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Abstract

A detailed understanding of mass transport andnieieavior in gas diffusion layers (GDLSs) for
polymer electrolyte membrane fuel cells (PEMFCs)itial to improving performance. Liquid
water fills the porous GDL and electrode compondmtelering mass transfer, limiting
attainable power and decreasing efficiency. ThHebier of liquid water in GDLs is poorly
understood, and the specific nature of mass tran$faultiphase flow in GDLs are not known.
There is no clear direct correlation between easiasurable ex-situ GDL material properties
and mass transfer characteristics. This thesigeadés this knowledge gap through a
combination of test procedure development, experiat®n and numerical pore scale modeling.
Experimental techniques have been developed toureepsrmeability and capillary properties
of water and air in the GDL matrix. Pore networ&daling is used to estimate transport
properties as a function of GDL water saturatiotsithese are extremely difficult to determine

experimentally.

A method and apparatus for measuring the relatipristtween air-water capillary pressure and
water saturation in PEMFC gas diffusion layersdasatibed. The developed procedure of Gas
Controlled Porosimetry is more effective for undansling the behaviour of water in GDL
material then traditional methods such as the niettigtandard porosimetry and mercury
intrusion porosimetry. Capillary pressure datavater injection and withdrawal from typical
GDL materials are obtained, which demonstrated paent hysteresis between water intrusion
and water withdrawal. Capillary pressure, definedhe difference between the water and gas
pressures at equilibrium, is positive during watgzction and negative during water withdrawal.
The results contribute to the understanding ofiiquater behavior in GDL materials which is
necessary for the development of effective PEMF@mmanagement strategies and the design

of future GDL materials.

The absolute gas permeability of GDL materials masasured. Measurements were made in
three perpendicular directions to investigate anigic properties of various materials. Most
materials were found to be significantly anisotoppvith higher in-plane permeability than

through-plane permeability. In-plane permeabiiys also measured as the GDL was



compressed to different thicknesses. Typicallpppression of a sample to half its initial
thickness resulted in a decrease in permeabilitgrbgrder of magnitude. The relationship
between measured permeability and compressed povess compared to various models
available in the literature, one of which allows #stimation of anisotropic tortuosity. The
results of this work will be useful for 3D modelistudies where knowledge of permeability and

effective diffusivity tensors is required.

A pore network model of mass transport in GDL miateris developed and validated. The
model idealizes the GDL as a regular cubic netvadniore bodies and pore throats following
respective size distributions of the pores. Wi tise of experimental data obtained the
geometric parameters of the pore network model walibrated with respect to porosimetry and
gas permeability measurements for two common GDienas. The model was subsequently
used to compute the pore-scale distribution of matel gas under drainage conditions using an
invasion percolation algorithm. From this inforimoat transport properties of GDLs that are
very difficult to measure were estimated, includihg relative permeability of water and gas,
and the effective gas diffusivity as functions after saturation. Comparison of the model
predictions with those obtained from constitutieationships commonly used in current
PEMFC models indicates that the latter may sigaifity overestimate the gas phase transport

properties.

The pore network model was also used to calcutetdirniting current in a PEMFC under
operating conditions for which transport througl @DL dominates mass transfer resistance.
The results suggest that a dry GDL does not lingtgerformance of a PEMFC, but water
flooding becomes a significant source of concelangbolarization as the GDL becomes

increasingly saturated with water.

This work has significantly contributed to the urelanding of mass transfer in gas diffusion
layers in PEMFC through experimental investigaaond pore scale modeling.
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1. Introduction and Background

Hydrogen figures largely in most visions of a siumgthle energy future and the term
“hydrogen economy” is virtually synonymous with gneenergy, renewable resources
and sustainability [1-4]. The fuel cell is a keyngponent of the hydrogen economy since
it converts hydrogen fuel into useful power, withlyowater and heat as byproducts. The
role of the fuel cell in a hydrogen-based econosmgnalogous to that of the internal

combustion engine in today’s oil-based economy.

Recent advances in fuel cell technology have brotighhydrogen economy vision

closer to reality. The development of very thiotpn conducting membranes [5] has
dramatically improved cell performance by reduanignic losses while development of
low platinum loading electrodes has significandgluced cost [6-9]. Nonetheless,
further improvements are needed before fuel cellde ready for broad
commercialization. One of the main target areasmprovement is overall fuel cell
performance since this provides several benefitsibaneously. Fuel cell performance
can be measured in terms of power densityfif®. An increase in power density
reduces the amount of active area required fovengbower output. Less active area
entails less platinum catalyst and ionomeric memdravhich helps to reduce the cost. It
also results in smaller fuel cell modules, whicbheseficial for packaging in commercial
applications such as automobiles. Performanceawgmnents can also be measured in
terms of reduced voltage loss due to irreversildetede processes. This leads to higher
fuel conversion efficiency, which is desirable &rergy conservation, and it also leads to
lower waste heat rejection, which is crucial fromractical standpoint, particularly for

automotive applications.

One of the main obstacles to increasing fuel aatfggmance is the fact that fuel cells
generate water as a by-product. Although thisufeais considered a benefit from an
environmental point of view, it causes many engimggedifficulties. Since the rate of
water production is proportional to the rate ofreat generation, more water is generated
as the generated current and power are incredSezkbssive amounts of water inside the



cell lead to condensation of liquid water in thequs electrodes and electrode backing
layers where it dramatically hinders the transpbgaseous reactants. The mass transfer
limitations imposed by liquid water blockages ie #lectrode have two major impacts.
Firstly, since they are heterogeneous catalyticti@as, electrode reactions in a fuel cell
are limited by the rate at which reactants canuppked to the catalyst sites. The
presence of liquid water dramatically reduces tlagimum current density (&) that

can be achieved by reducing the maximum mass fiecondly, the generated electrode
voltage decreases as the reactant concentrattbe atitalyst sites decreases. Thus, for a
given current density, the presence of liquid wagsults in lower cell voltage and
therefore lower power output. Alternatively, fogizen power output, concentration

induced voltage losses result in lower efficienng ancreased waste heat generation.

To alleviate the limitations placed on cell perfamse by the presence of liquid water, it
is necessary to understand the behavior and efiédtgiid water inside the cell. Better
knowledge of these phenomena will enable the eldetstructure and materials to be
further optimized to accommodate and manage wattdrag performance is not hindered.
The objective of this thesis is to study the bebawbf liquid water in the porous
components of the fuel cell electrode, specifictily gas diffusion layer, and the

resultant impact on mass transfer.

1.1. Fuel Cell Background

Before providing a description of the internal faell processes, an overall view of fuel

cell operation is given.

1.1.1. Electrochemistry

The PEM fuel cell is a galvanic cell, similar tsianple battery, but the reactants in a fuel
cell are fed continuously and the reaction occurs catalytic surface. Figufiel shows

a schematic diagram of the electrode arrangement.
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Figure 1.1: Galvanic cell representative of the PEM fueldl

Hydrogen is fed continuously to the anode wheredtts over a platinum catalyst

surface to form protons and electrons:

2H, - 4H" +4e” (1.1)

Electrons flow through the electrode to an exteairalit to power a load. Protons travel
through the electrolyte to the cathode where tloegline with oxygen and electrons to

form water:

02 +4H" +4e” - 2H 20 (1.2)

The overall cell reaction is:
2H 2'|'O2 - ZHZO (1.3)

The Nernst potential for this reaction is 1.223nd aepresents the theoretical maximum
voltage that can be delivered by the fuel cell asag that no losses in energy occur

during operation.



1.1.2. Operation

The amount of power generated by a fuel cell igtiogluct of the cell voltag®/, and the
total current drawn,. At open circuit, when no current is drawn, tled theoretically
provides a maximum voltage corresponding to thetedlehemical potential of the two
half-reactions, Eql(1) and EqX.2), which is about 1.223 V. At open circuit, the
maximum voltage is available, but no power is gatest sinceé = 0. Forl > 0, several
voltage losses are incurred due to the inefficiemaf various processes involved in
current generation. This relationship is given by

Ve (') =Vocv _VLOSS(i) (1.4)
whereVce (i) is the overall cell voltagé,is the current density (A/cth Voev is the cell
voltage ai = 0 andV osdi) is the cumulative voltage loss stemming fromdkaeration
of current. At sufficiently high current, os{i) approache¥ocy resulting in a cell that
produces no power. For a fuel c®losdi) can be broken down into three components;
activation polarizatiomac, ohmic polarizatiormr and concentration polarizatioRone It

Is convenient to express the cumulative effechee three losses as [10,11]:

VLOSS = ”act +,7IR +,7conc (1.5)

Activation losses arise due to kinetic barriersusdog at the electrode catalyst, such as
electron transfers, formation of intermediatespgotson and desorption of species, etc.

Activation losses are typically described by théeTaquation:

RT i
=— |n —— (1.6)
ot naF n{ A, }

whereAs is electrode catalyst surface argas the Faraday constaR,is the universal
gas constanfl is the reaction temperatuieis the electron transfer coefficientjs the
number of electrons transferred by the reactinris,the exchange current density which
is related to the rate constant for the reactibine exchange current density depends on
the catalytic activity of the electrode catalysttenal and on the concentration of the
reactants at the surface of the electrode. Althadivation losses occur at both
electrodes, the kinetics of the oxygen electrodaéhcells are significantly slower than

that at the hydrogen electrode, even when highiyeplatinum catalyst electrodes are



used.

Ohmic losses are caused by the transport of pratwoagh the electrolyte, electrons
through the electrically conductive solids (eled&s and current collectors) and
interfacial resistances. The development of thiramet more conductive membrane
materials is aimed at reducing these ohmic losE@eh source of resistance in a cell has

a cumulative effect on the total cell resistance:
/7|R:IX(R1+R2+"') (1.7)
whereRy, Ry,... are the various resistance in series that thegeld particles must move

through.

Losses due to concentration effects are incurreghvitisufficient reactants reach the
electrode catalyst, thereby altering the conceotrait the electrode, which has two
repercussions. Firstly, a reduced reactant coratgon at the electrode slightly reduces
the open circuit potential of the reaction as dbesd by the Nernst equation:

_— RT 1 (1.8)
Vocv _Vocv _Fln(WJ
H2 02

wherey; is the mole fraction of speciest the electrode. When the concentration of the
reactants becomes very low, the second term onghehand side of the equation above
becomes large and caudéscy to approach 0. Secondly, and more importanttyiced
concentration at the catalyst surface adversegctdfthe kinetics of the reaction by
altering the exchange current densiyin the Butler-Volmer equation, E4.6).
Concentration polarization effects are described by

RT |n CR,ref (19)
naF Cr

conc —

wherecr is the concentration at the catalyst surfacecandis the surface concentration

at whichi, was determined.

