasket was empldyetaveen these surfaces to isolate the
plates electrically while also ensuring proper isggfor the inlet and outlet reactant flows.
Silicone gaskets were employed to seal the reafftamtbetween the current
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Figure 3.10: PEM fuel cell copper current collecto

collector and the bipolar plate. These gasketsthadundesirable effect of isolating the
current collector electrically from the bipolar f@aand effectively cut the current collection
pathway. The gaskets prevented the current coldéam making contact with the bipolar
plate surface. In order to remedy this, GDLs wplaced in the centre of the current
collector plate and would allow for contact witretbipolar plate when the assembly was
compressed. As previously mentioned, the GDL wassttucted from carbon fibre and is

electrically conductive, thus completing the loaduait.

3.1.6 Bolts and Sealing Hardware

The fuel cell assembly was sealed using twelve AE 8 bolts. To allow for even
distribution of the bolt compression force and tsw@e locking of the nuts, Belleville and
flat washers were incorporated on both the nuttaidhead sides of the cell.
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Reactant gas flow between the solid layer intedaxfehe PEM fuel cell was sealed by the
application of silicone gaskets. These interfanelided the reactant flow ports between the
current collector and the bipolar plate and arothred perimeter of both GDLs, sealing the
membrane layer and the bipolar plate. Additionaskgts were positioned around the
perimeter of the current collector in order to ntaiim a uniform seal between the collector
and the bipolar plate. Also a GDL was placed tanfithe centre of these gaskets, fixed to
the bipolar plate, so as to ensure electrical abridatween these two surfaces, as illustrated
in Figure 3.11. The gasket material was a thinggasilicone, with a thickness of 2%@n.
The silicone was available in sheets of dimensiihs 25 cm, and individual gaskets were
cut from this larger stock. The GDL gasket wastouit snugly around the GDL perimeter
and was designed with interior dimensions of 108& mm, allowing for 0.5 mm spacing,
and exterior dimensions of 122 x 122 mm, as ilatsdl in Figure 3.12. To maintain
consistent gasket dimensions templates were dekigsiag AutoCAD and were employed

in the fabrication process.

Figure 3.11: Bipolar plate with GDL current coliecfastened on back face
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Figure 3.12: GDL gasket configuration

3.1.7 Shims

During the precision compression control portiontleé experimental study, shims were
incorporated in the fuel cell assembly to limit G@ickness and control the degree of
compression. The shims were positioned in the gdaree as the GDL around the perimeter
of the GDL, between the membrane layer and theldrigdate, as illustrated in Figure 3.13.
The shims, constructed from high strength rigid eniat, would stop bipolar plate

compression of the GDL at the shim surface, thustai@ing GDL thickness equal to the

shim thickness regardless of the compressive fapgdied. By changing the thickness of
the shim used in the assembly, the thickness, laa@fore degree of compression, of the
GDL could be manipulated in a precisely controlfashion. Shim stock was available in
brass and stainless steel. The brass stock wasetatted due to its high ductility. The

brass shim was prone to deformation under the cesspse stress of the fuel cell and

32



4
\ , <
4 Bipolar plate
\ 5 - e \
= s
s/ / i
N7 =
- Membrane laye
7 v
' e A
- - L
7 s i Shim locatiol
/ a h
o e
# 4 A
\ / | eoL
o s
/ et 7]
fd il P
B 2 |y -
\ / e g
s I ;

Figure 3.13: PEM fuel cell cross section identifyshim location

was therefore not be a reliable method of GDL théds control. The stainless steel stock
had the advantage of high strength and high camossistance. Resistance to corrosion is
especially important due to the hostile environmprégsent in the fuel cell. The high

moisture content and high fuel cell operating terapee are conditions that can accelerate
the corrosive process. The high strength of tleelstnsured minimal shim deformation

under the compressive force and therefore guardmiesxise and repeatable control of the
degree of compression. Since the gas diffusioarlés/designed for slight compression, to

ensure complete surface contact, shim thicknegsatbee all less than the thickness of the
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GDL, 240um, were selected. Stainless steel shim stock waitable in thickness of 8, 6
and 4 thousandths of an inch, 200, 150, and {difi0respectively. When fabricated, the
individual shims, as designed for insertion inte ttell, were cut at 10 cm lengths with a
width of 8 mm, so as not to extend beyond the mamiisurface. Also the sharp edges of
the shims had to be filed down, as these edgesdcpaotentially damage the fragile

membrane layer.

3.2 Fuel Cell Assembly Procedure

In order to minimize the presence of unwanted perémce variables and ensure repeatable
experimental results, a consistent and deliberaleassembly methodology was applied.
This assembly methodology is presented in thisi@ectTo arrive at such a methodology
was an experimental process in itself. Numerotesrgits were made before a final precise
procedure was developed. The greatest difficultg wnsuring proper alignment of the cell
components without contaminating the reaction oifusion surfaces. The key to
overcoming these obstacles was found to be progleca@amponent design and preparation

along with a great deal of patience.
The cell assembly procedure is as follows

1. The first step was to prepare all single use cafthmponents. This included the
GDLs, the GDL gaskets, and the MEA. The diffusiayer and the gaskets were
cut to their specified dimensions with the aid @mplates, created using
AutoCAD. An extremely sharp utility knife was uskedcut the components which
allowed for precision along with the exertion dflé physical effort, as extensive
force would damage the diffusion layer. The MEAksging was cut open, but

the MEA was not yet removed so as not to contaminstsurface.

2. Using the assembly jig, the twelve compressionsbatre aligned upright, with
the bolt head side down. The jig kept the bolignad in the desired pattern as the
components were stacked on top. The cathode siiplate was the first layer to
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be placed on the jig, with care taken to alignlib&s through the proper clearance

holes.

. The bipolar plate was then placed on the curretiector plate. The plate was
aligned such that the inlet and outlet flow patighe bipolar plate were in line
with their respective current collector flow path3he bipolar plate and current
collector had identical dimensions so proper alignhwas guaranteed by ensuring

that that two plate perimeters were flush and sguath one another.

. The following layer included the GDL and the GDLsgat. The GDL was placed
directly on the bipolar plate flow channel, orieth®ich that the microporous layer
was exposed. Care was taken to ensure completxages of the flow channel,
including the inlet and outlet ports on the plafehe gasket was then set on the
bipolar plate surrounding the GDL. Tweezers weseduto finely tune the
alignment of these components. The gasket's tackface made it easy to work
with as it would stick to the bipolar plate surfagken a slight compressive force

was applied.

. The MEA was then layered on top of the GDL and gaskThe MEA was
removed from its protective casing and was cendiexttly over the GDL. Again,
the tacky membrane and gasket surfaces worked adresive when compressed

to one another, securing the MEA in position.

. The following layer was the anode GDL and gask&his layer was the most

difficult to assemble as the gaskets had to benatiglirectly on top of one another
while also aligning with the GDL and the bipolaat@. For the anode side of the
cell the gasket was inserted first. Since thenpeteér of the membrane layer was
transparent, the cathode gasket was visible andisexs as a reference to align the
anode GDL gasket. To avoid contamination, tweenene again used to adjust
the alignment precisely. Once the gasket had adhterthe membrane layer, the

GDL was placed in the void in the centre of thekgasmicroporous side down. If
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the gasket had been positioned correctly, the GQdulev fit snugly into the
opening, with 0.5 mm of clearance on all sides.

7. To align the bipolar plate on the GDL layer stasslesteel guide bars were
employed. The guide bars allowed for the bipolatgs to be aligned flush and
square with one another. Due to the symmetricgdesf the cell, alignment of
these components guaranteed proper alignment hétlilaw channel surface and
the porous layer. The anode bipolar plate wastickdrto the cathode plate, such
that when the two were assembled in the cell, Wittw channel side in, the inlet
ports were both at the top of the electrode assgrbt on opposite sides of the x
axis, established in Figure 1.1.

8. The final layer was the anode end plate and cuweltéctor. First the clearance
holes in the end plate had to be aligned with ttrepression bolts. The plate was
lowered to a point such that the clearance holdsjist engaged the bolts but the
current collector had not yet contacted the bipplate. At this point the end plate
would be carefully lowered so that the current exdlbr edge was flush with the
anode bipolar plate.

9. The washers were placed over the compression &dtshe nuts were threaded on
and tightened by hand, so as not to fully compties<ell.

10.The next step was to insert the stainless stegisshiThis was not done for every
cell assembly, only those that required the preoigepression control. Shims, all
of equal thickness were inserted on either sidda®imembrane, inside the bipolar
plates. The shims had to align directly on topié another on either side of the
membrane, with care taken to ensure that noneeogtims extended beyond the
membrane perimeter. Such a scenario could hawdiedsn a short circuit of the
current collection pathway, or critical damage be tmembrane layer, both of
which would have significantly compromised the expental results. Tweezers
facilitated this shim alignment process a great.dea
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11.0Once the shims were in place, should they be redquthe nuts were tightened
using a torque wrench. Tightening was done inestag as to evenly distribute the
compressive force over the cell, without overlogdome of the edges. Bolts were
tightened to a minimum value of 50 in-lbs (5.65 N-nThe centre bolts on each
edge were tightened first, alternating sides a&tah bolt. The same was done for
the other two bolts on each edge. Once the ircbahpression was complete the
cell was fully compressed. For assemblies witlsinians, the cell was compressed
by applying the desired torque value, again altargasides for each bolt position.
For shimmed assemblies, torque was applied atasirg increments of 5 in-lbs
until the bipolar plates engaged the shims. Oheeshims were fully engaged, the
cell was fully compressed. Though in theory thteoduction of the shims into the
cell assembly meant that precise torque control m@srequired, so long as a
minimum value to engage the shims was applied, atgembly could not be
compressed passed the shim thickness. Howevesnextover compression was
not desired as it could potentially result in tledge of the fragile MEA and the
introduction of unwanted variables. For this reagbe incremental torque

application was instituted.

12.The final step was a visual inspection of the cellhe current collectors and
bipolar plates were inspected to ensure they wash and square. The membrane
perimeter was checked for tears or other forms ahabe. The shims were
inspected to check that they had not shifted duttiregassembly process and were
still in their desired positions. Following thesual inspection, the cell was ready

for the test procedures.

3.3 Hydrogenics Fuel Cell Automated Test Station (F  CATS)

The FCATS is a fully integrated fuel cell test miat designed and manufactured by
Hydrogenics Corporation. The basic system compsneciude a gas supply system, an

electronic load box, and a personal computer whigls the control and data logging
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program, HyWare ®. Using a LabVIEW ™ interfaceg #tation allows for the control of
important cell parameters to more than acceptaiideances. These parameters include the
reactant flow conditions such as inlet pressuilef temperature, relative humidity, and flow
rate, as well as overall cell temperature and tleetrgcal load conditions, current and
voltage. The system also monitors the stabilitytt@ cell and maintains safe operating
conditions. Safety controls are an extremely irtgrdrfeature as the test rig can present a
potentially explosive environment as it requiresdibgen gas supply. The FCATS is

displayed in Figure 3.14.

Figure 3.14: Hydrogenics’ Fuel Cell Automated T8tdtion (FCATS)
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The gas supply system consists of two separatedol@itioning lines. The reactant gas
is supplied by interchangeable external pressurizgidders. For the study in question the
cathode side was supplied with high purity hydrogenile the anode was supplied with air,

both with a zero moisture content. Other compasgiincluding pure oxygen, or low purity

hydrogen with either carbon dioxide or carbon modexcan also be used. Figure 3.15

illustrates a schematic of the gas supply systeéfhe nitrogen supply line is connected

directly to both reactant streams and is used tgethe system when it is required, typically

before and after performance testing. Steam gtmsrare used to humidify the reactant

streams, as the moisture content is essential dariegy proper membrane function.

Dry

reactant gas is supplied so that this moistureerirdan be precisely controlled. The steam

is supplied using a deionised water supplyard5 kW bubbler steam generator. The
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precise moisture content is attained by condenairygexcess vapour. This is accomplished
by passing the reactant flow through a heat exatramghich also contains a chilled water
circulation. The heat exchange process create®ghase flow, and the condensate can
then be extracted. The supply is heated to itsetktemperature, ideally the cell operating

temperature, using the heated reactant supply hose.

To maintain overall cell operating temperature mpée temperature control system was
implemented. Although the heated reactant gaslgamg the current flow generated during
cell operation would supply heat to the cell, theserces were insufficient as they could not
rapidly achieve operating temperature and mainitaat a controlled level. The control
system consisted of two flexible electric heat pdiked with a clamp to the cell end plate, a
thermocouple, located in the cathode bipolar pkate, a fan placed in close proximity to the
cell. The heat pads would rapidly raise the overall temperature, which would be
monitored by the bipolar plate thermocouple. Tipolar plate location was selected, due to
the fact that this was the closest site to theti@acsurface that could accommodate a
thermocouple. When the operating temperature whigwed, 80 °C for this study, the heat
pads would shut off. Should the temperature reaclkexcessive level, over 81 °C, the fan

would be engaged, rapidly increasing heat trartefére surrounding environment.

The load controller was the SDI 1043 model, desigamd manufactured by TDI
Transistor Devices, USA. The load box specifiaatiavere for 50 V and 400 A, combining
for 2000 W of power. The box is fully integratedtiwthe HyWare control system, and can
be controlled in both galvanostatic and potentiostaodes. The most valuable function of
the integrated system is the load follow mode fat st operation. This mode allows for
the inlet flows to be controlled through the desitead setting, according to the specified
stoichiometry. This is the ideal method for getiagaconsistent cell potential curves, as a

function of current load, while maintaining conserst reactant flow rates.
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3.3.1 Uncertainty Analysis

With any experimental procedure there will existeatain level of uncertainty within the
results. The uncertainty for the FCATS, as prodidey the manufacturer [69], is
summarized in Table 3.2. The uncertainty of tlwevfparameters is with reference to full
scale (FS), or the maximum flow value. The teati@h is capable of measuring up to 350
kPa, however, the manufacturer recommends a maxiprassure of 250 kPa, and does not
guarantee the accuracy of any results beyond thig.pA similar condition existed for the
fuel cell voltage parameter. While the station wapable of providing readings to 0 V, the
manufacturer recommended that no readings belo® \0.Be taken, as accuracy could not
be guaranteed below this point. There exist a mundf sources of unquantifiable
uncertainty, making it difficult to determine theié¢ accuracy of results collected. However,
consistent results were obtained. The proceduregdch performance test configuration

were repeated several times, with standard demsiiothe range of 0.0008 — 0.004 V.