Figurel.2(left) shows the individual and combined effesfteach of these contributions

on the overall polarization curve. Activation lessare important in the low current



density region. The ohmic losses become increbsimgportant as current density is
increased since it is proportional to current. @himsses are largely dictated by the
conductivity of the electrolyte membrane matendijch is much lower than that of the
solid electron conductors. The concentration fddion losses, or mass transfer induced
losses, place an upper limit on the maximum cutttesittcan be generated in a cell.
Concentration polarization also reduces the cdthge for a given current density

resulting in a lowered overall cell performance.
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Figure 1.2: Left: Typical polarization curves showing theadditive contribution of each type of
voltage losses. The limiting current is 1.25 A/ct Right: Power density curves showing the
interplay between power generated and cell current.

When the reaction rate or current is at its maxinmanpower is generated by the reaction
since the corresponding cell voltage is zero. interplay between the drawn current,
voltage loss and power generation can be describiedms of power density vs. current
as shown in Figuré.2(right). The onset of severe mass transfetdimoins around 1

Alcm? corresponds with the peak in power generatioiis dtear that reducing mass



transfer resistances will shift the onset of maasdfer limited operation to higher

currents and therefore increase the maximum pdvegrcein be achieved.

1.1.3. Fuel Cell Internal Components and Transport Processes

A schematic diagram of a fuel cell cross-sectioshiswn in Figurel.3. The polymer
electrolyte membrane acts as an ionic conductorlfiad's protons generated at the
anode to be transported to the cathode. Alsoesime membrane acts as a gas separator
to prevent direct mixing of oxygen and hydrogemitst be largely impermeable to gas.
The catalyst layer is a porous reaction zone coegpbo$a mixture of ionomer and
carbon- supported platinum particles, which areeaelth directly to surface of the
membrane. The ionomer phase allows protons tdriscreactive sites, while the
carbon particles provide pathways for electronsad®ant gas enters into the catalyst
layer through the pores, while product water, ba@por and liquid, leave through the
same pores. The gas diffusion layer (GDL) is &aaffiber paper that acts as both a
spacer to allow gas access to areas of the catajstlocated under the land and to
allow electron access to areas located over thengtha The GDL is made of carbon to
conduct electrons and is porous to allow transpioréactants and products. The bipolar
plates are made from graphite or metal to be canagyjanto which channels are stamped
or machined. Gas flows through the channels rallthe membrane surface and
reactants diffuse from the channel to the catddysdr through the GDL. Coolant
channels are necessary to remove the heat genésatbd reaction. Typical fuel cell
operating temperatures are slightly below“ID€ prevent excessive evaporation of

water and drying of the membrane.
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Figure 1.3: Schematic of fuel cell internal components. e section shown represents a single
repeating unit that can be placed in series to form high voltage stack. Typical dimensions are
shown.

1.1.4. Gas Diffusion Layer

The main purposes of the GDL are to act as a spa@iow reactants to reach catalyst
sites that lie under the rib and as a bridge maa#lectron access to catalyst sites over
the channel. GDLs are a porous material, usugtiger or woven cloth made from
carbon graphite fiber. SEM images of a typical Gbé shown in Figur&.4. A

catalogue of SEM images of GDLs is giverAppendix B. Graphite is an ideal material
since it is electronically conductive while alsargechemically inert and stable inside the
fuel cell. Gas transport occurs through the petevark while electron conduction

occurs through the solid matrix. GDLs are typigdiktween 150 and 4Q@0n thick with
porosity between 70 and 90%. The properties of3b& must be optimized for several
competing requirements. Tallel lists the main GDL properties along with theat

value for each GDL function.



Figure 1.4: SEM Images of Toray 090A GDL surface. Left: @0x magnification. Right: 1000x
magnification.

GDLs are usually treated with a coating of hydrdgbgolymer, such as
polytetrafluoroethylene (PTFE), to alter the bebawf liquid water inside the porous
structure. This coating is applied by saturatimg GDL with a PTFE emulsion and
followed by drying to remove the liquid. The PTp&rticles that remain are sintered at
650 K to ensure good adhesion to the carbon fitedsto promote spreading of the
polymer coating. The particle concentration in Bid-E emulsion is adjusted to achieve
the final loading. Details of coating procedures eonsidered to be intellectual property
of the GDL manufacturers and distributors. ltaasonable to expect that different
procedures will lead to different PTFE distributsomvhether intentionally or not.
Mathiaset al [12] demonstrated that a slow drying rate iSaaltto obtaining a uniform
distribution throughout the sample and that PTFBrates to the outer surfaces when

dried quickly.

The GDL plays several important mechanical rolewels It provides support to the

thin ionomer membrane over the channel so preshfieeentials across the membrane
do not cause a rupture or intrusion into the chen@®Ls also act as a pad to protect the
membrane from the channel ribs. Fuel cell stacksampressed when assembled to
ensure good electrical contact between all laygesig the only compliant component in
the cell, the GDL absorbs most of this strain. &fiect of compression on the GDL is an

important consideration since many of the GDL proes vary significantly with



compression.

Table 1.1: GDL properties and preferred values for fuel ell functions

Gas Electron Water Mechanical
Diffusion Conductivity Management  Strength
Porosity High Low High Low

Comments: A higher porosity is better for gas aqdidl transport since more
porous pathways exist, but a lower porosity isdydtir electrical conductivity
since more conductive solid phase is present.

Thickness Medium Medium Medium Thick
Comments: In theory, a thin GDL is better for gad Aquid transport as well
as electron conduction since through-plane trandeogths are reduced.
However, since a very thin GDL reduces gas aceeassias under the land
and electron access to areas over the channeptianum medium thickness
exists.

Hydrophobicity Low Low High High
Comments: Since liquid water is formed inside tak, the GDL must be
hydrophobic so water does not wick into its porstugcture. A hydrophobic

polymer coating is usually applied to promote hydabicity, but it must be
applied as sparingly as possible since it is nettatally conductive.

1.1.5. The Microporous Layer

The microporous layer (MPL) is a powdery mixturecafbon black and PTFE particles
that is often applied to the side of the GDL facihg catalyst layer. This mixture is
sprayed onto the GDL then sintered so the PTFBbrahthe powder together. SEM
images of the MPL are shown in Figur®. The MPL treatment is known to be
beneficial for fuel cell performance [13] but thetwal function of this layer is still
unclear. The MPL presumably creates better etattand thermal contact between the
catalyst layer and the GDL by providing a smooth@sre continuous interface, but the
benefits of the MPL are most noticeable at higherent conditions indicating that it
somehow improves mass transfer. This is countaitive since the MPL actually adds a
diffusive resistance to mass transfer by increagiegliffusion length and adding a layer
of lower porosity material through which gas mufiude. Consequently, it is generally
thought that the MPL somehow alters the liquid watstribution in the cell to a more
favorable arrangement for gas phase transporhoAgh several theories on their
function have been proposed, the question of hewMRL improves performance

remains open.
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Figure 1.5: SEM images of microporous layer. Left: Surfac&iew. Right: Cross-section.

1.1.6. Limiting Current

As with any catalytic reaction, the theoretical maxm current that can be attained in a
fuel cell is limited by the rate at which reactacés be supplied to the catalyst sites. This
rate corresponds to the limiting current. Forrims&ction to proceed, both hydrogen and
oxygen must reach their respective catalyst layera/ever, for several reasons the rate
of oxygen transport is the rate limiting step undermal operation. Firstly, oxygen
partial pressure is much lower than hydrogen singgen is obtained from air. This air

is usually humidified prior to being introducedth® stack so that the oxygen partial
pressure is further reduced. Secondly, the dofusioefficient of oxygen is lower than
that of hydrogen. Finally and most critically, tvater generated by the electrochemical
reaction forms on the cathode side. Not only deater vapor reduce the oxygen partial
pressure even further, but its also tends to cas®lenthe pores of the GDL and block
gas phase mass transfer. The result of wated-fdt@es in the GDL is a reduced effective
diffusion coefficient of oxygen. When enough pobesome filled with water, there will
no longer be a continuous pathway through the GBulch a situation is referred to as
flooding. However, the detrimental effect of liquiditer in the GDL to reduce the

limiting current is observed even when partial 8o occurs. Controlling the formation
and distribution of liquid water inside the cathadectrode is critical to achieving
maximum performance. The next section discusse®ne detail the various

requirements and approaches used to manage wdite icells.
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1.1.7. Water Management

One of the major appeals of hydrogen fuel celthas their only byproduct is pure water.
Ironically, the production of water is also onetloé major engineering challenges since
the water must be removed from the cell as it ieegated. Accumulation of water inside
the cell results in flooding of the internal poralisctrode structures, specifically the
GDL, and prevents gaseous reactants from reachitadyst sites. Complete water
removal from the cell is not an option since therently used ionomeric membrane
materials must be hydrated to function. In fawgjt performance improves
exponentially with relative humidity [14,15] as wapartitions into the solid polymer
phase and hydrates the sulfonic acid groups torinnpaic conductivity. Achieving a
balance between water rejection from the cell &iao high mass transfer rates and
maintaining sufficient moisture inside the celletasure membrane hydration is a

challenging task and is referred to as water manage

Unfortunately, the goal of maintaining the watentamt inside the cell at the optimum
value is not practically achievable for severabm®s. Since water is generated inside the
cell, the relative humidity of the air stream inses as it passes through the cell, creating
a distribution of humidity conditions throughouetbell. There are also temperature and
current density variations across the active areating altered humidity conditions from
location to location. Another difficulty is theatmsient nature of the fuel cell operation
under a duty cycle, which creates variable intewstkr contents at any given time. The
end result is that ideal or optimum conditions oaly be expected in limited locations

and at certain operating conditions if at all. c®ircurrently available membranes do not
perform well when dry, it is necessary to supplyhity humidified feed gases and design

the cell to cope with liquid water.

Several design features are commonly employedridladhe liquid water that forms in
the cell. The first and most commonly used metisdd coat the GDL with a
hydrophobic polymer, such as PTFE, to prevent diquater from wicking throughout the
GDL and completely blocking gas transport. A setctathnique is to apply a
microporous layer (MPL), which is a highly hydrofiolayer of sintered carbon and

12



PTFE powder, to the side of the gas diffusion ldgemg the catalyst layer. The actual
function of the MPL is unclear, but it is knowndignificantly improve cell performance
under humid conditions. Other adaptations to lehduid water include application of
PTFE coating on the gas channel walls to aid dtaplaoval by gas flow [16], porous

bipolar plates that draw water into the coolargatn [17] and macro-holes through the

GDL to act as water flow conduits [18,19].

The reality is that liquid water exists in the feell. Although several techniques are
employed to limit the detrimental effects on maasdfer, these are empirically
developed. Little is known about how liquid walbehaves in the materials or how
different PTFE application techniques affect liquidter distribution. Almost nothing is
known about the role of the MPL on water manageménproving the performance of
PEM fuel cells by accommodating the presence oidigvater in the electrode requires a
much deeper understanding of water behavior, mmassgort properties and multiphase

flow phenomena inside the GDL than currently exists

1.2. Outline of Thesis

This thesis addresses the issue of water floodirigae gas diffusion layer of the polymer
electrolyte fuel cell. As part of this work, a nber of experiments have been developed
to characterize the transport properties of the @it relate to two-phase flow, such as
capillary pressure and permeability tests. Poteord& modeling has also been employed
to simulate multiphase flow in GDLs and to prediensport properties that are difficult
to determine experimentally, such as relative pabiigy and effective diffusivity

through partially saturated media. The main theifrtlis work is the determination of
multiphase transport properties of GDLs obtainedufh a combination of experiments
and pore scale modeling. The larger picture of ée# performance is also addressed

briefly.

One of the main contributions of this work is thevelopment of the air-water capillary

pressure measurement method. A solution to tleislem was actively being sought by

13



numerous academic groups [20-22] and industriak&sts including United
Technologies Corporation [23] and General Motord.[2ZThe method developed in the
present thesis is superior to all reported metlaodshas been used extensively
throughout this work.

This thesis is organized into four main sectiomke first section is a literature review of
GDL transport properties, their role and use il de&l modeling, and a summary of in-
situ and ex-situ experimental techniques and nuwakpredictions. The second section
describes in detail the various experimental tegpnes that have been developed as part
of this project. In the third section, the poréwmrk model that has been developed to
study multiphase flow and mass transfer in GDUsresented. The final section
combines the experimental and modeling resultsanrger coherent discussion of

transport phenomena in GDL and fuel cells.
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2. Literature Review and Theory

Efforts to understand the effects of liquid waterfoel cell performance have been
extensive. An astounding number of numerical motale been published [25-112]
that attempt to incorporate equations for multigh#sw in porous media into
multiphysics and computational fluid dynamics (CHarkages in an effort to account
for the effect of liquid water on PEM fuel cell pgmmance. These models have evolved
from one-dimensional, isothermal, steady-state risoofeonly the GDL to highly
elaborate three-dimensional, non-isothermal, dyonduti cell models, including flow
channels, phase change, electron transport, amigptrell compression and more. The
limitation of this modeling approach is that phydiand transport properties for each
domain in the model must be known. As more couplegsical processes are included in
the model for completeness, more physical propedie needed as input. Ironically,
such efforts often only add more uncertainty sialtéhe necessary physical parameters

are not usually known.

One of the earliest attempts to model transpathiénGDL as a multiphase-flow-through-
porous-media problem can be attributed to Wetngj. [39,54]. Prior to this work,
PEMFC models accounted for GDL water content bytramily adjusting the GDL
porosity to mimic reduced gas transport [113,113{ie to the pioneering nature of their
work, Wanget al were forced to assume virtually all of the muiage related transport
properties of the GDL. Capillary pressure cunasuinconsolidated sand packs were
used, along with relative permeability relationshipr oil reservoirs and tortuosity
relationships for packed bed reactors. Many moldale been published following the
work Wanget al,, but the generation of modeling studies has dtigally outpaced the

arrival of relevant experimental GDL transport data

To illustrate the problem, a simple model couplingid flow through the GDL with
oxygen diffusion to the catalyst layer is preserielbw. The typical formulation for
liquid flow through a partially saturated porousdi@eis unsaturated flow theory, also

referred to as the modified Darcy’s law or the Rids equation [115]:
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wherev, is the fluid velocitys is the GDL water saturation, defined as the foacof

pore volume filled with wategy is the liquid viscosityK is the absolute permeability,
KL is the relative liquid permeability (i.e. the pexability of liquid in a partially liquid
saturated porous medium) aRgd is the capillary pressure function of the porowediam.
The use of EqQ.1) requires that the propertié§ K. & Pc) of the porous material being
modeled (i.e. the GDL) are known. Coupled with(Ed.) is the calculation of gas
diffusivity through the partially saturated GDLttze catalyst layer. Full Stefan-Maxwell
equations for multicomponent flow can be used,fbuthe simple case of unimolecular
diffusion of species A (oxygen) through a stagrfaumt of B (water saturated nitrogen),
Fick’s law can be applied and is sufficient toskiate the required transport properties
[116]:

fi, = CAD,, ; D, (s)0In(x,) (2.2)

wheren, is the molar flow of speciesthrough an ared, Dag is the binary diffusiong is
the bulk concentratiorg andr are the porosity and tortuosity of the dry GDL,
respectivelyxg is the mole fraction of speci@&andD,¢ is a function to account for the
reduction in gas phase diffusivity by the preseofd@juid water in the pores. As was the
case with EqZ.1), this equation also requires numerous physigdltransport properties

of the porous material to be known; in this cagseandD,g.

If it is assumed that all of the water generated ke liquid form, as would be the case
when the air is fully humidified, then the follovgrequation relates water production to

current densityi,:

PV, - MW, (2.3)
ZHZOF z

whereg is the liquid density- is Faraday’s constari¥)W is molecular weight anzis a
stoichiometric constant relating the number of rooles produced per electron generated,
which in the case of water is 2 (see BEQR]). Similarly, the oxygen flux is related teet

current generation by:
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[
-R. = (2.4)
o, Z,, F

The value ot for oxygen is 4.

Equations 2.1) through 2.4) together form a very simple model of simulamgegas and
liquid transfer through the pores of the GDL. Qtfaetors, such as electron and heat
transfer through the solid matrix may also be ingoarbut the focus of this discussion
(and thesis) is the mass transfer through the ganetwork. Solution of the above set of
equations requires that six GDL properties mudtrmvn: K, K., Pc,& randD,. None

of these are well known for GDLs and none aredtito measure experimentally. Each

property will be discussed in more detail in thetiems that follow.

Testing of GDL transport properties is challengmegause the dimensions and properties
of the materials are incompatible with most essdidd techniques used for studying
other traditional porous media such as rock congpéas and sand packs. For instance,
relative permeability of a rock core sample is imoelfy obtained by measuring the
electrical conductivity of a brine solution flowirtigrough the sample [117], with the
conductivity being proportional to the saturatiddecause GDLs are themselves
conductive, however, this technique cannot be aedplirhe conductive nature of the
GDL also eliminates the use of NMR imaging to stuggter configuration, which is
commonly employed for rock and sand packs [11&seftially, test methods for each
transport property of interest must be developeatitailored specifically for GDLs. The
other unique and challenging features of GDLs lae& high porosity, fibrous structure,
anisotropy, extreme thinness and chemical hetemternTests must be devised that can
meet each of these challenges.

Recently, the need for systematic study of GDLspamt properties has begun to be
addressed. This chapter will attempt to collect mview the knowledge of GDL
transport properties available in the literatukefull discussion of each GDL transport
property will be given its own section; with eadtson describing the role of the

property in PEMFC operation, a review of relevéetrature, the state of knowledge or
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understanding of that property and the techniquadadble for its measurement.

2.1. Capillarity, Wettability and Contact Angle

The wettability of a porous material, or more sfieally the solid that comprises the
porous material, has a major impact on capillappprties. Consider a tube of solid
submerged into a pool of fluid, as shown in Figau®e If Fluid 1 is wetting on Solid 1, it
will rise (Figure2.1 left). Conversely, if Solid 2 is not wet byukd 1, the surface will be
depressed (Figur2 1 right).

Solid 1 Solid 2

Figure 2.1: Capillary action between a solid tube and 2dids . Fluid 1 is wetting on Solid 1, but not
Solid 2

The height of fluid rise (or depression) is a fumctof several variables, such as the
surface tension and density of the fluids, the @i@mof the tube and the wettability of
the fluids on the solid. In the case where Fluid Wetting and Fluid 2 is a gas with
negligible density (i.e. water-air-glass), the inj, of the fluid column corresponds to a
static pressure that is equal to the capillaryquresof the systen®c = pogh. The
capillary pressure represents the difference isqunes across the Fluid 1 — Fluid 2
interface. At the free surfack € 0) there is no capillary effect akd = P (h=0). At the
surface inside the tube, however, the pressuteeitiquid is equal t&,_ = P, (h=0) —ogh.
Rearranging this equation leads to the generahidief of capillary pressure:
Fe = Pawwe ~ R (2.5)
wherePywp andPyp are the pressures in each phase at the interfacdhe left side of
Figure2.1, gas is the non-wetting phad®&NP and liquid is the wetting phas#/p), and
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on the right side liquid is the non-wetting phaed gas is the wetting phase.

Capillary pressur@c is related to the curvature of the interface betwthe phases. The
capillary pressure of an interface can be desciiyethe Young-Laplace equation [117]:

P. =20H (2.6)
wherecois the surface tension of the liquid-gas interfacdH is the mean curvature of

the interface defined as:

H=11,1 (2.7)
AN

wherer; andr; are the principal radii of curvature measuredampndicular directions.

For the simple case of a cylindrical tube showRigure2.1 the curvature of the
interface can be found from the radius of the taihe the contact angle formed where the
interface meets the solid walls and B becomes:

P. = —20005(0)(%} (2.8)

wherer is the radius of the tube aitis the contact angle, which is discussed beloar. F
geometries more complex than cylindrical tubesaiolitg a solution to EQ(6) is not
trivial, if possible at all, thus EQ(8) is typically used to convert between capillary
pressure and pore size based on the assumptiopattest are cylindrical tubes. Whether
Eq.@.8) is strictly valid or not, this inverse relaighip between size and capillary

pressure is generally true.