Table 3.2: Summary of parameter uncertainty foAFS

Parameter Units Range Uncertainty

Anode sccpm | O - 4000 +1% FS
Flow

Cathode sccpm | 0 - 16000 +1% FS
Temperature °C -20 - 100 +2°C
Pressure kPa 0-350 + 3 kPa

Voltage (high range) v 10-50 +0.25%

Voltage (low range) 0-10 +0.5%
Load :

Current (high range) A 5-400 +0.25%

Current (low range) 0-5 +0.5%

3.4 Test Procedures

In order to ensure accurate and consistent expetaheesults, a precise and systematic test
procedure was developed. This procedure involeeedet distinct test phases. First, the
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integrity of the cell had to be ensured by tesforgthe presence of leakages. Once proper
sealing had been established the flow field ofdbkk was analyzed by the investigation of
flow channel pressure drop data. The final phaas the performance test, where cell
potential data was collected for a consistent cdrrgensity domain. The detailed

methodology of the three test phases will be pteskin this section.

3.4.1 Leakage Test

In order to ensure the integrity of the test asdgmbor to the flow and performance tests a
leakage test was implemented. This test identifgadtages attributed to improperly sealed
interfaces as well as reactant cross over. Imprgpaling would have resulted in the
leakage of reactant flow into the surrounding emvmnent, thus reducing the capacity of the
cell to properly deliver these reactants to thecttea surface and compromising cell
performance. Reactant flow crossover is the phemom where reactant flow passes
directly through the membrane layer, bypassing rémection surface altogether, and is
attributed directly to membrane integrity. The qaece of this phenomenon would also
compromise cell performance. The test process avalort but effective procedure. A
pressure gauge, equipped with a flow valve, waseriad in the cathode inlet, while the
cathode outlet was blocked. The cathode supply fidoe was then fastened to the pressure
gauge on the cathode inlet. A small cathode readkaw was initiated, 200 sccpm, after
checking to ensure that the pressure gauge valek been switched open. After
approximately 100 kPa of pressure had accumuldtedflow was terminated and the
pressure gauge valve was closed. At this pointréagling on the pressure gauge was
monitored. Should a leakage or flow cross ovempdhe pressure reading on the gauge
would drop. This process would be repeated forahede side, should the cell pass the
cathode side leakage test. If the cell shoulddigiiler of these tests then it would have to be
adjusted. The more likely source of this pressing would be due to gasket leakage.
Therefore the most appropriate immediate plan @baovould be to disassemble the cell

and replace the silicone gaskets. Should the faédlla second leak test, then reactant
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crossover would have to be investigated furthemcethe membranes are significantly
more expensive than the silicone gaskets disca@niIEA would have to be sufficiently
justified. To specifically test for reactant crasger the same leak test procedure would be
followed, however, with the addition of an anoddletutube that would be placed with the
exhaust end in a small container of water. Dutimg test, should this glass bubble, then
reactant cross over would be confirmed and the MiBAuld be discarded. It should be
noted that no cell assembly failed consecutive lemits and no reactant cross over was
found to be present. In fact, once the assemlaggulure had been finalized, no cell failed a

single leak test.

3.4.2 Flow Test

The flow test was designed to identify changes fiasgure response to flow rate as
compression was manipulated. Also, flow test deta valuable in identifying other flow
phenomenon, such as internal leakage resulting fimsufficient surface contact. The
procedure involved running the cell at graduallgr@asing reactant flow rates and collecting
the corresponding flow channel pressure drop dataorder to isolate for the effects of
changing flow field geometry the flow was providedth no humidification and each
reactant flow, both anode and cathode, were ruivithehlly. This would effectively
eliminate any liquid water build-up which could mificantly affect the cells pressure
response. Flow testing both the anode and catlilose channels was found to be
redundant. Due to cell symmetry, they both exhabiost identical pressure drop response
as a function of flow rate. Since the flow dom#&n the cathode side is more expansive
during performance testing, it was selected toesgmt the overall cell flow channel pressure

drop.

The steps of the procedure were as follows. Tist §tep is to activate the entire test
station, which includes activating power suppliesl @pening all flow valves. Then the
cathode inlet and outlet tubes are attached to tespective fuel cell ports. The cathode

reactant flow was initiated, starting at the vabie200 sccpm. Since the operational flow
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domain occupies mostly the lower flow rate regithre, incremental increase of flow rate for
the flow test was smaller. As the flow rate insegh past 1000 sccpm, the increment was
increased, as flow data in this region was notigsifcant. For the range of 200 — 1000
sccpm the flow rate was increased at incrementi©6fsccpm, for the range of 1000-3000
sccpm the flow rate was increased at incrementS06f sccpm. This generated a broad
spectrum of pressure data, with finer detail in ribdgion of greater interest. For each data
point the cell was given sufficient time to reathasly state, 90 s. The maximum flow rate

tested was 3000 sccpm, at which point the flowwsast terminated.

3.4.3 Performance Test

The performance test was designed to allow foriiepection of cell potential and power
density response, as a function of current densttychanges in cell compression. In
addition the procedure was used to investigatesensitivity of this performance response to
changes in catalyst platinum loading. Each tel$twaes run at varying current load settings,
increased incrementally, while cell potential wasnitored, along with several other
controlled parameters. The load follow control wiaed to manipulate flow rate and control
the current domain, this was applied by changimgldlad setting and setting the appropriate
flow stoichiometry. For a given load and stoicha&ing value the test station would set the
appropriate flow rate that satisfied these condgio Stoichiometry in this case refers to the
ratio of the molar flow rate of reactants suppltedthe cell versus the molar flow rate of
reactants consumed by the cell, as determined doypalanced chemical reaction equation.
Simply put, stoichiometry provides a factor of howch excessive reactant is provided, for
example, a stoichiometry of 2 means that twicerdggiired amount of reactant is supplied.
The initial current value was 5 A, which, for thevegn experimental cell, resulted in a
current density of 0.05 A/cm No consistent maximum current density was eistadd as
there were factors that effectively limited the domdepending on the cell construction and
test conditions. These factors were flow channkgtipressure and cell potential. As was

mentioned in section 3.3.1, the test station wdsstable at pressure values exceeding 250
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kPa and cell potential values below 0.35 V. Inhetast case one or both of these factors
limited the maximum current density set point. MAgher flow rates, in the high current
density region of the domain, pressure would climeexceed 250 kPa or cell potential
would drop below 0.35 V. When either of these poias reached the performance test
would be terminated. In order to neutralize thiea$ of liquid water build-up and MEA
degradation on the performance of the cell, eash assembly was run for only two
consecutive performance tests. This would endwateany changes in performance were not
attributed to cell flooding or catalyst erosion moisoning, and that every compression
configuration would have a level playing field. tReen consecutive test runs, the cell was
cooled to ambient temperature, and purged, cleamgliquid water or reactant remnants
from the cell. Following these two consecutivetdebe cell was disassembled and single
use components, such as the GDL, the GDL gaskdtfrenMEA were removed from the
cell. No cell was disassembled immediately follogva test as residual thermal stress from
the layered cell construction posed a risk of dangadpoth disposal and permanent cell
components. For this reason the cell was allowedobl to ambient conditions and was

fully purged prior to disassembly.
The performance test procedure was as follows;

1. The first step was to fully activate the test stati This included opening all water
and gas supply lines and connecting all power segplOnce the station had fully
booted, the HyWare program was initialized and tladVIEW interface was

opened.

2. The fuel cell was then connected to the test statibhis included inserting both
inlet and outlet tubes for the anode and cathamle 8hannels, connecting the load
terminals to the current collector plates, clampimg heat pads to either side of the
cell on the end plate surface, and inserting thide®perature thermocouple in the
cathode bipolar plate. The cell was also wrappih fibreglass insulation as this

aided with heat retention and accelerated theain-up process.
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3. Atfter cell hook-up was complete the appropriaterafpeg parameters were set.
The overall cell temperature was set to 80 °C, ihmitiated the electric heating
pads. The steam generator was activated for bethriode and cathode flows and
the appropriate flow parameters were set, outlimdable 3.3, where relative
humidity is represented by RH. Since the flow veasitrolled using the load
follow setting, a minimum current density was ussdthe minimum flow rate
parameter. The corresponding stoichiometry théabéshed the associated flow
rate that satisfied the current density settinghe Tminimum flow rate was
established to ensure proper flow control, as &s¢ $tation would not initiate a
flow rate for current densities below 150 mAfcmvhich corresponds to 0.15
Alcm? and 15 A for the experimental cell in questionhisTmeant that lower
current density domain values, 0.05 and 0.1 A/cwould operate at slightly
elevated stoichiometry, however at these low curdemsity values, the increased

stoichiometry had a negligible effect.

4. The cell would have to reach its operational terapge, 80 °C, before data
collection could begin. To facilitate this processmall load was applied to the
cell, 0.25 A/cri. Operating the cell would generate heat and atioev cell to
reach operational temperature sooner. The warnpugeess typically took
between 60 and 90 minutes.

5. Once operational conditions had been achieved thdommnmance data was
collected. Just prior to data collection, the eedk fully purged as a precautionary
step. This would ensure that all other factorsshsas flooding would not
compromise the data collected. The cell was ruer @ current density domain
beginning at 0.05 A/cfmand increased at incrementally until it reached an
operational limitation, outlined earlier in thiscien. During data collection cell
temperature was monitored carefully and was maiathiwithin the bounds of 80-
81 °C. At each value in the current domain théwak provided sufficient time to
reach equilibrium, which was a minimum of 3 minute& datum point was

collected for all relevant parameters at everye&tbads.
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6. When the operational limit had been reached, the dallection was terminated
and the current load was removed. The cell wdyg fuirged and left to cool to

ambient temperature before a second run was pestbrior the cell was

disassembled.

Table 3.3: Summary of test fuel cell flow paramete

Flow Min. Flow Rate | Min. Flow Rate | Inlet Temp. (‘C) | RH Stoichiometry
Channel (mA/cm?) (sccpm) (%)

Anode 150 126 80| 100 1.2
Cathode 150 499 80| 100 2
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Chapter 4

Results and Discussion

The results from the experimental tests of numeRIS! fuel cell assemblies, performed at
varying operating conditions, are presented andudied in this chapter. The experiments
place emphasis on the effects of compression onpdmormance of a PEM fuel cell.
Following difficulties with the performance of theriginal fuel cell configuration, a
preliminary design analysis was performed in ordsfine the experimental setup and
procedure. This investigation compared two MEA frpmations for the experimental
assembly, a five and a three layer electrolyte mbse The five layer MEA was the
assembly used in the original fuel cell configuratia more recent MEA design, while the
three layer assembly was a design that had beehimgeevious fuel cell experiments. The
cell was assembled with either MEA and the assediatariations in performance were

guantified.

Once the design had been finalized, the fuel esll assembly was validated through a
comparison with pre-existing fuel cell performamceves. The goal of this analysis was to
establish the quality of the fuel cell assembltigke to peer tested and commercial PEM
fuel cells. This was done in order to confirm theegrity of the experimental assembly in
guestion and ensure results generated from thesrddyg were relevant to the advancement

of fuel cell technology.

Following the validation of the cell design a pmalhary compression analysis was
performed. This compression study aimed to ingasti changes in flow and performance
behaviour as a result of increasing cell compressiaried through applied torque. A
general performance and flow trends as a functionompression were identified. The
factors potentially affecting cell performance, alhwere manipulated by cell compression,
were identified as:

» Sealing and surface contact

» Pressure drop across the flow channel
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» Porosity of the GDL

Each factor was analysed independently in ordefetermine the individual contribution
to changes in performance. Poor sealing and sudactact are undesirable in any fuel cell
operation and were therefore isolated and elimthatélultiple modes of leakage were
discussed, including external and internal leakagd,a method of identifying their presence
was presented. A consistent symptom of incom@ettace contact was identified, it being
a unique pressure response. The presence of thssyse response was then used to

guantify the performance gain from proper sealing surface contact.

In order to consistently ensure proper sealing sundace contact as well as precisely
control the degree of compression, a revised cossme technique was required. Varying
the applied torque was not a reliable method agad difficult to apply subtle changes in
compression. Once surface contact was eliminatesd\ariable, the effects of compression
would most significantly affect the flow field aritie GDL physical properties, both a
function of GDL thickness. A technique to cont@DL thickness, as opposed to applied
compression force was employed. By introducingnkas steel shims, parallel to the GDL,
its thickness would be maintained regardless ofieghporque, so long as a minimum value
was applied. This would allow for the detailed lsgsz of compressive affects beyond the

sealing and surface contact.

The detailed analysis was then performed usingskfi® compression control technique.
The effect of varying pressure response, as a tredulincreased compression, was
investigated as a performance variable. In ordeyain a better understanding of the mode
of pressure variation in the flow field, a theorati model was developed to simulate a
known flow scenario. This scenario was then combao the pressure drop results for the
experiment in order to identify a trend in presstegponse. Once a trend was identified,
increased pressure drop for increasing comprestienpressure could be manipulated via
the test station for performance tests of cellhwerying compression, on the scale that it

changed in the various compression thicknessesrder to ensure equal pressure. By
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comparing the cells operating at equal pressurevaning compression, the performance
contribution of pressure could then be quantified.

Following the quantification of the pressure resgmmrontribution to performance, the
final remaining variable was GDL porosity. Compies of the GDL would decrease the
porosity, as a compacted GDL would fold in on ftsélling the void space with its own
solid media. The decrease in porosity would reisutthanges to the physical properties in
the porous media. The properties of particulaergdt were permeability and electrical
conductivity, as these have the greatest impactalh performance. Changes in these
properties, with respect to changes in porosityewestimated using correlations from
literature. Once a general trend in physical prige was established, the effects of these
changes on performance of the fuel cell were ardlysThe performance behaviour was
presented in terms of cell potential and power digrdata, collected through controlled
compression, experimental testing. The limitingtda of fuel cell performance was
identified and the benefits of precision fuel @gmpression were quantified.

Finally, the sensitivity of cell compression, arfee tresultant performance response, to
changes in platinum loading was investigated. @&fhect of reducing platinum loading on
cells of varying degrees of compression was presentwith the goal of furthering

commercialization through facilitation of cost retion.