The wettability of a fluid on a solid can be detared by the contact angle formed
between a droplet of fluid and a smooth surfacdefsolid in question, as shown in
Figure2.2. In general, a contact angle below 8teans the fluid is wetting and non-
wetting if it is above 90 In terms of the Young-Laplace equation (BE@)) this

definition leads to a change in the sign of thaltay pressure due the the change in the

cos(® term at 90.
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Wetting Non-Wetting

Z

Figure 2.2: Definition of wetting and non-wetting phase bsed on solid-liquid contact angle

In practical terms, however, the appearance oftigaophilic or hydrophobic behavior

is not as clearly defined. A contact angle clas€tindicates a highly wetting fluid, such
as water on glass which has contact angl€ @@ spreads indefinitely instead of
forming a droplet. Conversely, a large contactienglicates a highly non-wetting fluid,
such as mercury which has a contact angle of daGnost solids and beads up. Contact
angles near 30(+35°), however, are considered intermediate (Figu8? and such fluids

often exhibit mixed and complex wetting tendencies.

Hydrophobic  Intermediate Hydrophilic
8 > 1150 Wettability 8 < 650

7,

Figure 2.3: Practical limits of wetting and non-wetting ptase based on solid-liquid contact angle

The wetting and non-wetting phase can be eithét,flepending on the chemical
interactions of the fluids with the solid interfac8olids are often classified by their
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wettability to various fluids. In oil recoveryditature, for instance, an oil bearing sand is
referred to as either oil-wet or water-wet. Wheatev and air are the fluids, solid

surfaces are termed hydrophilic if they are watet-and hydrophobic if they are not.

Because the wettability of a porous material cdatwhether a phase will wick or imbibe
into the porous structure, it is important to eedinat GDLs are not water-wet since
imbibed water would spread and completely blocktgassport. For this reason, a
hydrophobic polymer treatment applied to GDLs idettito increase the water contact
angle in the GDL in the hope of increasing GDL loghobicity. Although it is
conceptually straightforward, there is confusioerothe actual effect of hydrophobic
polymer addition on GDL wettability. The fibers thie GDL are made of graphite, which
is reported to have a water contact angle 6f[869] and are therefore strictly
hydrophilic, while the hydrophobic coating, usuddyFE, has a water contact angle of
108 [120,121]. Since both of these values are in dmge of intermediate wettability
(Figure2.3), it is misleading to think of these surfacedaing solely hydrophilic or
hydrophobic. The presence of these different naseis thought to give rise to a
situation of mixed wettability. It is often assudnihat GDLs are composed of a mixture
of regions of singular wettability, leading to anceptual picture of GDLs as having
coexisting networks of hydrophilic and hydrophopares [30,122]. In such a picture,
liquid water wicks into and flows through the hyghdlic pore network while gas
transport occurs through the hydrophobic poresth@@mount of PTFE added controls
the relative amounts each network. Sinha and VB2 incorporated this concept into
a pore network model of a GDL by randomly assigreitger a hydrophobic or
hydrophilic contact angle to each pore. Wedteail [30] incorporated mixed wettability
into a continuum model by assigning a fixed volunaetion of pores as hydrophilic.
Some experimental support for this picture was ey in early work by Gostickt al
[123] who demonstrated that liquid suction (i.egaieve capillary pressure) was required
to remove water from a GDL, indicating the exisen€ hydrophilic regions.
Contradictory evidence exists, however, demonsigatiat GDLs are hydrophobic.
Benzigeret al [124] performed experiments to measure the bnealsgh pressure of
water and found that positive liquid pressure déast several thousand Pa was required
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to initiate water flow in all GDLs with or witholRTFE. Clearly, GDL wettability and
the behavior of liquid water is more complex thiaa simple picture described above.

There are several factors that influence wettgtlléyond the simple measure of static
contact angle on a flat, smooth surface. In asadgsaper, Wenzel [125] demonstrated
that a rough surface yields a different contactatitan a smooth surface of the same
material due to the increased contact betweendiietand liquid for a given projected
area created by the roughness. This is shownedlethof Figure2.4 and is described by

the Wenzel equation:

Cos(eobs) = bcos(gact) (2.9)
whereésis the observed macroscopic contact angle onoilnghr surfaceé is the
contact angle on smooth surface énd the ratio of total area of the rough surfacdain
the drop to the projected surface area if the drege sitting on a flat surface. All contact
angles are measured through the droplet so thghrass makes non-wetting fluids more

non-wetting and wetting fluids more wetting.

72

Figure 2.4: Droplet on a rough surface. Left: Wenzel Effet. Right: Cassie-Baxter Effect.

7

Also shown in Figur.4 is the Cassie-Baxter effect [126] which ocansery rough or
porous surfaces where the droplet is resting oh tha solid portions of the surface and
the void openings on the surface. The observethcbangle will be an area-weighted
average of the contact angle on each surface:

Cos(eobs) =f C05(‘91) - f, 005(02) (2.10)
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wheref, is the fractional area of solid with a contactlangf &, andf; is the fractional
area of voids. The contact angig, of a liquid droplet on the air surface is 180he
observed contact angle measured through a liquiplelris always higher on a porous
surface. Even for a liquid that is normally hightting on the solid and would be
expected to spread over it, a droplet can stithfdrthe surface is sufficiently porous; this
is often referred to as the “lotus leaf effect” T1.2 Since GDLs are porous and the
individual fibers are rough, both the Wenzel effaictl the Cassie-Baxter effect contribute
to the appearance that GDLs are more hydrophohit shggested by contact angle
measurements alone. Lafuma and Quere [128] studietéct angles of water droplets
on micropatterned hydrophobic surfaces and foumtiaob angle increases of 3for
droplet in the Wenzel state (i.e. droplet fille@ ttoughness) and 5@or droplets in the
Cassie-Baxter state (i.e. air trapped in the roeghmelow the droplet). Gostiekal.

[129] reported contact angles for water on GDLaceb between 13@nd 150. They
attempted to extract the actual contact angle flmmobserved value using a combined
Wenzel and Cassie-Baxter equation:

Cos(gobs) = bf; C05(91) - f, (2.11)
whereb was included to account for the roughness caugékebround fibers as
suggested by Adamson [119]. Using this approadiaahcontact angles close to 200

were estimated for several GDLs, which is in lindwknown values for graphite and
PTFE.

Although the Wenzel and Cassie-Baxter effects explday GDLs behave
hydrophobically and resist water penetration desp#ing only mildly hydrophobic or
even mildly hydrophilic, the strong hydrophilic lztor observed by Gostialt al [123]
during water withdrawal requires explanation. Ehare several other mechanisms that
further affect wettability. Contact angle hystésds a widely observed phenomenon
where the contact angles differ between advanamdgeceding contact lines, with the
advancing contact angle being larger than the regezhe as shown in Figue5.

Zisman [130] gives a thorough account of numeraugact angle hysteresis mechanisms
and cites roughness on the solid surface, whicibitshboth the advancement and

retraction of contact lines, as the main sourcent@ct angle hysteresis is usually not
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observed on molecularly smooth surfaces [130].uiref and Quere [128] studied contact
angle hysteresis on their micropatterned surfandd@und that droplets in the Wenzel
state exhibited a contact angledaf= 140 during advancement aré = 40° during
retraction. Such a massive swing in contact aefféetively changed water from a

highly non-wetting to a highly wetting phase. IheEexperiments of Gostiek al [123]

that showed hydrophilic behavior in GDLs, the watass most certainly in the Wenzel

state, so that a large contact angle hysteresly léxisted.

JONION
_

Figure 2.5: Contact angle hysteresis. The picture droplds being moved to the left, creating an
advancing and receding contact angleg, and &, respectively.

Yet another consideration is the effect that ssiidcture has on fluid interfacial shape.
Consider the case shown in Fig@ré where liquid is injected into a converging or
diverging pore throat. The contact angle is meabuelative to the tangent where the
liquid meets the solid. Even if the liquid is teatally non-wetting on the solid > 9C,
the interface curvature can assume a negative YRigere2.6 left) or a positive value
(Figure2.6 right) depending on the angle of the solid walluch reversals in interfacial
curvature would be most prevalent for systems wittrmediate contact angles neaf.90
This can be seen in EQ.02) where the sum of the contact angle and the giwergence
angle dictates the sign of the cosine term, ancttbee the direction of the interface

curvature [131].

P, =22 (cogd6+ 9) 212

where@is the fluid contact angle argthe angle of the pore wall relative to the normal
of the interface. Reversal in interface curvatwehis effect can change which fluid
behaves as the wetting phase, and as a resudi;tretr of a non-wetting phase may

require negative capillary pressures as observeddsyicket al [123].
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Overall, the wettability of GDLs is a complex sutije Observed wettability behavior is
the result of chemical heterogeneity (graphite RMEE), roughness, porosity,
configurational effects and history dependence.L@i2 not highly hydrophilic, even
without the addition of PTFE, since water doeswigk into the pore structure. At the
same time, they are not highly hydrophobic eitBgrge air does not spontaneously

displace water from a GDL once it is filled with tea

Figure 2.6: The effect of solid structure on fluid configuation.

2.2. Capillary Pressure Curves

Capillary pressure curves provide perhaps the mgsdrtant information that can be

obtained about a porous material. A great deaifofmation is contained in these curves,

including pore size distribution, porosity, breakiingh pressure, phase trapping and
fluid-solid wettability. Capillary pressure curvies GDLs are particularly interesting
since the hydrophobic polymer coating is specifjcaitended to alter the capillary

properties, without significantly changing the stural properties.

A porous medium consists of a network of many cotetwepores, each with a different
size. Consequently a porous material will preserange of capillary pressures, where
the pressure of each pore is described by a funstiilar to the form given in Eq28).
The displacement of a wetting phase from a poroedianoccurs gradually as the
pressure of the non-wetting phase is increasednaiddual pores are drained. A
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capillary pressure curve is obtained by scanninguith a range of pressures and
monitoring the cumulative volume of non-wetting pbdhat is injected at each pressure.
A simplified capillary pressure curve is shown igi¥e2.7. As the non-wetting phase
pressure is increased from zero to positive valingssion initially proceeds into the
largest most easily penetrated pores accordingt2 B). Further increases in pressure
result in smaller pores being penetrated untilhelpore volume in the sample is filled.
The capillary pressure curve provides direct infation about how much pore volume is

accessible at any given pressure.

When pressure is relieved in a similar incremetfatsthion the non-wetting phase begins
to withdraw from the sample and an extrusion cuswebtained. A hysteresis is observed
in the withdrawal of the non-wetting phase, whiohdgeveral reasons always occurs at
lower capillary pressures than was required tccirije The most basic reason is that
injection is controlled by penetration of consinas (throats) while withdrawal is
controlled by bulges (bodies), as shown in FiguB A pressure d?; is insufficient to
penetrate the inlet throat. When the pressumci®ased t®, the inlet throat and pore
body are filled simultaneously. When the presssiretuned td?; the fluid retracts to a
position that is consistent with the pressefebut this corresponds to a size larger than
the inlet throat since the inlet throat was impeatde atP;. In this scenario it is clear
that more non-wetting phase exists in the samle tas attained during injection at the

sSame pressure.