4.1 Membrane Electrode Assembly (MEA) Design Analys is

Originally the PEM fuel cell assembly included aefilayer MEA, as this was the most
recent version offered by the electrolyte suppliétowever, after problems arose during
both high and low compression tests, use of the layer MEA had to be re-evaluated. As
the three layer MEA has been used in past stugi¢sebFuel Cell and Green Energy Group,
it was hoped that the three layer assembly wouitdedy these difficulties. The two

assemblies differed in a number of aspects. Teelfiyer MEA possessed two additional

layers, GDLs, which were fastened to the assent)bcant to the catalyst layer. It was this
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restrictive design of the five layer MEA, with axéd GDL, that resulted in poor
performance. The three layer MEA possessed no fastened GDL, and required an
external GDL, which would be layered adjacent, htt fastened, to the catalyst layer. The
two configurations also had different physical stanes, while the five layer GDL possessed
a fragile structure, with a porosity of 85%, the IGBupplied by the manufacturer for the
three layer assembly was denser and more rigith, avgorosity of 78%. The two electrolyte
assemblies were compared at two compression valulegih compression case, where the
GDL thickness was controlled at 100 microns, andva compression case, with a GDL
thickness of 200 microns. A comparison of the ¢hamd five layer MEA dry flow test
results for high compression test revealed no usete phenomena, as illustrated in Figure
4.1. Both experienced a close to linear progressiopressure as flow rate was increased.
The larger pressure drop seen in the three layeh gdh be attributed to the denser carbon

fibre arrangement in that GDL, discussed in motaitle the following sections.
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Figure 4.1: MEA design comparison for cathode swes drop during dry flow test, 5 and 3
layer MEA with 0.4 mg Pt/cfn
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During the warm-up period for the high compressmerformance test the cell was
exposed to constant anode and cathode flow rags?2 Jand 498.6 sccpm respectively.
Ordinarily a flow channel exposed to a constaniftate and constant operating conditions
would experience a constant pressure drop ovechbenel length. During the warm-up
procedure the conditions within the cell were gedlyuchanging, from dehumidified
ambient conditions to a steady state temperatuB0ofC with a gas flow at 100% relative
humidity, operating conditions. As a result theegsure drop across the channel was
expected to see a nominal increase from initialdd@ns to operating conditions. The
warm-up cycle for the high compression five layenfiguration displayed a significantly
larger pressure drop increase than was to be egediigure 4.2 displays a comparison of
the cathode inlet pressure for a high compressimetlayer MEA cell assembly and that of
the five layer MEA fuel cell. It can be seen tha two cells experienced similar pressure
conditions up until ten minutes into the warm-ugley at which point the cathode pressure
for the five layer MEA cell increased at a sigrdgiintly greater rate. At the point where the
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Figure 4.2: MEA design comparison for cathode sues drop during fuel cell warm-up
procedure, 5 layer and 3 layer MEA with 4 mg Pt/¢high compression)
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cells have reached operating temperature, aftghigl’O minutes, the three layer MEA cell
had a cathode pressure of 51 kPag, while the &iyerlassembly reached a cathode pressure
drop of 152 kPag, an increase of 151% (101 kPaghis high pressure would have
significantly limited one’s ability to extract meagful performance data as the test station
would have reached its maximum pressure readirgralatively low current density. The
drastic change in pressure behaviour of the fiyerlaell from the dry flow test to the warm-
up cycle would lead one to believe that the changiermal conditions of the cell was a
causal factor in this shift. This was confirmednglisassembly, as the five layer MEA was
examined and was found to have critical GDL stmattdamage, displayed in Figure 4.3 and
Figure 4.4. The thermal expansion in the cell miyihe warm-up had distorted the GDL.
With the GDL fastened to the membrane layer itéitglio expand uniformly was restricted,
that combined with the high cell compression, 106roms, resulted in the distortion. This
distortion and compression combined with the GOitsictural fragility resulted in the GDL
being crushed and forced into the flow channelagthe GDL perimeter thus inhibiting the

flow through the channel and significantly increastihe pressure drop.

Figure 4.3: Damaged 5 layer MEA - 1
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Figure 4.4: Damaged 5 layer MEA - 2

The low compression, five layer, cell assembly ldigpd better operational pressure
performance. Figure 4.5 displays a comparisorhefdperational pressure curves for the
five and three layer MEA cell assemblies, with 20@ron GDL thickness. The five layer
MEA cell operated at only marginally lower presstiren the three layer cell, and there were
no pressure spikes, which indicated that the fiaged GDL had not incurred any
catastrophic damage during the heating of the cdlhe lower degree of compression
allowed for greater mobility of the GDL within tressembly. However, an analysis of the
performance results for the five layer MEA reaffedh the shortcomings of this
configuration, displayed in Figure 4.6 and Figur&.4 Visual inspection of the graphs
revealed that the three layer cell was capablepefaiing at a significantly larger current
density before reaching the limiting cell voltage0e35 V and was therefore capable of
attaining much greater power density. Direct corispa at a current density of 0.5 A/Em
reveals that the three layer cell operated at a §ater power density (0.12 W/&m Upon

examining the disassembled cell, following thet snd a sufficient cool down period, the
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Figure 4.5: Comparison of operational cathodequmesfor 5 and 3 layer MEA cell
assemblies with 2 mg Pt/éflow compression)
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Figure 4.7: Comparison of cell performance fon8 & layer MEA cell assemblies with 2
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lower compression five layer MEA also appearedd@bysically deformed. The damage in
this case was not a result of compression but rattenbrane distortion. Thermal strain,
created by the varying thermal expansion coeffisief cell components, caused the GDL to
separate from the membrane layer and protrudendiniei centre of the electrolyte assembly.
This separation would have resulted in poor reaatalivery and was most likely the cause
of the poor performance. In addition to the perfance limitations the five layer MEA did
not lend itself to the controlled compression pchoe outlined later in this chapter. The
design did not allow for measurements of the GDlbéomade independent of the other
membrane assembly components, and the restriciiweenof the assembly made it difficult
to contain within the fuel cell. The five layer MEvas eliminated from the fuel cell design,
as it was proven to be vastly inferior, and repibwgth the three layer MEA with a separate
micro porous GDL.
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4.2 Fuel Cell Performance Validation

In order to ascertain the quality of the perforneresults obtained by the fuel cell assembly
in question, a comparison of performance data peduby similar cell configurations,
tested by peers, was performed. Figure 4.8 andré&ig.9 display a comparison of the
performance results of the current cell assemblyelled MacDonald (2008) and that of a
previous model, labelled Sabir (2004), which wasigleed and tested at the University of
Waterloo. Sabir, a former colleague and membén@fuel Cells and Green Energy group,
built and tested his cell at the University of Whie as part of a MASc study [15]. This
design was the basis for the current fuel cell gtesvith only minor modifications in the
components used and the assembly process. Thkis @ifi ideal scenario for comparison as
the equipment used for the performance test wesetichl to that used to test the present
fuel cell design, thus minimizing changes in valeskaffecting performance. As well, since
the testing was performed in house, a detailedstrgot of the test procedure and assembly

variables was available for comparison.
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Figure 4.8: Performance comparison of current R&dl cell configuration with peer tested
configuration
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Figure 4.9: Power density comparison of curren¥iR&el cell configuration with peer
tested configurations

The case selected for comparison was chosen t@ kardlar to the peer tested cells as
possible. Table 4.1 summarizes the test paraméerthe two cases presented in the
comparison. Though Sabir tested a number of cordigns, in order to limit the affect of
flow channel design, the comparison was limitedoafiguration that contained bi-polar
plates with a single serpentine channel desigrualimispection of Figure 4.8 and Figure 4.9
reveal that while the current assembly displayedllar performance to the Sabir design in
the low current density range (< 0.3 Afnit displayed significantly higher cell potential
and power output in the high current density ragrg@e3 A/cnf). This discrepancy was most
likely due to the difference in the clamping foraeed in the two designs. The lower
clamping force of the Sabir assembly would havegative impact on cell performance, a
phenomenon that will be discussed in more detaténsections to follow. Other differences
in cell parameters, such as 0.13 mg Pt/cm2 higtegmpm loading and 0.3 higher anode
stoichiometry would have benefited the Sabir desigihad negligible impact. In order to

further validate the present cell design, asdammparison with a commercially available
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Table 4.1: PEM Fuel Cell Comparison Test Pararaeter

Case MacDonald (2008) Sabir (2004)
Pt. Loading (mg Pt/cm?) 0.40 0.53
Cell Temperature ("C) 80 80
Clamping Force (kN) 74.7 26.7
Cathode Stoichiometry 2.0 2.0
Anode Stoichiometry 1.2 1.5
Active Area (cm?) 100 100

fuel cell power module was conducted, presenteéignre 4.10 and Figure 4.11 [70]. The
Nexa™ Power Module, produced by Ballard, was setetdr the comparison. The Nexa™
module was selected due to the availability of glkeeformance data as well as the fact that
Ballard is an industry leader in PEM fuel cell ade@ament and their cell performance would
be indicative of the industry standard. Both cellerate on ultra high purity hydrogen as

the fuel and air as the oxidant. Due to peipry issues, very few cell parameters were
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Figure 4.10: Performance comparison of current P& cell configuration with
commercially available configuration
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provided with the module performance data; howdeeithe purposes of this comparison,

validation of the current design, the two assershiiere found to be sufficiently similar.

The data for the Ballard power module was extratiaoh performance data provided for
the module stack, consisting of multiple cells aged in series, and had to be scaled down
to allow for comparison in terms of single cell foemance. This process was facilitated by
the availability of single cell operating referengeints. The Nexa manual offered the
complete stack power curve, along with the openudirvoltage (1 V) and approximate
voltage at peak power (0.6 V) of a single cellncgithe cells are arranged in series, the total
cell potential would be the sum of all the indivédicell potentials. Dividing the total stack
potential by the number of active cells, in thise#orty three, would provide an estimate of
the single cell potential and power. When comparedhe reference data provided the
estimated single cell performance showed excedlgntement, with a cell potential of 1 V
and a peak power voltage approaching 0.6 V. Siacprecise active area was provided for

the Nexa™ module, although it was found to be clms&00 cr, data was presented in
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terms of total current and power, as opposed teentidensity (A/crf) and power density
(W/cn?). Inspection of Figure 4.10 and Figure 4.11 rés/éizat the experimental design and
the Nexa™ module yield similar cell potential armver outputs for the low current region
of cell operation (<30A). The Nexa™ performancerveu does not provide much
information for the high current region (>30A), hewer the Nexa™ module appears to
deviate slightly below the experimental fuel cetitgntial and power curves, indicating
poorer performance beyond this region. The curgperimental assembly performance was
found to be in sufficient agreement with industgading and peer tested designs and

therefore was deemed to provide data relevantet@attvancement of fuel cell research.

4.3 Preliminary Compression Analysis

Following the validation of the cell design a pmalary compression analysis was
performed. This compression study aimed at ingastig changes in flow and performance
behaviour as a result of increasing cell compressiaried through applied torque. The
factors potentially affecting cell performance, alhwere manipulated by cell compression,
were identified. Once these factors were idemtjfiechey could then be analysed
individually, in greater detalil.

Using the assembly procedure, provided in sectidh 8everal PEM fuel cells were
assembled and sealed with varying torque valudeg CElls with varying compression were
then run through the test procedure, includingfliitne and performance tests. The effect of
this varying compression on cell performance wél discussed in this section. A general
performance trend as a function of compressionidestified. In addition, factors that are
most greatly affected by cell compression were tifled in order to identify all potential

casual factors of this performance trend.

The fuel cell assembly was sealed with bolts tigateto four different torque values. The
torque values ranged from 50-80 in-lbs and inceasen increment of 10 in-Ibs. Fuel cell

designs can vary significantly in the fastenersduseboth size and number. Therefore
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torque value alone does not offer a sufficient éatlon of the degree to which a cell has
been compressed. It is imperative to offer a usalemeasurement that can be readily
compared across a humber of assemblies. Fordason the torque values were converted
to a total clamping force using a bolt torque tangbing force conversion, provided in

eqguation 7.

T[N
F =—— 7
) (7)

Wheret is the applied torque, N is the number of bolted)sD is the nominal bolt
diameter, Eis the resultant clamping force, and C is thetifysit coefficient. The friction
coefficient has a value of 0.2, operating underabksumption that regular series nuts and
bolts with rolled threads are used, acting on sedawithout lubrication. Table 4.2

summarizes the applied torque values and the egdutital clamping force.

Table 4.2: PEM Fuel Cell Clamping Force

Torque (in-Ibs) To;%lr((::;a(rll(’lﬁ;ng
50 53.4
60 64.1
70 74.7
80 85.4

The varying compression assemblies resulted inifeigntly different performance and
power characteristics, displayed in Figure 4.12 Bigdire 4.13. It can be seen from these
figures that as compressive force increases, sddes cell performance, to a point. Beyond
this optimal compression, cell performance droppetiealing that over compression can
hinder cell function. Another notable featurehis tirastic increase in performance from the
64.1 kN cell and the 74.7 kN cell. Though bothpthy similar performance in the activation
region of the polarization curve, the 74.7 kN &tlbws significantly increased performance

in the mid and high current density regior®jowing less sensitivity to ohmic and
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concentration polarization. Inspection of the 7dnd 85.4 kN curves reveals that the higher
compression cell has only slightly reduced, butajalr performance over the low to mid
current density region. However, in the high cotrdensity region (> 0.7 Alcth the
negative effects of the excessive compression becamre evident. The 85.4 kN
polarization curve begins to drop at an increasdd, mesulting in the levelling off of the
power curve, thus limiting peak power. The 74.7 disblays an increasing power density
curve in this high current density region due te thetter performance entering the

concentration region of the polarization curve.

To better understand this phenomenon of performéetaviour resulting from varying
compression, one must understand the physical mwvicbemental changes occurring within
the cell during this compression. The physicaldtire within the cell undergoes significant
change during compression. As the cell is compres®n-rigid materials within the cell

compress, this would affect the gas diffusioretagnd the silicon gaskets. Compression of

Interfaces requiring

silicon gaskets

Figure 4.14: PEM fuel cell cross section

64



the silicon gaskets would result in increased sgdbrce, as it is the region where the gasket
contacts solid cell materials where a tight seatresated. Figure 4.14 displays a fuel cell
cross section and identifies the regions whereditison sealing interface is required. Due
to the multiple layer construction of a fuel ceflsambly, proper sealing is critical in the
proper delivery of the gas phase reactants to @betion surface, the catalyst layer at the
centre of the cell. In addition to improved seglimcreased compression in the silicon
gasket would result in improved surface contach&ymulti-layered cell. A lack of surface
contact between the current collector and flowdfiplates or between the flow field plates
and the GDL could drastically increase electriedistance, thus limiting the ability of the

cell to draw current and increasing voltage loss#ectively limiting cell power production.