Contact angle hysteresis also contributes to tfierdnce between the intrusion and
extrusion curves as discussed in the previousasechnother feature shown in Figure
2.7 is the residual non-wetting phase saturatifims is caused by pockets of non-wetting
phase becoming detached from the withdrawing #und becoming completely

immobile.

26



1 ' 1

S I

= | Smallest pores

— . are filled

> |W|thdrawal

)

5 I

)]

Q I

(2}

g I

c

o I

£ |

b= | Injection

o

= . . |

- Residual Non-Wetting

(@) Phase Saturation

2 Largest pores
0 | «— begin to fill

P, 0 +Pg

Capillary Pressure (Pywp — Pwp)

Figure 2.7: Diagram of a typical capillary pressure curve.

P,> P, P,>P, P,>P,

Figure 2.8: Conceptual picture of non-wetting phase movenmm as pressure is increased from P
(left) to P, (center) and back to R (right).

From the point of view of GDL transport modelingetcapillary pressure curve relates
the applied fluid pressure to the resulting satonadf the porous material. Since the
estimation of the GDL saturation is the main obyecof two-phase-flow based PEMFCs
models, an accurate knowledge of the capillaryqanesbehavior would seem essential.
Yet, capillary pressure is perhaps the least knofM&DL properties. In place of relevant

capillary pressure curves, a very common practiche use of the so-calldeunction:

J(s)=a,s+a,s® +a,s’ (2.13)
whereJ(s) is a dimensionless capillary presswés the water saturation amag, a, andag

are empirical coefficients. The popular use of(E£4.3) to represent capillary pressure
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curves for GDLs can be traced back to Wahgl [39,54] who assumed values of most
GDL properties for their early model since verjiditexperimental information was
available at that timeWang et al[54] chose a polynomial given by Udell [132], whic
was obtained by fitting Eq(13) to the classic data of Leverett [131]. Thpeal of
these data (aside from the convenience of its pohyal form for numerical
implementation) is that Leverett [131] had demaatstl that capillary pressure curves
from several different sand pack samples coulddiafgsed into a single curve when

normalized according to:

P.(s)=0 COS@)(%) B J(s) (2.14)

wherecois the surface tension of the fluid systefis the contact angle,is the porosity
andK is the permeability of the porous medium. Althbuigs true that Leverett [131]
demonstrated some universality among capillarygumescurves of related materials, it is
not true that the normalized data of Leverett (@tidg of that data by Udell) can be
used to represent GDLs, which bare no structussmblance to sand packs.
Furthermore, EqQ.13) is not a good representation of a capillagggure curve function;
it shows no breakthrough point since it passesutitrahe origin, it tends to yield curves
that are much too steep and it is abruptly terneithatts = 1. Ironically, a close analysis
of Udell's polynomial reveals that it is not evega@od fit to Leverett’s results beyond the
range that Udell originally intended for his owrnrpaoses (heat pipe modeling);
nonetheless this polynomial has been used in d¥g@ublications [25,26,28,29,32,33,37-
39,41-43,45,46,48-50,52-54,56-59,62,63,65,66,69425,77-79,83,85,88,90-
92,94,96,101,102,104-108,110,111]. The reliancthimequation has become so
customary that some of the more recent works dewen provide a citation for its

original use.

Only a small number of authors have acknowledgedrtappropriateness of E.{3)
for GDL modeling and attempted to find alternativéguyen and co-workers proposed
an equation that was obtained by comparing thdtsestitheir numerical fuel cell model
to experimental fuel cell polarization data anchggshe parameters of the capillary

pressure functions as a fitting parameter [27,8hers have simply treated thetis
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term as a constant for lack of better informati®h,84,44,87,89]. Guraet al.[99] used

a Brooks-Corey expression and explicitly stated tihe parameters and exponents used
were assumed values. Since the original paperaoigét al.a vast number of similar
models have been published that use the same o@Epgie or other faulty capillary
pressure data. Only now, almost 10 years latersignificant attempts being made to

determine actual air-water capillary propertie&aiLs.

The most widely accepted method for measuring keeipipressure curves is mercury
intrusion porosimetry (MIP), which is a well estigbled technique and has seen wide
spread use by fuel cell researchers [64,133-18Bhough mercury intrusion

porosimetry is a well established technique for sneiag capillary curves of many
porous materials, this method is not useful for Gidr several reasons. Firstly, since
mercury is highly non-wetting to both the graplstdstrate and the PTFE coating in
GDLs, it is insensitive to changes in the chemiekbrogeneity of the solid surfaces,
which is precisely what is of most interest. Seltgnconversion of mercury intrusion
pressure data to an equivalent air-water pressgu@res knowledge of the contact angles
of mercury and water on GDL surfaces. Even ifrgle contact angle can be determined
for mercury in the GDL, which is not straightforwldd 23], the water contact angle will
vary for the graphite and PTFE surfaces, making¢bnversion impossible without
additional knowledge of the PTFE distribution. thermore, this conversion requires the
use of the Young-Laplace equation based on a bwofdlgbes model (Eg2(8)), which is
not necessarily valid for highly porous and fibr@BLs. Clearly there is a need for
direct measurement of the air-water capillary prope of GDLs. Despite the drawbacks
of this approach Acostat al.[64] attempted to obtain air-water capillary presscurves
from MIP data.

The problem of indeterminate contact angles ancechfluid wettability in capillary
pressure curves can be avoided by measuring aggaltassure curves directly with
water as the working fluid. Several techniquesaanalable for this measurement, but
none of them have achieved widespread acceptab@ipillary flow porometry (CFP)

[139,140] is based on forcing water to flow throulge GDL. By comparing pressures
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required for single phase flow of the wetting ph@se air) and for two-phase flow (i.e.
water displacing air) it is possible to obtain agsure vs. flow rate distribution. If the
porous media is assumed to be a bundle of tubexs stilnch data can be converted to a
capillary pressure curve. This method has a numbeérawbacks. The most serious
problem arises due to the existence of a pressatkeyt in the flowing phase across the
sample which leads to varying applied capillarysprees applied at different locations.
Mathiaset al.[12] have performed a slight variation of this edment that uses air as the
non-wetting fluid to displace a strongly wettingyanic fluid from GDLs. Although this
is conceptually equivalent to MIP measurementsstsutbially different results were
obtained by the two methods. Furthermore, thisarent is limited to scanning only in
the direction of increasing water saturation arrde> 0 and so provides only partial

curves.

The method of standard porosimetry (MSP) [141-1gd3hother approach that can be
used to obtain air-water capillary pressure curdaghis test, a GDL is initially saturated
with water and placed in capillary contact withatusated porous “standard” which has a
known capillary pressure curve. While in contdlog, standard and the sample are in
capillary equilibrium, the known capillary pressumehe standard is the same as that in
the sample. The capillary pressure is varied lopahg the standard and sample to dry
slowly while in contact, thereby varying their dégoy pressure together. By weighing
the sample and standard periodically their satmatcan be found. From this, the
capillary pressure of the standard, and therefise @& the sample, can be obtained from
the known capillary pressure curve of the standditds method is limited to scanning
only in the direction of decreasing water saturagod only folPc < 0. The application

of this method to GDLs was initially investigateg ®osticket al.[123]. More recently
Mench and co-workers have used this techniqueuttyst wide variety of GDLs with
varying hydrophobic polymer contents [144], undéfiedent compressions [145] and at a
range of temperatures [146]. They have furthemapted to synthesize a single
relationship that can describe the capillary progsrof any GDL, with any combination
of the above parameters (temperature, compredsyongphobic polymer loading) [147],

to generate a correlation that can be substitutedtty for Eq.@.13).
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Gallagheret al [23] have recently reported a method that is sona¢ similar to MSP.
The GDL is initially saturated with water and is@éd on a porous plate that is also
water saturated. Instead of changing the GDL aatur by drying, as in MSP, they
control the capillary pressure directly by applyswgtion to the porous plate. Capillary
equilibrium is established between the GDL anduaée as water flows from the GDL
and to the plate andce versa The GDL saturation is determined by weighingaft
equilibration at each applied pressure. Sincespresis controlled directly it is possible
with this method to scan along both increasing @gateasing water saturation paths,
although this method is limited #: < 0.

Rothet al.[24] have developed a technique that involves srgmg a sample in water
and weighing the water uptake. Since water doéspuntaneously imbibe into a GDL,
even when submerged, they forced water into theokeaim discrete amounts by first
reducing the gas pressure inside the sample ttua véPs < Pary, then submerging the
sample under water and returning the gas presborgedhe water t€@arv. This has the
effect of forcing water into the sample at a pressif Pc = Patm —Pcs. A capillary
pressure curve can be obtained by repeated measnieat successively lower gas
pressures. This method only scans in the directfoncreasing water saturation and
only for Pc > 0.

A more straightforward approach for measuring dailpressure is adapting the MIP
concept to use water as the injecting fluid. Usirager introduces several difficulties
that are not encountered when using mercury ovarige non-negligible vapor pressure
of water. In MIP it is possible to evacuate thepke before mercury is injected since
mercury has negligible vapor pressure so it doésangtate or evaporate. This allows
the sample to be contained in a sealed, dead-ertdedber since no air must be
displaced by the invading mercury, vastly simpfifyisample mounting. When water is
the working fluid, allowances must be made fowiatility and the sample cannot be
evacuated. This requires designing a sample httdéallows air to escape as water

invades, but water must not be allowed to leavestimeple. An example of a sample
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holder for this approach is shown in Fig@r®. In this arrangement, a porous
hydrophobic membrane is used as a capillary bawiprevent injected water from
leaving the top of the sample. Also, a porous agtilic membrane is employed on the
bottom side to prevent air from leaving the santpieng water drainage.