Compression of the gas diffusion layer changegptysical properties of the GDL and the
flow conditions within the cell. Increased comige force results in a significant change
to the flow field across the fuel cell flow channiélustrated in Figure 4.15. The results

displayed in Figure 4.15 were generated dutime provided flow test procedure, by
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Figure 4.15: Effect of assembly torque on cathm@ssure drop for dry air flow
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applying an unconditioned air flow through the cath flow channel. Examination of the
results revealed that increasing compressive foeselted in an increased pressure drop
across the flow channel, another factor possiblytrdouting to the varying performance
results. The porous nature of the GDL would makeusceptible to changes in physical
properties. Increased compression would resudt decrease of void space present in the
GDL. The Bruggemann correction, forms of which previded in equations 8 and 9, is a
device typically used in modelling to relate thdkbphysical properties to those displayed
by a porous media. Here the correction is an #¥edool used to display the effects of

decreasing the void space, or porosity, on GDL igayproperties.

W= e I, ®)

The form of the correction displayed in equatiow@uld show the relation of properties
found to be negatively affected by a decrease nogty, such as diffusivity of a specific
species, or more generally, permeability through porous media. Another form of the
equation, displayed in equation 9, is used to disphe relation of properties positively
affected by a decrease in porosity, such as etattonductivity.

LPkeﬁ = (1_ &y )1'5 [}, 9)

These changes in physical properties may also ibaterto the performance behaviour
displayed in cells of increasing compression, dmadly permeability and electrical

conductivity of the porous media.

To summarize, increased cell compression was fdondesult in increased fuel cell
performance to an optimal point. Beyond this pantdreased compression was found to
have a negative affect on the polarization and paueves. Critical factors resulting from
the compression of the fuel cell, affecting thesanges in performance, were identified to
be, sealing force, pressure drop, permeability, @ledtrical conductivity. The effects of
each of these factors on fuel cell performance W&l analysed and their individual

contribution to increased performance of a PEM &l will be identified in the sections to
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follow. Through this further study, it was hopedidentify whether each of these variables
were a causal factor in the performance behaviowese merely a neutral result of the cell

compression.

4.4 Sealing and Surface Contact

Poor sealing and surface contact are undesiralasyiriuel cell operation and were therefore
isolated and eliminated. Multiple modes of leakagee discussed in this section, including
external and internal leakage. A reliable methddntifying their presence was also
presented. A consistent symptom of incompleteaserfcontact was identified, it being a
unique pressure response. The presence of tresyseeresponse was then used to identify
the presence of poor contact and quantify the pmdace gain as a result of proper sealing

and complete surface contact.

Proper fuel cell sealing and surface contact areofa that can have a significant impact
on fuel cell performance. A leak in the cell asbgntan severely limit the ability of the cell
to deliver the reactants to the reaction surfacastetally reducing cell efficiency. While a
lack of sufficient surface contact can cause aifsogmt increase in electrical resistance and
result in voltage losses, thus limiting power pratthn. However with proper cell design

assembly techniques, these issues can be addressed.

The construction of a fuel cell assembly, consgstih multiple solid layer interfaces with
gas transport between them, can make leak prevedifoicult. Leaks have been broken
into two modes, referred to by the author as erleand internal. An external leak was
defined as a leak between a sealed interface ioethéo the surrounding environment. This
mode of leakage would most likely be caused by@enimg in the silicone gasket, created
by a tear or improper interface contact. It caoabut with less frequency, be caused by a
physical deformation or crack in a solid layer lo¢ fuel cell. This leakage occurs only in
extreme cases and is more difficult to rectify asusually requires a new part to be

manufactured. An external leak was easy to idgasfit was consistently detected using the

67



seal test procedure previously outlined. If pressould not be maintained within a blocked
cell flow channel then the cell had an externakle@his leak was rectified by disassembling
the cell and replacing all silicone gaskets.

An internal leak was defined as a drastic deviafrmam the flow path inside the cell
assembly. This type of leak can be more diffitaltdentify and precise care is required to
prevent this phenomenon. The internal leak isclpi the result of poor surface contact
within the cell, specifically between the GDL ard surrounding solid media. This flow
deviation is not to be confused with the flow dé&wia resulting from bulk motion into the
GDL itself, but rather flow into an opening createyl a gap between two media. As the
flow will follow the path of least resistance, tkegaps can cause the flow to completely
bypass the reaction surface and significantly liimé cells performance. The gaps occur in
two locations, around the perimeter of the GDLwssn its edge and the interior gasket
edge, illustrated in Figure 4.16, or between theL&Drface and the flow channel plate,
shown in Figure 4.17. The perimeter gap is crebtedoor gasket and GDL design, simply
put the GDL is too small or the gasket has beenemtad wide. This creates a gap around
the GDL where flow can escape and bypass the ozastirface. To prevent this, extreme
precision was ensured when cutting the media asdnasling the cell. The GDL was
designed for a precision fit, resting snugly on ihterior gasket edge. Using gasket and
GDL templates as a guideline was found to be aelkxt practice to follow. This ensured
consistent gasket and GDL sizes limiting variapitt manufacturing tolerances. Another
preventative measure was to develop a deliberadepeacise assembly procedure so as to
ensure that little unnecessary movement occurs wtearking the cell, outlined previously
in the experimental procedure section.

lllustrated in Figure 4.17, the interface of thewl plate and the GDL is also a source of
flow deviation. The gap could theoretically octuiatween the catalyst layer and the GDL,
but pressure gradient in the through plane diractaveated by the high pressure reactant
flows, force the GDL onto the membrane surfacegaf at the flow plate surface is due to
improper cell compression and insufficient surfaoatact. It can arise from the cell being

under compressed, when the gaskets are not cbedp® a thickness equal to that of the
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GDL. A gap can also be created by uneven appicaif the compressive force. When one
side of the cell assembly is over or under comgseelative to the other edges, this can
create a gap along the under compressed edgetingsul a local flow deviation, limiting
the ability of the cell to properly deliver reactano the catalyst layer. As expected, this
flow deviation would have a negative impact on perfance.

In addition to creating a flow bypass, insufficisnirface contact can significantly increase
the resistance of the current collection circuitotlgh the cell media. Proper current
collection involves the transfer of electrons tlgbuhe GDL to the flow plate and then
through the flow plate onto the copper currentestilbn plate. Improper contact at either of
these surfaces would result in an increased eleclmnv path, and therefore would
drastically increase resistance. If there was zpemtact at these surfaces, the resistance
would effectively increase to infinity, as the stance to electron transfer through a gaseous
media is extremely high. In both cases, increasasgstance would cause significant losses
in cell potential, and negatively impact cell penfance. Due to the relationship between
proper surface contact and increased performancegag crucial to identify the flow
behaviour resulting from these internal leakages,well as identify the performance
behaviour directly attributed to this lack of castta Creating a scenario to identify the
contribution of the contact to increased perforneamould allow for other compression

factors, such as GDL compression, to be furthelyaad.

In an attempt to identify changes in flow and perfance behaviour within the cell due to
internal leakage and a lack of surface contact,ekgerimental cell data for cells with
varying compression factors was compared agairsin&rol case. The control case was
designed with specifications that would ensure pgmoface contact. By creating a case
where flow bypass and poor electrical conductiangraranteed, one could identify similar
behaviour in a cell where these phenomena weradro be limited. To achieve these
unfavourable conditions a change was made to the @d3ket, increasing the thickness by
5 thousandths of an inch, or 127 microns. Theease in gasket thickness, while
maintaining GDL thickness, would result in the @mse of poor surface contact between the

GDL and flow plate surface.
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Figure 4.18 displays the results of the flow test the control cell and those of the
experimental compression cells. Inspection of tlot peveals excellent agreement of the
pressure curve of the 254n assembly, with 53.4 kN compressive force, witht tbf the
control case, with a 38jim gasket. This suggests the presence of a sifithar field.
Further examination reveals that the 254 cell with 64.1 kN compression possesses a
pressure curve that is parallel to the 53.4 kN aedl the control case. Though the 64.1 kN
case displays increased pressure drop, the pacalhet suggests similarity in the flow field.
The similarity in the pressure curves indicates tha two lower compression experimental
assemblies are also insufficiently sealed. Theettsimilar, low pressure, cases display
significantly different flow behaviour than the higy compression, 74.7 kN, case. The 74.7
kN cell has a higher pressure drop at the minimlaw fate, suggesting a different initial
flow geometry. The flow also exhibits more sensitpressure response to increased flow
rate, as the rate of pressure drop increase wsttent to flow rate is considerably larger than
the two lower compression cases, 53.4 kN and 64, akd the control case.
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Figure 4.18: Effect of internal leakage on cathpoessure drop
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The change in pressure response was due to a cimatingeflow field within the cell. The
change in the flow field can most likely be atttdd to proper surface contact and
elimination of flow bypass. The presence of flowpass resulted in reduced pressure
response due to the fact that the flow, followihg path of least resistance, was provided a
flow path with significantly fewer obstacles. Ao# with proper contact would force the
flow through the narrow flow channel and would fdeso some degree of bulk motion
through the porous GDL. Both of these paths affeater resistance and pressure loss than
an open flow field, created by a gap in the GDWiflplate interface. This concept of
changing flow fields due to changes in geometrga assult of varying compression will be
discussed in greater detail in the section to ¥ollo

This qualitative pressure analysis suggests thatidtver pressure cases are improperly
sealed while the high pressure case has suffigerface contact and is properly sealed.
Analysis of the performance results, displayedigufe 4.19 and Figure 4.20, reinforced this
hypothesis. The control case and the two low cesgion experimental cells display almost
identical potential and power density responsentwelasing current density, with the 64.1
kN cell displaying marginally better performancetla high current density range, (CD >
0.5 Alcnf). Due to the similarity in the performance respowhen compared to the control
case, it was apparent that the two lower compressiases were also insufficiently
compressed, possessed internal leaks, and lackeplete surface contact. Comparison of
these poorly constructed cells with the highest m@ssion configuration reveals the
importance and significant benefits of proper sgpind complete surface contact. The 74.7
kN cell displays higher performance values overdhgre current density domain, with the
most significant gains in performance found in thildle to high current density region
(CD>0.15 Alcni). These gains are due to decreases in ohmic @amdentration
polarization, losses that are dominant in thosé@rnsg The decrease in ohmic polarization
can be attributed to the decrease in electricasteesce. This decreased resistance was a
direct result of the proper surface contact in high compression cell, providing a better

flow path for the electrons extracted for curreoilection. The reduction of concentration
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polarization was due to the proper delivery of tml reactants resulting from the

elimination of flow bypass.

Poor sealing and surface contact within the fudl st assembly were isolated and
eliminated. Multiple modes of leakage were ideatifand discussed, specifically external
and internal leakage. A reliable method identifytheir presence was presented and the
performance gains attributed to proper contact quntified. It was found that proper
sealing and surface contact were essential tonattaioptimal fuel cell performance.
However, though sealing and surface contact weeatiiled as dominate contributing
factors to ensuring optimal performance, theseopernce gains could not be solely
attributed to proper surface contact as other facieere not controlled. There exists the
need to analyse the effect of the other factorect#fl by cell compression, specifically
porosity in the GDL and pressure within the flowachel, independently, in a case where

proper surface contact has been guaranteed.

4.5 Detailed Analysis

In order to consistently ensure proper sealingsamthce contact as well as precisely control
the degree of compression, a revised compressimitpie was required. Varying the

applied torque was not a reliable method as it diffscult to apply subtle changes in

compression. Once surface contact was eliminatesd\ariable, the effects of compression
would most significantly affect the flow field arithe GDL physical properties, both a
function of GDL thickness. A technique to cont@DL thickness, as opposed to applied
compression force was employed. By introducingnktas steel shims, parallel to the GDL,
its thickness would be maintained regardless ofiegpporque, so long as a minimum value
was applied. This would allow for the detailed lgsz of compressive affects beyond the
sealing and surface contact. This section intredutbe shim compression control design,
and presents a brief study performed in order taficn the integrity of the new shim

assembly. Once the shim compression techniquevalatate the analysis of pressure and

porosity contributions to changes in fuel cell periance was performed, both as a function
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of cell compression. The results from this dethéa@alysis is provided in the subsections to

follow.

It was found that proper sealing and surface contace essential to attaining optimal fuel
cell performance. However, beyond proper sealihgre were a number of factors
previously identified to be affected by cell congsi®n. It was found that subtle changes in
assembly torque resulted in significant changefiow field geometry and performance.
This was due to the cell design that included teddolts contributing to the compressive
force. Small changes in individual bolt torqueued would multiply by a factor of twelve
over the entire cell. As well, it was difficult tensure even torque over the entire cell
surface, as the precision of the wrench itself éowt be guaranteed. Torque, alone, as a
method to control compression was found to be fi@ent. A new procedure that would
ensure complete surface contact and ensure evpplied compression was required. To
satisfy these needs an assembly procedure thatlveoultrol the thickness in the GDL, as
opposed to compressive force, was applied. Théraoof thickness would ensure that
proper contact was made, while also allowing farcgge changes in compression without
relying on precise torque application. The thidswavas controlled through the application
of stainless steel shims, placed in the gasket @Ddl layer within the cell, illustrated
previously in the apparatus description. The shisetected at three thicknesses, all less
than the GDL thickness, would offer resistanceaimpression, for any magnitude of applied
torque, so long as it exceeded the value that wegiqusly identified to provide proper
sealing. For the GDL with an uncompressed thickrm#230um, shim thicknesses of 200,
150 and 10@m, (8, 6 and 4 thousandths of an inch), were sadecThe material selections
were limited to brass and stainless steel. Thed stas selected to its low reactivity and high
resistance to corrosion. Conditions within thd,d@gh temperature and moisture content,
are favourable for corrosion, and the presencéisfghenomenon would be detrimental to
the operation of the fuel cell. These shims waudtl only serve as a precise compression
control, but would also allow for even GDL compiessacross the surface. By physically
opposing over compression on any particular edgthefcell, the shims would guarantee

that a consistent thickness on all edges was niagtta
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While the shim offered a number of advantages tatrotling cell compression, their
presence could also potentially be a detrimenhéocell. The biggest concern, was that the
presence of a material with a high electrical catidity close to the reaction surface could
create a short in the system. This would causeltwtron flow to pass through the shims as
opposed to away from the reaction surface to theeot collection plates. The solid
polymer membrane was found to offer sufficient &leal resistance to prevent against such
a scenario. However, if shims positioned on opgposiectrodes were able to come in
contact with one another, a short circuit wouldcbeated. This unwanted contact was found
to arise through two different modes. The firssvea electrical short created by shims that
were in contact beyond the perimeter of the men#radare had to be taken to ensure that
the shims were positioned in such a manner so ssntain within the total membrane area.
The second mode was through a tear in the membrBineugh measures had been taken to
soften the sharp edges of the steel, the compeeé$sice of the cell combined with the
fragility of the membrane material occasionallyuleed in a tear in the surface. In this case
the only solution was to replace the membrane asunent could be collected with the

presence of the short circuit.