Sample Chamber —

00| water canoe

GDL Sample T R completely drained
from sample, but
il cannot leave
Fydrophilic -] sample chamber
membrane
Hydrophabic Sample can be
membrane

completely filled
with water, but
water cannot leave
sample chamber

e T T T e e e e N M T R T LT LT AT

T Sample volume is
isolated

Figure 2.9: Schematic diagram of a sample holder using cdlary barriers for water injection
experiments

Several variations of this method have been regentiployed. Fairweathet al.[20]

used a syringe pump to inject discrete volumesoid into a sample and measured the
resulting liquid pressure. The intention of usthigcrete volume injections was to allow
time for capillary equilibrium before advancingtte next data point. Their technique
allows scans along both increasing and decreasatgrwaturation paths and over a wide
range of capillary pressurd®; yin < 0 <Pc max. Their results revealed for the first time
a hysteresis effect, with water injection occurrai@c > 0, as observed by Benziggral
[124] and water withdrawal occurring¢ < 0, as observed by Gostick et al. with MSP
[123]. Despite the insights gained by this techeigt is not entirely satisfactory since
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the controlled variable is the injected volume. aVladding volume in fixed amounts it

is possible that the pore space made acceséildeany given pressufg may not be
completely filled by the volum¥, of fluid injected, (i.eV; <Vy(P;)). A capillary

pressure curve is generally expected to repreberdarhount of pore volume accessible at
a given pressure, making the results of this erpant difficult to interpret. Toledet al
[148] were able to extract a great deal of usefidrmation from volume-controlled
injection experiments, but only with the aid of allxcalibrated dynamic pore network
model.

Sole [22] reports a method similar to that of Faatheret al.[20]. This is also a
volume-controlled method, but the water is injeated the GDL specimen at a constant
rate while the pressure response is monitoredtimitd. The GDL saturation at any point
can be found from the injection rate and the eldpsee. A wide range of capillary
pressurd’c min < 0 <Pc wax can be scanned with this method but Sole [22hdid

employ a hydrophilic membrane below the samplesanlimited scans to the direction of
increasing water saturation only. The difficultithvconstant rate injection is that
capillary equilibrium is never truly establishedtiie sample since the fluid interfaces are
continually altered by the additional fluid. Eviépseudo-equilibrium conditions are
maintained, this approach still has the same drekvha that of Fairweathet al. [20]

(i.e. volume-controlled capillary pressure expenisere not easily interpreted).

Another version proposed by Van Nguyaral.[21] controls liquid pressure instead of
liquid volume. Capillary pressure is controlleddmjusting the hydrostatic pressure
between the sample and a horizontal graduated tib¢he static pressure is altered, the
liquid saturation in the GDL can be monitored kgcking the movement of a meniscus in
the graduated tube of known diameter. This wodswshydrophobic capillary barrier

but no hydrophilic membrane. Although they did ns¢ a hydrophilic barrier, Van
Nguyenet al.[21] managed to perform water withdrawal by caigfteducing the liquid
pressure and ensuring gas breakthrough did not.odtwe capillary loops obtained did
not show any hysteresis, which is surprising anesdwt agree with the results of

Fairweatheet al.[20]. Van Nguyen and co-workers have recentlgrafited to
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incorporate the data obtained from their curves aantinuum models [86,100].

As an alternative to the various experimental apgines, Beckest al [149] have
attempted to determine capillary pressure curvagpobationally. They used
morphological image opening on 3D images of GDLisined from x-ray tomography.
This technique has the advantage of generatingr&geés of partially saturated GDLs
which can be further used in transport calculat@mslescribed in the following sections.
The problem with this approach is that the condacfle is unavoidably assumed to be
zero, since this is the contact angle formed whepherical structuring element meets a
solid wall. This approach has also been used byl3et al [150] on artificially

generated GDL images.

Figure2.10 presents the air-water capillary curves olkthunsing each of the above
methods. The results vary widely despite the tlaat they were obtained for similar
materials. The J-function typically used in fuell€€FD models is shown to lie in the
midst of all other obtained data, although it istéo steep. The computed curve of
Beckeret al [149] shows water penetration at much higherquess than observed
experimentally, which can be attributed to the fhet the water contact angle was

assumed to be 180

Overall, the methods for measuring air-water capjilbressure curves reported in the
literature are flawed or limited. Tab?el summarizes each method discussed above with
respect to its capillary pressure range and saagctdin. An ideal method is one that can
scan the entire range of capillary pressures ih tdwections (i.e. fromPc > +Pc as

well as ¢ 2> —P¢). Also included in the table is the variable whis controlled by

each method, which ideally should be pressure oldeet difficulties associated with
interpreting volume-controlled experiments. As banseen from Tab2.1, each of the
previously reported methods presented above fiatld ¢ at least one category. Also
shown in the last line of Tabke1 is a method that was developed as part ofrésept

thesis and is one of the main contributions oftresent work. This is described in detalil

in the experimental section (Secti®2.3). This method meets all the requirements of
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the ideal capillary pressure measure techniqueatastiighly accurate and fully

automated. Results obtained from this method sesepted and discussed at length in
Chaptenrs.

1.0 L] L] L] T L] L] L]
J-Function %,
0.9 B — -
l Fairweather et al.
08 F Gostick et al. (2005) | Nguyen et al. 1
0.7 F : 9
<— Sole
1
06 F Becker et al.
S
T 0.5 F
S Gallagher et al.
© X
S04 |
o)
< 03 F | <
; , Roth et al.
0.2 } | :
01 | / ! -
0.0 A A A A A
-20000 -15000 -10000 -5000 0 5000 10000 15000 20000

Capillary Pressure (P - Pa) [Pa]

Figure 2.10: Comparison of air-water capillary pressure cwves available in the literature for Toray
090 or similar material. All curves are for GDLswith no PTFE except Rothet al. (7%).
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Table 2.1: Comparison of air-water capillary pressure meaurement techniques

Method —-Pc20 0>-Pc 02>+Pc +Pc>0 f(Pc)
Mathius [12] (2001) v v
Gostick [123] (2005) v
Fairweather [20] (2007) v v v v
Roth [24] (2008) v v
Sole [22] (2008) v v
Gallagher [23] (2008) v v v
Nguyen [21] (2008) v v v
Present Study [151] (2008) v v v v v

2.3. Breakthrough Point and Percolation

The breakthrough point of a porous material oceuren the first drop of an injected
non-wetting phase emerges at the outlet face rderdo achieve breakthrough, a
sufficiently high pressure must be applied to tbhe-wetting fluid so that it can invade
enough pores to open a pathway through the sanijpiis.threshold pressure or
breakthrough pressure is an important propertyuad flow since it represents the
minimum pressure that must be applied to initilgevf In addition to pressure, the
breakthrough point is also characterized by a liheakigh saturation, which indicates the
volume fraction of pores that must be invaded tanfa pathway that spans the sample.
The breakthrough pressure and saturation of the &Blhighly relevant to fuel cell
operation since liquid flow must be initiated fayuid to leave the cell and gas transport
must occur through the unfilled pores. For gassmi@ssfer purposes it is important that
this saturation be as low as possible, so it ig@ae to have a GDL with a low

breakthrough saturation.

The capillary behavior of a fluid in a porous mediis well described by percolation
theory [3,148]. Percolation theory applies to reks of sites connected by bonds and a

porous media can be viewed as a network of pores)€onnected by throats (bonds).
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One of the principal objectives of percolation thyeis to determine the probability of a
continuous path existing across the network asitimeber of connections between sites is
increased. On an infinite cubic lattice, the pimbty of such a sample spanning cluster
existing approaches 1 as the number fraction ofieations between sites approaches
0.2488 [152,153]. This is called the percolatioreshold. In pure percolation the
connections are added at random locations in ttveonk. In the porous medium analogy,
connections are added at any throat that can betnag¢ed at a given pressure and the
pressure is increased to create more connectibims percolation threshold then yields
not only the fraction of filled pores, but also fressure required to achieve percolation.
Figure2.11(a) shows a square lattice with connectiongali@ random and the

formation of connected clusters can be seen, ajthausample spanning cluster does not
exist. Figure2.11(b) shows that by adding the dotted lines godaspanning cluster is

created.

The analogy between percolation theory describedebnd fluid invasion into a porous
medium is not exact however, since fluid enterimtg ia medium can only penetrate
throats that are accessible from the injection.faenodified version of percolation
theory, called invasion percolation [154,155], $&d to simulate the invasion of fluid into
a medium. In this case, a connection is made lestweo pores if the connecting throat
can be penetrated at the applied presandghe throat is connected to an invading
cluster. Throats far away from the injection ftitat are penetrable but not connected to
the invading fluid cluster are therefore not filledhis difference is illustrated in Figure
2.11(c), where the grey sites and bonds are nedl fiince they are not connected. Figure
2.11(d) shows the invasion percolation formatiothatpercolation threshold which
occurs when the dotted bonds are connected. Trgelpeng cluster is identical for both

types of percolation if the lattice is infinite.
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Figure 2.11: Percolation on square lattices. (a) Normalgycolation below the percolation threshold.
(b) Normal percolation at the percolation threshold A sample spanning cluster is formed by the
addition of the dotted lines. (c) Invasion percolgon below the percolation threshold. All grey sies
and bonds are not invaded due to inaccessibility(d) Invasion percolation at the percolation
threshold. The same sample spanning cluster is r@eered by the addition of the dotted lines. Some
disconnected grey clusters remain.

Most percolation properties are derived from intérsize lattices. Infinite lattices are
applicable to reservoir scale media and are weli@pmated by rock core samples. The
GDL, however, is very far from an infinite systelean pore sizes for GDLs have been
reported between 20 and ffth [149,150,156], while typical GDL thickness rarfgen

200 to 50Qum, meaning that GDLs are typically just 10-15 pdhesk. Compared with
percolation properties for infinite lattices, thergolation properties of GDLs present
many unexpected results. For instance, one ahtlna artifacts due to finite sample size
are surface effects that arise when a significamduant of pore volume is accessible from
the surface of the sample well before breakthrough.infinite or large lattices this
volume is negligible. On GDLs however, this voluoa represent half of the total pore
volume or more. Surface effects in GDLs are nbtaats, but actual properties of
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interest. Another feature of the extreme finitseseffects in the GDL is that water
breakthrough can occur without true percolatioruogog. In other words, the pore
volume that is accessible from the surface may farsample spanning cluster. These
finite size effects are so important to GDL pertolabehavior that in Chaptérthis

effect is used explain the role of MPL in fuel gedirformance improvement.

Experimental study of GDL breakthrough propertias been rather limited. Benzigsr
al. [124] measured breakthrough pressures for se@ak by affixing them to the end
of a pipe and increasing the water head aboveatmple incrementally until
breakthrough occurred. They obtained values ranigom 4000 Pa to 7500 Pa for GDLs
with 0% to 60wt% PTFE. This simple method wasatde to measure the saturation at
breakthrough, however. They attempted to calculsesaturation by applying the
bundle-of-tubes model and found that a single (the diameter of which was
determined from the Young-Laplace equation usingZR8)) was sufficient to carry the
observed flow rate given the applied pressure grdadiThis leads to an extremely low
saturation estimate that is not realistic sindail$ to consider GDLs as a connected
network where water follows many dead-end pathdadt, considering the finite size
scale effects present in GDLs, such dead-end pathatcount for a substantial amount
of pore volume. Various other similar reports cédkthrough pressure are scattered
throughout the literature, but these are usually @fea larger study and do not give
detailed results or procedures [157,158]. Ngusteal. [21] reported the breakthrough
pressure and saturation using their capillary pressiethod by performing tests without
a hydrophobic capillary barrier above the sampklé @vserving the point at which water
droplets emerged. They observed breakthrough noguturing a plateau in saturation,

which is contrary to percolation concepts.

In this thesis, capillary pressure and saturattdir@akthrough are measured for the first
time. The capillary pressure measurement devigeldped during the course of this
work is adapted to detect the breakthrough of wdtksing this adapted method, a
number of illuminating experiments are performed3idLs with and without

microporous layers.
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2.4. Absolute Permeability

Permeability is a material-specific property tteaimeasure of the resistance to flow
through that material. Permeability is generalfyrction of porosity and some
characteristic particle length. The Carman-Kozegyation is widely used for
correlating permeability to the structure and prape of a porous material [117]:

__ de (2.15)

16k, (1-£)

whereK is the permeabilitye is the porosityg. is a characteristic length akgk is a
constant specific to a given material that is dateed experimentally. As can be seen
from Eq.@.15), permeability increases with porosity andraberistic length, which is
usually an average particle diameter or fiber di@mi@ the case fibrous GDLs. Higher
porosity offers more numerous and less obstruci¢laways for flow. For a given
porosity, a larger particle size leads to largeepavhich offer less viscous resistance to

flowing fluids.

For sufficiently low fluid velocities, single-phaflew through a porous medium is
described by Darcy’s Law [117]:

—op=Hy (2.16)
K

whereK is the absolute permeability of the porous maltetias the viscosity of the

flowing fluid, v is the superficial velocity of the fluid aitlis the pressure in the

medium. In the creeping flow regime, viscous iat#éions between the fluid and the
porous solid are the dominant source of pressws® |8t higher velocities, an additional
inertial pressure loss due to inertial effectsaurred by the acceleration and
deceleration of the fluid as it flows along cunstcbamlines through the tortuous paths of
the porous medium. This phenomenon, termed thehRermer effect, manifests itself as
a non-linearity in the dependency of the flowratetloe pressure drop. Incorporation of

this effect into Darcy’s law results in the Forchlrher equation [117]:
-0P= %\7 + Bl (217)

wherepis the fluid density ang is the inertial coefficient. The inertial coefdat is also
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referred to as the Forchheimer coefficient or the-Barcy coefficient.

Since Eq.2.16) and Eq4.17) apply for single-phase flow, tKevalue is referred to as

the absolute permeability coefficient since theviltg phase has access to the entire pore
network. The topics of relative permeability ahd effect of multiple phases flowing in
the same domain are discussed in the next sedfionisotropic mediaK is a scalar
guantity; however, for anisotropic medadepends on the direction of fluid flow and
must be represented by a tensor:

[k, 0 0
K=10 K, 0 (2.18)
0 0 K,

where the subscripts x, y and z represent thetreof flow. Throughout this thesis x

and y refer to in-plane directions and z is thropgne.

The alignment of fibers in the plane of GDLs impaatsignificant amount of anisotropy.
Figure2.12 shows two slices through a simulated GDL tuctalifferences between the
fiber structures facing the flow. In general, ggmeability in the in-plane direction is
higher since the fluid tends to hit most fibersigisély, while through-plane flow is
largely perpendicular to the axis of the fibergating more drag. This anisotropy is
characteristic of fiber mats as discussed by Jacksd James [159] who reviewed
numerous theoretical and semi-empirical permeghitibdels for flow through fibrous
media. Tomadakis and Robertson [160] have nuniBrsianulated flow through solid
models of fibrous materials similar to GDLs andatbsimilar anisotropy ratios. A
further source of anisotropy occurs when fibersrateonly aligned in-plane, but also
oriented in the same direction in-plane, creatingoss-flow and a co-flow direction.
This type of orientation may occur when during nfanturing when fibers become
oriented in the ‘machine direction’ as is obserredome GDL materials [161].
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Figure 2.12: Slices through simulated GDLs. (a) Edgewisaew of the GDL (In-plane) (b) Face-
on view of the GDL (Through-plane)

The fuel cell components are compressed duringatipar to improve electrical
conductivity between layers and ensure gas sehis.also has a significant influence on
GDL permeability. Although compression of GDLs dat alter the amount of solid
volume, it reduces the pore volume and porositycodding to EqZ.15), reduced
porosity also lowers the permeability. The impoc&of GDL compression during cell
assembly has been studied by numerous workers1/834,68]. In general it has been
found that fuel cell performance increases witghglicompression due to improved
electrical contact, but drops if the compressiotonge too high which is attributed to

loss of GDL permeability.

Although diffusion of oxygen from the flow channétsthe catalyst layer is the main
transport mechanism controlling cell performancBL(@ermeability influences several
aspects of PEMFC performance. Over-land convediaas from one channel to a
neighboring channel has recently been the subjeotense interest. Experiments have
suggested that improved cell performance can r&suit the over-land flow of gases
since it promotes convective flow of reactantshi ¢atalyst layer [169]. Numerical
studies of the fluid mechanics in flow field chatsleave verified this behavior [170-
175]. The effective permeability of liquid watrhich is discussed in more detail in

Section2.5, is proportional to the absolute permeabilynce the permeability is also
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highly correlated with pore size, the capillary &elor and spatial distribution of liquid
water is influenced by directional anisotropy ie fermeability tensor [129]. Thus water
will tend to spread laterally in a GDL in the diteo of higher permeability. Obviously,

a thorough understanding of GDL permeability isuieed.

Early attempts to measure permeability appearedatsered experiments conducted
within larger studies on PEMFC performance. Whliget al [133] and Ihoneiet al

[134] measured the through-plane permeability géss materials. However, all the
materials tested in these studies were coatedaniticroporous layer. This confounding
factor makes it impossible to determine the trangpmperties of the GDL substrate
material alone. Through-plane permeability was at®asured by Prasanetaal [176]
for two types of materials with varying PTFE corttand no MPL. Mathiast al [12]
measured through-plane permeability of a singlepdanvith no MPL, but reported the
result only as an approximate range of valuesnéhet al. [134] measured in-plane
permeability for some materials as a function ahpeession. They found that the
permeability decreased as the compression fordeedpp the GDL was increased.
Dohleet al. [177] measured the in-plane permeability of @larype of GDL, but with
different MPL properties. They reported the perbil@s as a function of GDL thickness
instead of compression. Again, because of theepesof the MPL, neither of these
studies revealed the intrinsic transport propedigbe GDL. Mathia®t al [12] also
measured in-plane permeability for a single sanipleagain reported their results only

as an approximate range.

Recently, more complete and systematic studiedaif @ermeability have appeared.
Fesetret al. [178] and Nitteet al [165] studied the in-plane permeability of meaési
without MPLs as a function of compressed thicknddsth utilized a radial test fixture
which does not allow for determination of in-plaar@sotropy that may exist due to
preferred fiber orientation. More importantly, ther study investigated the through-
plane permeability, which would show significantsartropy relative to the in-plane
direction. Therefore, no information about therpeability tensor was obtained. Gurau

et al.[179] and Changt al [168] measured both through-plane and in-plane
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permeability as a function of compression for saaplithout MPL. Both used a radial
setup for the in-plane tests and therefore didbbserve in-plane anisotropy due to fiber

orientation.

Permeability tests that address the shortcomingjseofbove methods have been
developed as part of the present thesis projecaengresented in Secti@r6. In-plane
permeability of a number of diverse GDL materiads been measured as a function of
compressed thickness using a linear test fixtuthabthe effects of fiber orientation
could be observed. Also, the through-plane perifigais measured to determine the

complete permeability tensor.

2.5. Relative Permeability

In the presence of two or more phases, the pertitgaifieach phas® is reduced since
the number of available pathways is reduced bythsence of the other phase(s). This
effect is expressed in terms of relative permegtiflj» defined as the ratio of the
effective phase permeabilies o(Sp) in the presence of another phase to the absolute

permeability, or single phase, permeabiktyi.e.,

Kerp () =K EKr,P(SP) (2.19)
wheress is the volume fraction of phagein the network.K;p depends on the magnitude
of saturation and varies between 0 and 1. In tbé @odeling literature, relative

permeability is typically represented by a functadrihe form:

a

Kip =Sp (2.20)
where the exponemtis a constant, usually taken as 3 in the fuel €EID modeling
literature. The applicability of such a functiomalationship must be immediately
questioned since it indicates that phBseill have a non-zero permeability at all
saturation levels. This is not true since a minmmsaturation must be reached before
phaseP forms continuous pathways through the media, knasvthe percolation
threshold. The same problem was noted concethsfunctional relationship fak(s)
given in EQ.R.13) which also passes through the origin. Tarslwe remedied by

defining effective saturatio8:rr as:
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1- SMIN (2.21)

whereSyn is the minimum saturation required to achievedficontinuity through the
medium. Unfortunately, this approach requires kimogv&yn Which is not generally

known for GDLs.

Experimental measurement of the relative permaghbéiationships in GDLSs is very
difficult. Conceptually, the experiment simply oives flowing gas or water through a
sample that is partially saturated with water arehsuring the pressure drop. The main
problem is determining the sample saturation omtaaiing it during the experiment. A
commonly used method used on rock cores is to flbedsample with ionically
conductive brine. Measuring the resistance adtessample gives a signal proportional
to the brine saturation. Since GDLs themselvesaneluctive, however, this method is
not applicable. Alternative methods for trackingter saturation are available, but they
involve complex experimental equipment. For insa®wejaret al [180] have utilized
neutron imaging to measure water density in the @Dd running fuel cell with an inter-
digitated flow field. A complex analysis of thedrgdynamic conditions in the cell
allowed them to extract an estimate of relative garsneability values. Also using
neutron imaging, Nguyeet al [181] reported a more straightforward measureroént
relative gas permeability where a wet GDL is modntea sample holder and gas is
passed through it while the saturation is deterthinem the neutron images. This work
was reported in a conference proceeding but hagetaeappeared as a full study. Koido
et al [95] and Sole [22] employ a simple method, basethe Penn State method [117],
where water and gas flow through the sample simetiasly. Once the pressure drop is
stable, the sample is removed and weighed to deterits saturation. This method
requires that the capillary end effects are ndglkgiwhich is not possible for a 3@@n
thick sample. Although efforts were made to uselst of several samples to increase the

thickness, the issue of end effects is a complex[bh7].