With proper precautions taken so as to avoid atstiocuit of the current collection
system, the integrity of the modified cell assemlibs still in question, as the experimental
response to the presence of the shims was stithamk. Though the theory behind the
application of the shims was sound, a practicdl wes required to ensure proper pressure
and performance response. The test would ensatetiib cell displayed proper pressure
change, to indicate a change in the flow field getmyn Also, an analysis of performance
data was required in order to ensure this mod#igsembly displayed performance that was
comparable to a conventional cell assembly. Theltefrom the flow test for three varying
shim assemblies are provided in Figure 4.21, tlos gfers a comparison with the results
from the high torque assembly and the low torqueembly, previously identified to have

poor surface contact. Figure 4.21 displays ttatthree shim assemblies display varying
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pressure response, indicating a change in flow gégm While a comparison with the
leakage flow test reveals that all three shim ab#iemdisplay pressure response indicative

of proper sealing and surface contact.

Figure 4.22 and Figure 4.23 provide the resultsfe performance test for the 150 and
200 um shim assemblies as well as the results from treventional assembly with a
compression torque of 74.7 KN. These plots retteatl the shimmed assembly displayed
comparable performance with similar cell potenéiatl power density results. The addition
of the stainless steel shims to the fuel cell expental assembly was found to have no
negative impact on cell performance and flow field¥he shim compression method

provided sufficiently accurate experimental datalevbffering precise compression control.

78



4.5.1 Pressure Analysis

The effect of varying pressure response, as a tredulincreased compression, was
investigated as a performance variable and is ptedan this section. In order to gain a
better understanding of the mode of pressure vamiat the flow field, a theoretical model
was developed to simulate a known flow scenaribis Ecenario was then compared to the
pressure drop results for the experiment in ordeidéntify a trend in pressure response.
Once a trend was identified, increased pressune fdrancreasing compression, the pressure
could be manipulated via the test station for pemBnce tests of cells with varying
compression, on the scale that it changed in thewscompression thicknesses, in order to
ensure equal pressure. Through a comparison ofpénmrmance results for the cells
operating at equal pressure but varying compres#iencontribution of pressure to changes

in performance was then quantified.

As was mentioned in a previous section, an incr@asell compression force resulted in
an increase in the slope of the pressure vs. fade/curve, Figure 4.15. Leakage and lack of
surface contact was presented as one cause ophleisomenon, however the physical
change in the structure of the GDL can also coutelto this increase in pressure drop. In
order to develop a better understanding of thisnpheenon, a theoretical model was
developed, in this section, to model the flow tlgiodhe channel in the cell flow plate. This
model, using fluid dynamic relations, would calc¢aléhe pressure drop of a flow passing
through a rectangular flow channel with the samengeiry as those found in the flow field
plate in the experimental cell. This model couldrt be compared against the experimental
pressure drop data in order to identify the medrarfor increasing pressure. The increased
compression of the fuel cell was also found to Iltesuan increase in performance, to a
point. Following the theoretical analysis, thictgen investigated the relation of pressure
and performance gains. Using the shim compressmnirol method the effect of cell
compression, and changing flow geometry on presstop was displayed, independent of
any leakage effects. Once this change in presgasequantified the effect of the magnitude
of this pressure drop on cell performance was itiya®d. By creating an induced pressure
drop, through manipulation of inlet pressure, iow compression, 20Am, cell, equal to or
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greater than that experienced by the high compmessll, one could determine the effect of
this change in pressure on performance. If thesome was a significant causal factor, the
low compression cell would display the performamugrease similar to the found in the

high compression cell.

Due to the difficulty in affectively modelling thidbow with a porous boundary wall, the
channel was assumed to have solid walls on allssidgefore the model was derived, a
calculation of the Reynolds number was performedilbtflow rate values, in order to
determine nature of the flow, laminar or turbulefibe calculation for the Reynolds number
in a rectangular duct, provided in equation 10based on the hydraulic diameter of the

channel.

pIVID,
Re, =————~ 10
D, 1 (10)

Table 4.3 summarizes the results from these cdionta at the higher end of the flow
domain, 1500-3000 sccpm. It was found that thevflentered the laminar-turbulent
transition region, 2000 < Re < 4000, at a flow m@ft€000 sccpm and reached a maximum
Reynolds number of 3175 at a flow rate of 3000. sfgte the presence of turbulent
transition, a majority of the flow domain was foutedbe laminar, for values less than 2000
sccpm, and since no reliable friction coefficierises in the transition region the flow was

assumed to be laminar throughout the entire domd&ihe total pressure drop through the

Table 4.3: Summary of Reynolds number calculations

Flow Rate (sccpm) | Reynolds Number

1500 1587
2000 2116
2500 2646
3000 3175
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channel was modelled as the sum of two sourcesesfpre loss; losses due to friction and

minor losses, represented by equation 11.
P =P + R, (11)

The pressure drop due to friction was modelledhgyformula presented in Equation 12
[71].

P, =plglh; (12)

The head loss due to friction can be calculatedeth@n a hydraulic diameter of the flow

channel, according to equation 13.

L Vv?
h. = f ———
' D, 29 (13)

The friction factor was extracted from tabulatedluea of fRe, , which was

predetermined for a duct with a rectangular cresgien for varying ratios of width and
height. Using the previously calculated Reynoldmhber, these tabulated values could be
isolated for the friction coefficient, presenteckigquation 14.

C
f=c— (14)

Re,,
Equations 13 and 14 were substituted into equat®rand simplified to form a more
practical form of the friction loss relation, prased in equation 15. Velocity was taken to

be the average velocity, determined by the flow,rdt=Q/ A.. The value of C for the flow

channel in the experimental cell, for a width toghératio of 0.91 (a/b = 1/1.1) was taken to
be 56.91.

[CILI
p =HCILQ (15)
2[A D,
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The minor losses are also calculated with referanceninor head loss, displayed in

equation 16.

P, = ploh, (16)

In this case the head loss is also proportionghéoflow inertia and is calculated by the

relation provided in equation 17.

2
hm:Kw
2L

After substituting equation 17 into equation 16 thaor loss equation takes the form

(17)

provided in equation 18. Once again the averafgitg has been calculated as the ratio of

volumetric flow rate to the cross-sectional arethefduct.

_PK(QY
e “

The value for the loss coefficient can be takemnfidgerature, Maharudrayya et al. [72]
presented correlations for the minor loss coefficia the laminar region. The correlations

are provided for three flow regimes, and are pregkim equations 19-21.

For Re < 100

K=0 (19)

For 100 < Re < 1000

K = 0.46(Re;](1— 018Cu +0.016Cu> )L - 0.2ar +0.0022ar?)

2
3 2
x| 1+ 028 == | -0.0018 =
Dh Dh
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For 1000 < Re < 2200

K = 38{L- 022Cu+0.022Cu” J1- 0.dar + 0.0063r?)

2
= 2
3
x| 1+ 0.12( L, ] —0.000{ L, J (21)
D, D,

Using the above equations the theoretical presdue for an air flow across the cathode

flow channel was calculated. The fluid properties air were taken at 20 °C and 1 atm.
These values were then compared to the experinhedilived pressure curves at varying
degrees of cell compression, illustrated in Figu4. Inspection of the comparison reveals
that the theoretical pressure curve increasesgaéaer rate than the experimental curves.
This indicates that an air flow restricted to thewf channel would incur a much greater
pressure drop than that of a flow enclosed by aygpmedia on one side. The flow within
the experimental channel has deviated from theré¢htieal flow as a result of the presence of
two physical factors, the presence of internal dggkand bulk motion into the porous GDL.
Internal leakage, discussed in the previous seadsahe result of poor surface contact which
creates a flow gap. This gap allows for flow bypas the gap offers a path of lower
resistance, and results in a reduced pressure diMpen proper surface contact is ensured,
the amount of void space contained in the porous Géntrols the deviation in the flow
path from the channel, commonly referred to as srflew. Using the controlled
compression method, these flow tests were perforagan, the results of which are
provided in Figure 4.25. As compression of the Glds increased, the void space within
the porous GDL decreases. This would result inGBd behaving more as a solid media
and would therefore create a flow field within ttieannel closer to that represented in the
theoretical model, enclosed by solid walls on @es. Though this comparison reveals the
mechanism behind the increased pressure drop, fleet eof this pressure on cell

performance, if any, must also be investigated.

As was previously revealed, increasing cell comgogs resulted in increased

performance, to a point. To reveal the ctffeof pressure as an independent factor

83



180.0 53.4 kN
+ .
160.0 -

A
—=—64.1 kN
140.0 + 7z

—4—74.7 kN /‘/

120.0 71 s g5.4 kN X
100.0 +/ —— Theoretical / / =

80.0
60.0 ﬁééa//’
40.0 o
20.0 W

0.0
0 500 1000 1500 2000 2500 3000 3500

Flow Rate (sccpm)

Pressure (kPa)

Figure 4.24: Theoretical cathode pressure drogpemison with experimental results at
varying cell compressions
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Figure 4.25: Theoretical cathode pressure droppemison with experimental results for
controlled compression technique
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contributing to this increased performance twoscelith different degrees of compression,
100 and 200 microns, were compared. The cell thiéhlesser degree of compression was
then exposed to an induced pressurization, creatimgessure scenario similar to that of the
cell with greater compression. The effect of fhiessurization was then compared to the
performance of the higher compression cell in ofdedisplay the effect of this relative
pressure disparity on the increased performandee l3gic being that if cell performance
were a result of increased pressure, then a cel poorer performance would see a
performance boost as a result. All variables wenatrolled as both cells were assembled
with the same specifications, with the exceptiondefjree of compression. Figure 4.26
illustrates the dry pressure curves for the 100 200@ micron cells. This plot reveals that
these curves display the same pressure relatiorsthipe previously analyzed varying
torque curves that increased compression resulteah iincreased pressure drop. Variation
in these curves can be directly attributed to vagyGDL porosity, as internal sealing was
ensured in the shimmed assemblies. Figure 4.@3tiidites a comparison of the operational
pressure curves of the two cell assemblies in guesas well as the pressure data for the
induced pressure curve for the 200 micron cell.
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Figure 4.26: Comparison of cathode pressure dyogrly flow scenario at 100 and 2(ith
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Figure 4.27: Comparison of cathode pressure dyopgerational flow scenario and 100
and 200um

The artificially induced pressure was increase@ratincrement of 10% of the original
operational pressure curve to a maximum of 120%hef original value, creating two
additional sets of performance data. Inspectiothefoperational pressure plot reveals that
the assembly, increased by a factor of 10%, digplagood agreement with the 100 micron
pressure behaviour.

Performance data was generated for all of the afentioned pressure configurations, the
results of which are presented in Figure 4.28 agdrE 4.29. Inspection of the plots reveals
that the induced pressure resulted in a negligibnge increase in cell potential and power
density, while the 100 micron cell displayed sigraht performance increase over the 200
micron assembly. To clarify these phenomenon &éigoof the high current density data
was isolated and displayed at a larger magnifinbatod was provided in Figure 4.30.
Analysis of the data, summarized in Table 4.4, atsséhat at their peak value, for a current

density of 0.7 Alcrfy a 10% incremental increase in pressure rabirita slightly greater
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Table 4.4: Summary of pressure and power denkipges at 0.7 A/chwith reference to

200 micron base case

GDL Thickness Pressure Increase | Power Density Increase
(Mm) (%) (%)
100 8.4 4.84
200 10 0.52
200 20 0.87

than 0.5% increase in performance. While the 10€an cell displayed a performance

increase of roughly 5%, with a similar increasepiessure as that displayed by the 200

micron configuration, with pressure induced to 110%

An increase in cell compression was found to resudin increase in pressure drop across

the cell flow channel. This pressure increase wasstigated and was found to be inherent

of a change in the flow field in the cell, forcitige flow to follow the channel in the flow
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plate and limited bulk motion into the porous GDEollowing an analysis of experimentally
generated cell potential and power density dataag found that an increase in pressure, on
the scale of changes found in the varying cell casgions, was a neutral, not a causal,

factor in the performance behaviour of the expenitalefuel cell assemblies.

4.5.2 Porosity Analysis

It was found that pressure was not a causal facttire performance variation in a fuel cell,
on the degree to which it varied due to changingmession. The performance response
must then be attributed to variation in the phylspraperties of the GDL imposed by these
varying degrees of compression. Compression oGibe would decrease the porosity, as a
compacted GDL would fold in on itself, filling theid space with its own solid media. The
decrease in porosity would result in changes topthysical properties in the porous media.
The properties of particular interest are permésgbénd electrical conductivity, as these
would have the greatest impact on cell performande.this section, changes in these
properties, with respect to changes in porosity esémated using correlations from
literature. Once a general trend in physical pridge was established, the effects of these
changes on performance of the fuel cell were ardlysThe performance behaviour was
presented in terms of cell potential and power digrdata, collected through controlled
compression, experimental testing. The limitingtda of fuel cell performance was

identified and the benefits of precision fuel @gmpression were quantified.

An increase in the degree of compression resulted decrease in the GDL porosity,
which in turn altered the physical properties @& thiffusion layer. A change in porosity was
estimated by determining the volume of void spalomimeated during each compression.
Assuming that the total volume of solid remainedstant, and that changes in GDL total
volume were due to the reduction of void space gldhe porosity at varying degrees of

compression were evaluated using equation 22.
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Voo L/ (22)
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Compression in this manner would limit the GDL tmange in the thickness dimension
only, similar to the compression of an accorditwe, GDL would fill in its own void space,
thus satisfying conservation of mass, and not edipanin the surface plane direction as it
would experience negligible solid plastic deforraati This was further confirmed through
inspection of the GDL following testing. The thisss of each GDL was measured after
each experimental run and was found to be equalktealue measured before compression.
Had the GDL experienced plastic deformation, thektiess would have been found to be

less than that of the uncompressed pre-test GDL.

Due to proprietary reasons the amount of mater@bgrty data supplied for the GDL was
limited. The manufacturers supplied porosity @ timcompressed sample, average filament
diameter, and electrical resistivity in the throygane direction. The through-plane is the
direction perpendicular to the GDL surface. An artpnt property, air permeability,
however, was not supplied. This is not uncommotheever developing field of fuel cell
material manufacturing, as companies wish to ptaieeir product advancements. Also,
even in cases where permeability has been suppledjuarantee of the accuracy of this
value is provided. The value is determined throagi one of a number of permeability test
methods, and is rarely identified when resultsmmvided. It's also in the manufacturer’s
best interest not to provide accurate results,ratiter, results that enhance their products
standing in the market. However, this did not pmtsan obstacle in quantifying
permeability of the sample as a number of accuestmation techniques have been
developed to determine permeability as a functiébnporosity and filament size and

orientation. One such correlation is the Kozenyn@a relation, provided in equation 23.
2 -2
eV er
K = _[_pJ =_ (23)
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This is one of the most broadly used relationshim $tudy of porous media, however, it
has limitations. While the method offers an actuestimation, it requires the evaluation of
a constant, K whichtypically is found through experimental methodsisIconstant can be
estimated in most cases to be approximately equa| but values that vary by two orders of
magnitude have been reported in literature. A nawreurate and robust model has been
presented by Tomadakis and Robertson [57], disdlayequation 24. The correlation was

developed through a conduction-based method, prexséy Johnson et al. [73].

2 £ (‘5‘7_‘%)%2 i
8in’e (L1-¢, ] |(@+De-¢,]

(24)

This equation provides the permeability constanta& a function of porosity, filament
diameter, and filament orientation in the porousdime For the GDL used in the
experimental study, the filaments were aligned oamg in the 2D direction, but were
stacked in the thickness plane, illustrated in FeBgu31. The variables and constants for this
filament orientation are summarized in Table 4Cnce the appropriate constants have been
determined, equation 24 then becomes a functigoufsity and can be evaluated at varying
degrees of compression. The correlation was casdpagainst experimentally determine
permeability values and was found to be accuratgwerage, to within 25%, for any range

of porosity.

Table 4.5: Tomadakis-Robertson equation paramgtdreandom fibre structure

r (um) € a

through-plane in-plane

3.5 0.11 0.785 0.521
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Figure 4.31: GDL filament arrangement — two dimenal random fibre structure [57]

The resistivity of the uncompressed GDL was supplig the manufacturer, 80rcm.
This value was converted to conductivity by takitsginverse and converting to appropriate
units and was found to be 1250 S/m. In order tdehthe change of conductivity over the
domain of changing porosity the Bruggeman correctiveory was applied, provided in

equation 25.

o =(1-¢)" o, (25)

The solid media conductivity can be difficult topapximate due to the presence of
multiple sold materials in the GDL, which includdse filament material, a proprietary
matrix material, which is a carbon based adhesind, PTFE, a Teflon coating. However,
the model can be manipulated to determine the vlduehe initial condition, for which

effective conductivity was provided. Following gshprocedure the solid media conductivity
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was found to be 12,100 S/m. The above theoreticaklations were evaluated over the
experimental domain of porosity. Values for throygane and in-plane permeability as
well as electrical conductivity were estimated. eTiesults from these evaluations were

summarized in Table 4.6.

Table 4.6: Summary of permeability and condudtifar changing cell porosity

Permeability Electrical Properties % change
€ t through- in-plane | resistivity | conductivity | through- | conductivity
(um) | plane (m?) (m?) (mQ-cm) (S/m) plane
0.78 230 2.92E-10 | 6.47E-12 80.0 1250 0.0 0.0
0.75 200 2.40E-10 | 4.35E-12 64.9 1542 -17.9 23.3
0.66 150 1.61E-10 | 1.77E-12 42.1 2373 -45.1 89.9
0.49 100 9.21E-11 | 3.52E-13 22.9 4360 -68.5 285.4

The table confirms the previously mentioned charigeghysical properties. Through-
plane permeability was found to decrease by 68.&ite conductivity through the GDL
was found to increase by 250%. This informaticonaldoes not offer much insight to the
resultant performance behaviour of the cell. Alifjo the conductivity was found to
increase at a relatively greater percentage, thrseavould not necessarily be the dominant
contributing factor as each variable contributesp&sformance in varying degrees. To
determine the effects of these changes on the mpeafece of the PEM fuel cell, controlled
compression performance tests were conductedetudts of which are presented in figures
4.32-4.34

Figure 30 displays the pressure response for thioda dry air flow. It reveals the
increase in pressure drop, indicative of the irmedaGDL compression. This confirmed that
the three cell assemblies were compressed at shiféeiently different compression values.
Figures 4.33 and 4.34 display the cell potential power density response for the exposed
current density domain. These plots revéal,twhen all other factors are controlled,
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compression still results in the increased perforceaover the current range in question.
The 100 micron cell displayed the highest potergiati power density values, with an
increase of 8.6% with respect to the 200 microh egla current density of 0.8 A/émAs
was discussed in the literature review, a numbesoofces have presented the concept of a
proportional relationship between permeability amil performance. Theorizing that for
increased permeability, the cell can deliver a wgreg@roportion of the reactants to the
catalyst surface, and that this increase in massport would result in better performance.
However these results suggest that this is notssacy the case. For further insight into
this phenomenon the polarization curve for the expental results was compared to the
general polarization curve for a PEM fuel cellugiirated in Figure 4.35. From this figure
we can see that the experimental curve follows ghape of the general curve in the
activation and ohmic regions. However the expenttalecurve does not fully present the
concentration region of the curve. The fuel cefpeximent was limited by the operational

cathode pressure, as it reached the maximum allewalue of 250 kPa beyond the current
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density value of 0.8 Alctn To proceed beyond this point would have compsechi
experimental accuracy and could have potentialipatged the station and the cell itself.
Most fuel cells operate in the ohmic polarizati@gion, as this is where peak power is
obtained and where predictable performance behavwodisplayed, as current density is
directly proportional to ohmic overpotential. Firis reason ohmic overpotential is the
limiting practical factor in fuel cell power dengiand cell potential. The physical changes
found within the cell, caused by manipulating coesgsion, were found to positively
influence conductivity while negatively influencingermeability.  An increase in
conductivity would result in an increase in the raecell conductivity which would
contribute to decreasing ohmic overpotential. Ardase in permeability, which would
increase the resistance to mass transfer to tretargasurface, would most significantly
affect the concentration overpotential region, whegactant supply is most significant in
dictating losses. Since the ohmic overpotentias ¥eaind to be the limiting factor in the
operational current density domain of the fuel ,c#ie increase in conductivity was the
dominant factor in cell compression contributingat@hange in cell performance. This is
not to say that increased compression will alwagsilt in an increase in performance, there
are limitations to this relationship. Park and [66] have found that through-plane

permeability below 1% m?* would result in the GDL behaving as a solid medimwing for
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very little mass transfer to the reactant surfatkis would suggest that a minimum value of
permeability, or reactant mass transfer, through@®DL must be maintained in order for
performance benefits to be displayed. In the adsever compression, the reaction rate
would be choked and this would result in the desrdgpermeability becoming the dominant
limiting performance factor. Inspection of Tablé 4eveals that the theoretical permeability
was estimated at 9.21E-11, which would suggest dngt compression beyond 1Q@n
would result in over compression. While no conéwlcompression was available beyond
100 um, as this was the smallest available shim thickneser compression could be
investigated through a large increase in appliegu®. Figure 4.36 and Figure 4.37 display
a performance comparison of the 400 cell and one assembled with a compressive force
of 85.4 kN, a result of an applied torque of 9.04nN80 in-Ib).

The cell compressed at 85.4 kN performs signifiggmborer than the 100m cell. While
the over compressed cell displays weaker performameer the entire current density
domain, the discrepancy is the greatest at theehigtrrent density region (CD>0.5 A/&m
At the highest measured value of 0.9 Afdime 85.4 kN assembly displays a 12.5% drop in
potential and power density with respect to the i®0cell performance. This performance
drop can be related to the early onset of the audretgon polarization region. The increased
demand for reactants placed on the over compresskd the high current density region
cannot be met, due to the reduced mass transfabititips of the GDL.

Another factor that would result in the onset oh@entration polarization would be liquid
water flooding of the GDL. The accumulation ofdid water in the GDL can effectively
decrease the porosity and limit the reactant massfier to the catalyst layer. The absence
of the concentration polarization in the experiraénperformance results can also be
attributed to the excellent water management céipabiof the test cell. It has been
presented in literature that the micro-porous |af8iFE GDL coating, and serpentine flow
channel, all equipped in the test assembly, lifné accumulation of liquid water while
maintaining sufficient electrolyte humidificatioi4].
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This analysis reveals the importance of precisé @ampression. Though increased
compression was found to have significant perforcedrenefits, due to improved electrical
conductivity, the benefits occur only to a poifdeyond this point, continuing compression
was shown to have significant negative impact dhpcgential and power density, due to an
inability to properly supply reactants to the elelte.

4.6 Platinum Loading

As is the goal with any PEM fuel cell researchisithoped that this study will aid in the
progress toward vast commercialization. As wavipusly mentioned, high cost of the
system, a significant portion of which is due te thigh cost of platinum loading on the
catalyst layers, has been a major obstacle in ghogression. As platinum loading is
reduced in fuel cells, control of operational vahes has been found to be more important in
maintaining optimal performance. The sensitivity aell compression to changes in
platinum loading was investigated. To analyse #assitivity, performance results of a
given cell compression thickness were comparedatcatalyst platinum loading values, 2
and 4 mg Pt/cf The variation in this performance as platinuading was increased could
be compared at the varying thicknesses. This casgrawould offer insight into the
sensitivity of the previously studied performancenéfits, resulting from varying cell
compression, to changes in platinum loading. KEg38 and Figure 4.39 display the
performance results generated for a compressid®@fim. While Figure 4.40 and Figure

4.41 provide the results for varying platinum loggifor a cell with a 20@m compression.

Visual inspection of the performance plots suggését cells with lower compression
display higher sensitivity to changes in platinusading. The increase in performance for
the 100um cell, due to the increase in platinum loadingsWess than that of the 2@@n
cell, or inversely, that a 20@m cell would display a larger decrease in perforceashould

the platinum loading be decreased. This ssiggthat as steps are taken to reduce the
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platinum loading in the catalyst layer, the conwblcompression can minimize the loss in
performance. This once again illustrates the itgmme of precise compression control in a

fuel cell assembly
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Chapter 5

Conclusions

A significant amount of practical and analyticalokwiedge was gained from the study
presented in this thesis. The experimental worntop@ed allowed for development of a
unique working, PEM fuel cell, skill set. This expence allowed for a great deal of growth
in our lab setting, building upon existing desigamsd procedures to further improve our
experimental techniques and fuel cell performanieis experience is not only important to
the experimental studies, but offers valuable imsig be applied to our groups extensive

computational models.

The faults of the five layer MEA, specifically ifeerformance limitations was presented.
It was found that the five layer construction, withe GDL fastened to the membrane
electrolyte layer, was overly restrictive and ftagi Physical damage was incurred during
the high compression test under normal operaticg@aiditions, which led to poor
performance. Flow blockages, created by the G@Erl&ncroaching on the flow channel
cross section, caused drastic operational pressareases. These increases reduced the
current density domain within which the cell coulbgherate, and made extraction of
meaningful performance results impossible. Theelowompression configuration also
revealed the shortcomings of the five layer MEAhotigh the configuration displayed
appropriate pressure response, the restrictiveguldsid to GDL separation, which also
resulted in poor performance results. The fiveetagssembly did not lend itself to the
controlled compression procedure as accurate GDasorements were unattainable. The

five layer assembly was eliminated form the study.

Preliminary test results were compared to existdaga from literature as well as
commercially available fuel cell performance datéhese comparisons revealed that the
experimental cell assembly, in general, performgaakto or better than these pre-existing
cells. In all cases, the experimental assemblyifstgntly outperformed these cells in the

mid to high current density region. The experimtm@tssembly was found to perform at
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sufficient level so as to provide cell potentialdapower density data relevant to the
advancement of fuel cell research.

The compressive force exerted on the cell was daf@ a number of test cell
configurations, through the manipulation of applteat torque. The effect of this varying
compression on flow and performance test results weamined. A general trend of
increasing performance with increasing compressias found to exist. This trend was
consistent to a peak level of performance, at wipiaimt further increases in compressive
force were found to negatively impact this perfonce Flow tests revealed that increases
in performance were paralleled by an increase esgure response from the cell. The
increase in compression resulted in an increagaraasure drop across the flow channel.
Pressure was identified as a potential causal factthe performance behaviour of the cell,
arising from changes in compression. Other calasabrs, affected by compression, were
identified to be changes in physical propertieshef GDL, the improvement of cell sealing
and surface contact, as well as both permeabitity electrical conductivity. These factors

and their individual effect on performance wouldédo be investigated.

The effect of improper sealing and surface cormactuel cell performance was analysed.
The concepts of internal and external leakagesfuelacell were introduced and methods to
limit these sources of flow losses were discussEde gaskets and GDLs were found to be
the most significant components contributing teeinal losses. A comparison of varying
compression experimental assemblies with a cordigur designed to possess internal
leakages was performed. The flow tests illustrgbegissure drop results indicative of
internal leakages, while performance tests reve#edsignificant drop in performance
associated with these leakages and poor surfadaatonThe losses in performance were
due to flow bypass, which limited the flow of reatts to the catalyst layer, and increased
cell resistance, created by the increased elektsizdace resistance due to poor surface
contact.

Controlling compression through applied torque alevas inadequate as the ability to
precisely control compression while also guarangesufficient surface contact and sealing
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was virtually impossible. The concept of usingnshito control the thickness of the gasket
and GDL layer was introduced as a precise methodotdrol compression. The shim
assemblies were compared to the conventional as$gerobfiguration and were shown to

provide comparable pressure response as well lgsatehtial and power density behaviour.

A model was used to analyse the pressure drop sathescathode flow channel. The
pressure drop simulated by the model was founetsignificantly higher than that found in
the experimental cell, suggesting that the flowhwithe cell deviated from the flow channel
path significantly. The deviation was found to chee to two factors, internal leakage and
cross flow. As compression was increased pressuoe was found to increase as flow
deviation was reduced. Increased compressionelinitow bypass, a result of internal
leakage, by closing gaps in the surface interfawk farcing the flow through a path of
higher resistance. Further pressure drop increase found after the point of complete
surface contact due to the reduction of cross fléws.the porous GDL was compressed, the
amount of bulk motion into the GDL was reduced,imgaducing the flow deviation from
the flow channel. As more flow was forced throtigé channel, the pressure drop increased
as this was the path of higher resistance. Thecetf this increased pressure field on cell
performance was examined. It was found that tlesgure drop was merely a resultant
factor of the changes in internal flow geometry dnad negligible effects on cell

performance.

The effect of changing porosity on cell performanes a result of controlled GDL
compression, was investigated. Compression o6k, resulting in reduction of porosity,
would, consequently result in changes in the playsproperties of that porous layer.
Changes in these properties, specifically permigabdind electrical conductivity, were
estimated through the application of the Tomadatasrelation and the Bruggemann
correction respectively. It was illustrated thampression of the GDL, and resultant
reduction of porosity, would cause a significantréase in permeability and increase in
electrical conductivity. The effects of these afsin physical properties on performance
were then examined. Contrary to many claims ierdifure of proportionality between

permeability and cell performance, increased cosgio@ resulted in an increase in
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performance. This was caused by the operationalado of the cell being located in the

ohmic overpotential region of the polarization @irv Due to the dominance of ohmic
overpotential the limiting factor in performance wia be overall cell resistance and would
respond more to changes in electrical conductithgn to the reduction of mass transfer.
Changes in mass transfer would be a more domimatarfin the concentration polarization
region. However, this relationship was found topbesent only to a point, beyond which,
further decreasing permeability became the limitiagtor. This suggests that increasing
conductivity was the dominant factor, only whenfisignt permeability was maintained,

greater than I& m

The effects of reduction in platinum loading on tbempression related changes in
performance were also examined. It was foundttimtdecrease in performance associated
with a reduction of platinum loading in the catalisyer was found to be greater for cells
that weren’t optimally compressed. It was founat ttne cells with lower compression were
more sensitive to the reduction of platinum loadinthis shows that as steps are taken in
future to further reduce platinum loading preciscail compression could become an even

more significant factor in cell performance.

All of these conclusions reveal the importance ofcsion compression in fuel cell
assemblies. The performance gains found in thglesicell only multiply when analysed
over the entire reaction surface, converting taltoell power from power density, and will
multiply again when single cells are stacked imeser This meant that even small changes in

power density result in significant large scalef@@nance gains, on the order of kW.
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Chapter 6

Future Work and Recommendations

This thesis presented an experimental fuel celfop@ance study, with emphasis on
compressive effects. Though headway was madeeimtprovement of overall cell power

production there are still areas in this field tregjuire study.

It is recommended that this work be expanded andnae generally applicable
compression relation be developed for fuel celigiepurposes. In order to accomplish this
further testing would be required, incorporatinuager sample of GDL constructions. The
sensitivity to cell compression for a number of ysag GDL compositions should be
analysed, with specific attention paid to permegbidnd electrical conductivity. It is
expected that there exists an optimal balance le#twbese properties, which can be
guantified, and would result in the peak fuel peliver performance. As a result, for a given
GDL construction, one would then be able to deteerthe optimal degree of compression
to apply.

Incorporated into these future performance studiesild be experimental techniques to
estimate permeability and electrical conductivisy they change with compression. This
would require the development of a specific experital assembly. The rig would require
compression using a porous surface in order tavalts uniform compression while also
allowing through flow, to measure permeability, aadcess for a four point probe
measurement. As well, precision control of the poession of this assembly would be a

must, with accuracy to the order of (L.

Research in this field would also benefit from tevelopment of a precision fuel cell test
rig, one that would incorporate precision compm@ssdechniques. This would most likely

require pneumatic actuation and precision contnaihe order of 1gm.

The findings in this study, specifically the idditttion of conductivity as a limiting
factor in fuel cell performance in its operatiomahge can be applied to future fuel cell

component design. With advancements in nano-scaistructions, GDL compositions can
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be aligned to extreme precision, offering improeedductivity while limiting the impact on

permeability.
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Data from figure 4.1:

Appendix A

Results Data

3 layer 5 layer
Flow Flow
Rate Pressure Rate Pressure
(sccpm) (kPa) (sccpm) (kPa)

200 10.0 200 9.9
300 14.7 300 13.9
400 19.1 400 17.8
500 24.0 500 21.8
600 28.8 600 25.8
700 33.8 700 29.6
800 38.8 800 33.5
900 44.1 900 37.2
1000 49.5 1000 41.5
1100 54.7 1100 45.2
1200 60.2 1200 49.0
1300 65.6 1300 53.5
1400 71.1 1400 58.1
1500 76.6 1500 62.7
1600 82.2 1600 67.0
1700 87.8 1700 714
1800 934 1800 75.9
1900 99.1 1900 80.2
2000 104.7 2000 84.9
2100 110.4 2100 88.4
2200 116.1 2200 93.5
2300 121.8 2300 97.7
2400 127.6 2400 102.1
2500 133.4 2500 106.8
2600 139.2 2600 111.6
2700 145.1 2700 115.8
2800 151.0 2800 120.1
2900 156.9 2900 124.8
3000 162.9 3000 129.1
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Data from figure 4.2 — 3 layer:

Time Pressure Time Pressure Time Pressure Time Pressure
(min) (kPa) (min) (kPa) (min) (kPa) (min) (kPa)
0 1.1 17.5 38.4 34.5 44,7 51.5 48.2
0.5 25.1 18 38.9 35 45.2 52 47.7
1 27.4 18.5 38.4 35.5 44.6 52.5 47.5
1.5 28.1 19 38.4 36 45,1 53 48.1
2 28 19.5 39.6 36.5 44.5 53.5 46.9
2.5 28.3 20 39.7 37 44.1 54 46.4
3 28.4 20.5 39.4 37.5 43.8 54.5 45.8
3.5 28.2 21 38.9 38 43,5 55 46.4
4 28.3 21.5 39.5 38.5 43.4 55.5 45.4
4.5 29.3 22 38.9 39 44.6 56 50
5 28.9 22.5 39.7 39.5 42.4 56.5 49.3
5.5 26.8 23 38.7 40 40.6 57 49.3
6 27.9 23.5 38.9 40.5 45.8 57.5 48.8
6.5 26.7 24 37.8 41 46.2 58 47.7
7 27.2 24.5 39.2 41.5 45.6 58.5 47.6
7.5 27.4 25 40.5 42 46 59 46
8 32.1 25.5 40.3 42.5 44.1 59.5 50.2
8.5 28.7 26 43.8 43 43.4 60 50.5
9 29.6 26.5 44 435 45.1 60.5 49.9
9.5 31.8 27 43.8 44 46.2 61 50.4
10 33.3 27.5 43.9 44,5 46 61.5 50.2
10.5 34.6 28 44.3 45 46.4 62 48.5
11 36.2 28.5 44 455 45.3 62.5 47.3
11.5 34.9 29 44,7 46 45,1 63 48.7
12 35.7 29.5 445 46.5 44.8 63.5 51.1
12.5 35.8 30 43.1 47 44,7 64 51.3
13 36.7 30.5 43.1 47.5 44 64.5 50.9
13.5 35.5 31 42.6 48 43.1 65 50.3
14 34 31.5 42.6 48.5 44.8 65.5 47.6
14.5 39.3 32 41.5 49 47.3 66 51.2
15 38.2 32.5 41.7 49.5 46.9 66.5 49.9
15.5 37.6 33 41.1 50 46.9 67 51.7
16 40.6 33.5 40.6 50.5 48.3 67.5 51.3
16.5 38 34 39.2 51 47.6 68 51.3
17 38.5




Data from figure 4.2 — 5 layer:

Time Pressure Time Pressure Time Pressure Time Pressure
(min) (kPa) (min) (kPa) (min) (kPa) (min) (kPa)
0 1.4 17.5 80.4 34.5 105.4 51.5 138.6
0.5 47.4 18 79 35 111.8 52 131.6
1 47 18.5 81.6 35.5 109.3 52.5 137.6
1.5 44.6 19 80.7 36 113.5 53 139
2 47.2 19.5 82.4 36.5 108.3 53.5 137.8
2.5 46.4 20 80.3 37 116.5 54 140.6
3 437 20.5 81.3 37.5 107.7 54.5 137.8
3.5 47 21 79.6 38 114.1 55 145.3
4 435 21.5 81.7 38.5 113.9 55.5 144.9
4.5 46.8 22 89.6 39 110.9 56 142.1
5 457 22.5 94.7 39.5 114.8 56.5 138
5.5 48.3 23 91 40 109.9 57 143.3
6 455 23.5 94.4 40.5 114.4 57.5 146.1
6.5 48.2 24 89.6 41 107.4 58 144.3
7 47.1 24.5 91.3 41.5 113.4 58.5 149.2
7.5 51.2 25 88 42 122.5 59 158.3
8 53.2 25.5 92.1 425 121.8 59.5 154.6
8.5 50.4 26 89.3 43 125.9 60 158.3
9 55.6 26.5 92.4 43.5 120 60.5 167.5
9.5 58.4 27 87.5 44 124.8 61 154.1
10 59.9 27.5 98.4 445 118.1 61.5 150.8
10.5 58.3 28 98.2 45 124.7 62 149.1
11 63.3 28.5 103.7 455 125.2 62.5 153.4
11.5 70.4 29 103.6 46 126.3 63 144.7
12 66.4 29.5 102.7 46.5 127.8 63.5 149.7
12.5 69.9 30 104.1 47 122.6 64 156.2
13 68.6 30.5 101.4 47.5 125.2 64.5 161.9
13.5 72.5 31 102.8 48 120.5 65 165.1
14 68 31.5 104.4 48.5 132.6 65.5 165.4
14.5 70.2 32 104.9 49 138.1 66 159.9
15 68.4 32.5 101.5 49.5 139 66.5 165
15.5 71.4 33 98.9 50 138.9 67 162.6
16 77.8 33.5 101.9 50.5 137.4 67.5 165.6
16.5 81.7 34 105.4 51 136.5 68 172
17 78.1




Data from figure 4.5:

3 layer 5 layer
Flow Flow
Rate Pressure Rate Pressure
(sccpm) (kPa) (sccpm) (kPa)
498.6 43.8 498.6 42
664.8 57.2 664.8 52
997.1 80.9 997.1 72.5
1329.5 102.5 1329.5 98
1661.9 124.4 1661.9 118
1994.3 148.6 1994.3 142.2
2326.7 176.3 2326.7 169.9
2659.0 198.1 2659.0 191.7
Data from figures 4.6 and 4.7:
3 Layer 5 Layer
Current | Potential | Power | Current | Potential | Power
Density Density | Density Density
Alcm’® V wicm® | Alcm? V w/cm?
0.05 0.826 | 0.0413 0.05 0.756 | 0.0378
0.10 0.788 | 0.0788 0.10 0.69 0.069
0.20 0.724 | 0.1448 0.15 0.64 0.096
0.30 0.681 | 0.2043 0.20 0.594 | 0.1188
0.40 0.641 | 0.2564 0.30 0.517 | 0.1551
0.50 0.603 | 0.3015 0.40 0.441 | 0.1764
0.60 0.567 | 0.3402 0.50 0.368 0.184
0.70 0.530 | 0.3710
0.80 0.496 | 0.3968
0.90 0.464 | 0.4176
1.00 0.434 | 0.4340

112




Data from figures 4.8 and 4.9:

MacDonald Sabir
Current | Potenial | Power | Current | Potenial | Power
Density Density | Density Density
Alcm® v w Alcm? v w
0.05 0.852 | 0.0426 0.0999 0.814 | 0.0813
0.10 0.822 | 0.0822 0.2000 0.761 | 0.1522
0.15 0.795 | 0.1193 0.3001 0.718 | 0.2155
0.20 0.782 | 0.1564 | 0.4000 0.650 | 0.2600
0.30 0.738 | 0.2214 | 0.5002 0.550 | 0.2751
0.40 0.697 | 0.2788 0.6002 0.430 | 0.2581
0.50 0.663 | 0.3315 0.7002 0.313 | 0.2191
0.60 0.632 | 0.3792
0.70 0.606 | 0.4242
0.80 0.584 | 0.4672
0.90 0.554 | 0.4986
Data from figures 4.10 and 4.11.:
MacDonald Nexa
Current | Potential | Power Current | Potential | Power
Density Density | Density Density
A \% W A \% W
5.0 0.852 4.26 0 43.0 0.00
10.0 0.822 8.22 10 36.0 8.37
15.0 0.795 11.93 20 33.5 15.58
20.0 0.782 15.64 30 31.8 22.19
30.0 0.738 22.14 40 29.0 26.98
40.0 0.697 27.88 45 27.5 28.78
50.0 0.663 33.15
60.0 0.632 37.92
70.0 0.606 42.42
80.0 0.584 46.72
90.0 0.554 49.86
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Data from figures 4.12, 4.13, 4.19 and 4.20 — 254

53.4 kN 64.1 kN

Current | Potential | Power Current | Potential | Power
Density Density | Density Density
Alcm? Y wicm? | Alcm? \Y Wicm?
0.05 0.819 | 0.04095 0.05 0.824 | 0.04120
0.10 0.765 | 0.07650 0.10 0.770 | 0.07700
0.15 0.724 | 0.10860 0.15 0.727 | 0.10905
0.20 0.686 | 0.13720 0.20 0.695 | 0.13900
0.25 0.650 | 0.16250 0.25 0.664 | 0.16600
0.30 0.613 | 0.18390 0.30 0.634 | 0.19020
0.35 0.579 | 0.20265 0.35 0.606 | 0.21210
0.40 0.553 | 0.22120 0.40 0.578 | 0.23120
0.45 0.527 | 0.23715 0.45 0.549 | 0.24705
0.50 0.497 | 0.24850 0.50 0.530 | 0.26500
0.55 0.469 | 0.25795 0.55 0.510 | 0.28050
0.60 0.436 | 0.26160 0.60 0.490 | 0.29400
0.65 0.405 | 0.26325 0.65 0.467 | 0.30355
0.70 0.445 | 0.31150
0.75 0.425 | 0.31875
0.80 0.411 | 0.32880
0.85 0.396 | 0.33660
0.90 0.368 | 0.33120
0.95 0.331 | 0.31445

74.7 KN 85.4 kN

Current | Potential | Power Current | Potential | Power
Density Density | Density Density
Alcm? V Wicm? | Alcm? V W/cm?
0.05 0.852 | 0.04260 0.05 0.835 | 0.04175
0.10 0.825 | 0.08250 0.10 0.802 | 0.08020
0.20 0.770 | 0.15400 0.15 0.773 | 0.11595
0.30 0.728 | 0.21840 0.20 0.749 | 0.14980
0.40 0.690 | 0.27600 0.30 0.709 | 0.21270
0.50 0.653 | 0.32650 0.40 0.671 | 0.26840
0.60 0.615 | 0.36900 0.50 0.635 | 0.31750
0.70 0.578 | 0.40460 0.60 0.600 | 0.36000
0.75 0.568 | 0.42600 0.70 0.561 | 0.39270
0.80 0.560 | 0.44800 0.80 0.533 | 0.42640
0.85 0.550 | 0.46750 0.90 0.485 | 0.43650

0.90 0.537 | 0.48330

114




Data from figures 4.15, 4.18, and 4.24 — 254

53.4 kN 64.1 kN 74.7 kKN 85.4 kN
Flow Rate | Pressure | Flow Rate | Pressure | Flow Rate | Pressure | Flow Rate | Pressure
(sccpm) (kPa) (sccpm) (kPa) (sccpm) (kPa) (sccpm) (kPa)
200 4.2 200 7.4 200 11.0 200 10.9
300 6.4 300 10.5 300 15.4 300 15.4
400 8.4 400 13.7 400 19.5 400 19.4
500 10.6 500 17.0 500 24.2 500 23.9
600 12.6 600 20.3 600 28.7 600 28.1
800 16.9 700 23.6 700 33.2 700 32.3
900 19.0 800 26.9 800 38.0 800 36.8
1200 25.4 900 30.0 900 42,7 900 40.9
1400 30.4 1000 33.4 1000 47.9 1000 45.4
1600 35.1 1500 49.1 1500 73.7 1500 62.4
2000 44.6 2000 62.5 2000 100.6 2000 82.5
2500 56.8 2500 76.3 2500 128.9 2500 102.4
3000 68.4 3000 92.8 3000 156.6 3000 122.2
Data from figure 4.18 — 38im:
74.7 kN
Flow Rate | Pressure
(sccpm) (kPa)
200 4.2
300 6.4
400 8.4
500 10.6
600 12.6
800 16.9
900 19.0
1200 25.4
1400 30.4
1600 35.1
2000 44.6
2500 56.8
3000 68.4
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Data from figures 4.19 and 4.20 — 38h:

74.7 KN

Current | Potential | Power

Density Density

Alcm? Y W/cm?
0.05 0.809 0.040
0.10 0.761 0.076
0.15 0.725 0.109
0.20 0.692 0.138
0.25 0.660 0.165
0.30 0.628 0.188
0.35 0.598 0.209
0.40 0.567 0.227
0.45 0.540 0.243
0.50 0.510 0.255
0.55 0.484 0.266
0.60 0.455 0.273
0.65 0.424 0.276
0.70 0.390 0.273
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Data from figure 4.21:

100 uym 150 ym 200 um
Flow Rate | Pressure | Flow Rate | Pressure | Flow Rate | Pressure
(sccpm) (kPa) (sccpm) (kPa) (sccpm) (kPa)
200 11.0 200 10.7 200 10.9
300 15.4 300 15.2 300 15.4
400 19.1 400 19.0 400 19.4
500 24.0 500 23.2 500 23.9
600 28.8 600 27.6 600 28.1
700 33.8 700 32.1 700 32.3
800 38.8 800 36.7 800 36.8
900 44.2 900 41.5 900 40.4
1000 495 1000 46.3 1000 44.4
1500 78.0 1500 71.1 1500 62.4
2000 104.7 2000 96.8 2000 82.5
3000 162.9 2500 120.2 3000 122.2
3000 144.0
53.4 kN 74.7 KN
Flow Rate | Pressure | Flow Rate | Pressure
(sccpm) (kPa) (sccpm) (kPa)
200 4.2 200 11.0
300 6.4 300 15.4
400 8.4 400 19.5
500 10.6 500 24.2
600 12.6 600 28.7
800 16.9 700 33.2
900 19.0 800 38.0
1200 25.4 900 42.7
1400 30.4 1000 47.9
1600 35.1 1500 73.7
2000 44.6 2000 100.6
2500 56.8 2500 128.9
3000 68.4 3000 156.6
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Data from figures 4.22 and 4.23:

74.7 kN 150 um 200 ym
Current | Potential | Power Current | Potential | Power Current | Potential | Power
Density Density | Density Density | Density Density
Alcm? v wicm? | Alcm? Y wicm? | Alcm? Y Wicm?
0.05 0.852 | 0.0426 0.05 0.838 | 0.0419 0.05 0.829 | 0.0415
0.10 0.825 | 0.0825 0.10 0.807 | 0.0807 0.10 0.798 | 0.0798
0.20 0.770 | 0.1540 0.15 0.780 | 0.1170 0.15 0.767 | 0.1151
0.30 0.728 | 0.2184 0.20 0.765 | 0.1530 0.20 0.755 | 0.1510
0.40 0.690 | 0.2760 0.30 0.730 | 0.2190 0.30 0.725 | 0.2175
0.50 0.653 | 0.3265 0.40 0.690 | 0.2758 0.40 0.685 | 0.2740
0.60 0.615 | 0.3690 0.50 0.653 | 0.3265 0.50 0.647 | 0.3235
0.70 0.578 | 0.4046 0.60 0.620 | 0.3721 0.60 0.613 | 0.3678
0.75 0.568 | 0.4260 0.70 0.589 | 0.4120 0.70 0.578 | 0.4046
0.80 0.560 | 0.4480 0.80 0.552 | 0.4416 0.80 0.538 | 0.4304
Data from figures 4.24 and 4.25
Theoretical
Flow Rate | Pressure
(sccpm) (kPa)
200 8.0
300 12.8
400 18.3
500 24.6
600 31.7
700 39.6
800 48.5
900 58.3
1000 62.8
1500 114.2

118




Data from figure 4.25 and 4.26 :

Data from figure 4.27:

100 uym 150 ym 200 um
Flow Rate | Pressure | Flow Rate | Pressure | Flow Rate | Pressure
(sccpm) (kPa) (sccpm) (kPa) (sccpm) (kPa)
200 11.0 200 10.7 200 10.9
300 15.4 300 15.2 300 15.4
400 19.1 400 19.0 400 19.4
500 24.0 500 23.2 500 23.9
600 28.8 600 27.6 600 28.1
700 33.8 700 32.1 700 32.3
800 38.8 800 36.7 800 36.8
900 44.2 900 41.5 900 40.4
1000 495 1000 46.3 1000 44.4
1500 78.0 1500 71.1 1500 62.4
2000 104.7 2000 96.8 2000 82.5
3000 162.9 2500 120.2 3000 122.2
3000 144.0
100 um 200 ym
Flow Rate | Pressure | Flow Rate | Pressure
(sccpm) (kPa) (sccpm) (kPa)
498.6 52.0 498.6 51.1
664.8 70.4 664.8 67.4
997.1 98.8 997.1 94.5
1329.5 128.5 1329.5 120.1
1661.9 152.3 1661.9 142.9
1994.3 180.4 1994.3 169.2
2326.7 215.2 2326.7 199.1
2659.0 248.2 2659.0 232.0
2991.4 268.0 2991.4 247.3
200 um + 10% 200 uym + 20%
Flow Rate | Pressure | Flow Rate | Pressure
(sccpm) (kPa) (sccpm) (kPa)
498.6 56.2 498.6 61.3
664.8 74.1 664.8 80.9
997.1 104.0 997.1 113.4
1329.5 132.1 1329.5 144.1
1661.9 157.2 1661.9 171.5
1994.3 186.1 1994.3 203.0
2326.7 219.0 2326.7 238.9
2659.0 255.2 2659.0 278.4
2991.4 272.0 2991.4 296.8
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Data from figures 4.28-4.30:

100 ym 200 ym
Current | Potential | Power Current | Potential | Power
Density Density | Density Density
Alcm? Y wicm? | Alcm? Y Wicm?
0.05 0.852 | 0.0426 0.05 0.829 | 0.0415
0.10 0.822 | 0.0822 0.10 0.798 | 0.0798
0.20 0.782 | 0.1564 0.15 0.767 | 0.1151
0.30 0.738 | 0.2214 0.20 0.755 | 0.1510
0.40 0.697 | 0.2788 0.30 0.725 | 0.2175
0.50 0.663 | 0.3315 0.40 0.685 | 0.2740
0.60 0.632 | 0.3792 0.50 0.647 | 0.3235
0.70 0.606 | 0.4242 0.60 0.613 | 0.3678
0.80 0.584 | 0.4672 0.70 0.578 | 0.4046
0.90 0.554 | 0.4986 0.80 0.538 | 0.4304
200 um + 10% 200 uym + 20%
Current | Potential | Power Current | Potential | Power
Density Density | Density Density
Alcm?® V wicm® | Alcm? V wicm?
0.05 0.830 | 0.0415 0.05 0.828 | 0.0414
0.10 0.800 | 0.0800 0.10 0.803 | 0.0803
0.15 0.770 | 0.1155 0.15 0.770 | 0.1155
0.20 0.756 | 0.1512 0.20 0.754 | 0.1508
0.30 0.720 | 0.2160 0.30 0.721 | 0.2163
0.40 0.686 | 0.2744 0.40 0.686 | 0.2744
0.50 0.649 | 0.3245 0.50 0.651 | 0.3255
0.60 0.614 | 0.3684 0.60 0.616 | 0.3696
0.70 0.581 | 0.4067 0.70 0.583 | 0.4081
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Data from figure 4.32:

100 ym 150 ym 200 um
Flow Rate | Pressure | Flow Rate | Pressure | Flow Rate | Pressure
(sccpm) (kPa) (sccpm) (kPa) (sccpm) (kPa)
200 11.0 200 10.7 200 10.9
300 15.4 300 15.2 300 15.4
400 19.1 400 19.0 400 19.4
500 24.0 500 23.2 500 23.9
600 28.8 600 27.6 600 28.1
700 33.8 700 32.1 700 32.3
800 38.8 800 36.7 800 36.8
900 44.2 900 41.5 900 40.4
1000 495 1000 46.3 1000 44.4
1500 78.0 1500 71.1 1500 62.4
2000 104.7 2000 96.8 2000 82.5
3000 162.9 2500 120.2 3000 122.2
3000 144.0
Data from figures 4.33 and 4.34:
100 um 150 um 200 uym
Current | Potential | Power Current | Potential | Power Current | Potential | Power
Density Density | Density Density | Density Density
Alcm? v wicm? | Alcm? Y wicm? | Alcm? Y wWicm?
0.05 0.852 | 0.0426 0.05 0.838 | 0.0419 0.05 0.829 | 0.0415
0.10 0.822 | 0.0822 0.10 0.807 | 0.0807 0.10 0.798 | 0.0798
0.20 0.782 | 0.1564 0.15 0.780 | 0.1170 0.15 0.767 | 0.1151
0.30 0.738 | 0.2214 0.20 0.765 | 0.1530 0.20 0.755 | 0.1510
0.40 0.697 | 0.2788 0.30 0.730 | 0.2190 0.30 0.725 | 0.2175
0.50 0.663 | 0.3315 0.40 0.690 | 0.2758 0.40 0.685 | 0.2740
0.60 0.632 | 0.3792 0.50 0.653 | 0.3265 0.50 0.647 | 0.3235
0.70 0.606 | 0.4242 0.60 0.620 | 0.3721 0.60 0.613 | 0.3678
0.80 0.584 | 0.4672 0.70 0.589 | 0.4120 0.70 0.578 | 0.4046
0.90 0.554 | 0.4986 0.80 0.552 | 0.4416 0.80 0.538 | 0.4304
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Data from figures 4.36 and 4.37:

85.4 kN 100 um

Current | Potential | Power Current | Potential | Power

Density Density | Density Density

Alcm? Y wicm? | Alcm? \Y Wicm?
0.05 0.835 | 0.04175 0.05 0.852 | 0.0426
0.10 0.802 | 0.08020 0.10 0.822 | 0.0822
0.15 0.773 | 0.11595 0.20 0.782 | 0.1564
0.20 0.749 | 0.14980 0.30 0.738 | 0.2214
0.30 0.709 | 0.21270 0.40 0.697 | 0.2788
0.40 0.671 | 0.26840 0.50 0.663 | 0.3315
0.50 0.635 | 0.31750 0.60 0.632 | 0.3792
0.60 0.600 | 0.36000 0.70 0.606 | 0.4242
0.70 0.561 | 0.39270 0.80 0.584 | 0.4672
0.80 0.533 | 0.42640 0.90 0.554 | 0.4986
0.90 0.485 | 0.43650

Data from figures 4.38 and 4.39:

100 ym - 0.4 mg Pt 100 ym - 0.2 mg Pt
Current | Potential | Power Current | Potential | Power
Density Density | Density Density

Alcm?® V wicm® | Alcm? V wicm?
0.05 0.852 0.0426 0.05 0.840 0.0420
0.10 0.822 0.0822 0.10 0.798 0.0798
0.15 0.795 0.1193 0.15 0.777 0.1166
0.20 0.782 0.1564 0.20 0.748 0.1496
0.30 0.738 0.2214 0.30 0.704 0.2112
0.40 0.697 0.2788 0.40 0.667 0.2668
0.50 0.663 0.3315 0.50 0.640 0.3200
0.60 0.632 0.3792 0.60 0.609 0.3654
0.70 0.606 0.4242 0.70 0.580 0.4060
0.80 0.584 0.4672 0.80 0.553 0.4424
0.90 0.554 0.4986 0.90 0.526 0.4734
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Data from figures 4.40 and 4.41:

200 ym - 0.4 mg Pt 200 ym - 0.2 mg Pt
Current | Potential | Power Current | Potential | Power
Density Density | Density Density

Alcm? Y wicm? | Alcm? Y Wicm?
0.05 0.829 | 0.0415 0.05 0.826 | 0.0413
0.10 0.798 | 0.0798 0.10 0.788 | 0.0788
0.15 0.767 | 0.1151 0.15 0.743 | 0.1115
0.20 0.755 | 0.1510 0.20 0.724 | 0.1448
0.30 0.725 | 0.2175 0.30 0.681 | 0.2043
0.40 0.685 | 0.2740 0.40 0.641 | 0.2564
0.50 0.647 | 0.3235 0.50 0.603 | 0.3015
0.60 0.613 | 0.3678 0.60 0.567 | 0.3402
0.70 0.578 | 0.4046 0.70 0.530 | 0.3710
0.80 0.538 | 0.4304 0.80 0.496 | 0.3968
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