Experimental studies are only beginning to tackkerheasurement of relative

permeability. In the interim, several relativerpeability predictions have been made by
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pore scale modeling approaches. These includenatvweork modeling and
microstructural simulations. Each of these techegghas merits and limitations. The
microstructural approach, which is the most ditechnique, involves performing fluid
dynamic computations on a 3D image of the GDL nstiecture. The Lattice-
Boltzmann method (LBM) is typically used for thesdculations since it is
computationally less intensive than solving thé Mdvier-Stokes equations on a similar
size domain. Relative phase permeability can brulzded by placing a certain amount
of water in the microstructure and then simulatimg flow of one phase as though the
other phase is part of the solid. The difficultighwthis approach is the placement of
liquid water within the microstructure in a phydlgaealistic manner. The use of
morphological image opening using a spherical stirurg element has been applied to
GDLs by Schulzt al [150] and Beckeet al [149], but this implicitly assumes that
wetting phase (air in a GDL) has a contact angle® ofNonetheless, Becket al [149]
have predicted gas and liquid relative permeahilitctions for GDLs with water placed
by this method. Other methods of water placemecit s simulated annealing [182] are
not able to generate invasion percolation configoing. Koidoet al [95] and Niuet al
[183] used the lattice-Boltzmann method to simuthageinjection of liquid water by
assigning a contact angle for the liquid-solid ifetee. This approach requires highly

involved numerical treatment and is computationakpensive.

A more abstract, but still highly effective, altative is pore network modeling, which
involves modeling the porous medium as an intereotad 3D network of tubes. The
size distribution of the tubes is chosen suchdhgtllary pressure curves and flow
through the network match the real medium. Redagas and liquid permeability can be
calculated by partially filling the network with wea according to invasion percolation
rules and then calculating the permeability of galchse. This technique is obviously a
simplification of the real media, but it can repuod the relevant phenomena with
minimal computational complexity. Pore network rallg has been used by Gostak

al. [129] and is described in more detail in Chapgter
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2.6. Effective Diffusivity

Effective diffusivity refers to the diffusion coedffent of species A diffusing through
species B in a porous medium, in contrast to tffesion coefficient in open space.

Since the presence of the solid matrix lowers trexall diffusivity, the effective

diffusion coefficient decreases as some functiopavbsity. For diffusion through a
bundle of straight tubes, the diffusion coefficidetreases in proportion to the decrease
in open area. For areal porous medium, howelvemppen conduits are not straight tubes,
but contain longer tortuous paths with curves, tiwt®ons and dead-ends. The

combined effect of reduced transport area and aser transport length through a porous
medium can be accounted for by:

D,, = DAB% (2.22)

whereDe is the effective diffusion coefficient through theedium,is the porosity and
ris the tortuosity. Althouglris usually known or can be measured without diffig 7

is not as easily obtained. Tortuosity is generalfynction of porosity and a number of
relationships have been proposed [184]. In genasgborosity decreases the tortuosity
of the paths through the material increases. Trhugd®man correlation is commonly

used in fuel cell literature to describe GDL todig:

— ~-05
r=¢ (2.23)

Tortuosity is also subject to any material anissyrmeaning that its value is direction
dependent. Since porosity is a global measurmnitains no information about
anisotropy. Thus, EQ(23) is insufficient for GDLs which are signifidinanisotropic.
A more detailed analysis specifically for fibrougam has been offered by Tomadakis
and co-workers [185-189]. Using random walk sirtiates through generated fibrous
microstructures, they arrived at the following telaship:

N ! (2.24)
E—€&

p

wherea andg, are fitting parameters that depend on the arraegeof fibers (i.e.

random 1D, 2D or 3D alignments) and on the directibflow through the structure.
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Like the permeability (Eq2.18)), r must be represented by a tensor in anisotropicaned

Experimental estimates of tortuosity through GDéguire measurement of the effective
diffusivity and solving 2.22) forz. The through-plane diffusivity is the most releva
value since this is the direction of reactant tpamsin a fuel cell. Measuring the
through-plane diffusivity is challenging, howevsince GDLs are so thin that
establishment of a partial pressure gradient whaéntaining a zero total pressure
differential across the sample is nearly impossilbler instance, by controlling partial
pressures of flowing gases, Ye and Wang [190] nredshighly erratic effective
diffusivities which deviated from the theoreticalwe given by Eq4.23) by more than

an order of magnitude. In contrast, Bageal [191] presented a simple method with a
water reservoir on one side of the GDL and desicoarthe other side to generate a
gradient in water vapor partial pressure. Theyusenidity sensors to determine and
track the established vapor gradient and weighedlé&siccant after the test to determine
the water flux. They found tortuosity values clése, where EqZ.23) predicted 1.19.
Krameret al [192] have developed an excellent, though elabpraethod to measure
the through-plane and in-plane tortuosity of GDbhsler compression. They completely
filled the GDL with a conductive brine solution ameasured its conductivity of the
brine solution, which is related to the diffusivityough the analogy between Fick’s law
and Ohm’s Law [116]. They managed to de-convdimweconductivity of the GDL solid
and the brine by using AC impedance spectroscopghndan resolve different transport
mechanisms by their respective time constants. nidesured through-plane tortuosity
agreed very closely with that of Baketral [191]. In-plane tortuosity was about half that
of the through-plane value which is in accord vethisotropy ratios observed in
permeability measurement of fibrous materials. hB8ékeret al. [191] and Krameet al

[192] found tortuosity values significantly hightkian those predicted by ER.24).

Several computational estimates of effective ditfiag or tortuosity have also been made.
Inoueet al.[193] used LBM to calculate through-plane diffugnof artificially

generated fiber structures. They found near peageement with the model of
Tomadakis [185-189] as the porosity of their stnoetwas changed. This agreement is
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not surprising since the results of Tomadakis and/orkers were also obtained in
artificially generated structures. In contrastcBaret al [149] performed similar
calculations on a GDL structure that was obtaimethfx-ray tomography. They found
much higher tortuosity values that were closehtdxperimentally determined results of
Krameret al [192] and Bakeet al [191]. The persistent differences between values
obtained from real materials (either experimentallgomputationally) and values for
artificial materials suggests that some importapieat of real materials is not represented
by the artificially generated structures. Thisngst likely related to the overlap and
intersection of fibers that is difficult to avoid generated media. The real materials are
also sintered which leaves a small web featuraet &ber-fiber contact point visible in
Figurel.4(right).

2.7. Relative Effective Diffusivity

Relative effective diffusivity is analogous to i&d@ permeability. The presence of
multiple phases in a porous medium limits the diffity through each phase. E2Z5)

is analogous to E(19) for relative permeability:
E
Deff,P = Deff Dr,P(SP)= DAB?Dryp(Sp) (2.25)

whereDes pis the effective diffusivity through pha&eandD,p is a function that varies
with the saturation dP between 0 and 1. As with the relative permeabilinction,D, p

is often expressed as a simple relationship ofdira:

D, »(ss)=sp (2.26)
where the exponeiatis a constant. Like the relative permeability finction this form
doesn’t account for minimum saturation requireddbase continuity. Nam and Kaviany
[32] suggest a value of 2 farbased on an overly simple network model. Sine& th
model did not use an explicit pore size distribut@md capillary pressure curves were not
simulated, the spatial structure used was notiabtd. Furthermore, water was placed
randomly in the lattice with no consideration of physics of immiscible displacement
or capillary principles. Nonetheless, Efj46) witha = 2 has been used in many

published fuel cell CFD simulation studies. Areatiative value od = 1.5 is often used
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based on the assumption that tortuosity scalessaitiration in the same way that
tortuosity scales with porosity [26,29]. Combinatiof the Bruggeman correlation
(Eq.(2.23)) with Eq.R.22) shows that effective diffusivity is proporia to£-° and
according to this reasoning is also proportionad'so This assumption is unjustified
since liquid in a GDL does not reduce porosity omifly, but instead fills pore volume

according to capillary behavior (i.e. large poresfdled first).

Measurement of relative effective diffusivity isagued by the same problems as that of
relative permeability, namely saturation trackibgt is also more difficult for the same
reasons that effective diffusivity (Secti@rb) is difficult to measure. As a result, no
experimental values have been reported. Currémtlynly means of studying this
highly inaccessible parameter is through modeliBgckeret al [149] have calculated a
number of transport parameters, including relagiffective diffusivity, through a
microstructural representation of a GDL obtainenirfrx-ray tomography. Although the
microstructure is accurate, the placement of wiaterthe microstructure is not
straightforward. Beckest al [149] used morphological image opening to deteemi
water configuration and placement, which unreaslyredsumes a perfectly wetting gas
phase. This assumption means that gas phase wontsnmaintained for all capillary
pressurelc < =), leading to overestimates of gas phase effediiffasivity and

transport coefficients in general (i.e. gas permiggb Pore network modeling is used to
address the problem in the present thesis.
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3. Experimental

In this chapter the experimental techniques dewesl@re described in detail. Some
results are shown for descriptive purposes, bligfatussion and presentation of the

results is given in Chaptét

3.1. GDL Materials

A wide variety of GDL materials are examined irstbtudy in order to investigate the
effects of varying thickness, fiber arrangement BR&E content. Additionally, samples
with microporous layers have been tested. A hstliisamples tested and relevant

properties is given in Tab&1.

Table 3.1: List of materials tested during this study andselected properties

Brand Material Thickness Porosity PTFE Loading
[um] [wt %]

SGL 10AA 380 90 0
10BA 380 88 5
10CA 390 87 10
10DA 400 86 20
10EA 400 85 30
10BB 420 84
24BA 265 80
34BA 190 80

Toray 060A 210 78 0
060D 210 75 20
090A 300 78 0
090D 300 74 20
120A 400 78 0
120C 400 73 10

Ballard P75 240 75 0

E-Tek Cloth ‘A 400 75 0
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A selection of SEM images of various materialsiveg in Figure3.1. Appendix B
contains a more extensive library of SEM imagedifegrent magnifications.

Figure 3.1: Micrographs of assorted GDL materials. (a) SGLLOBA (b) Ballard P75 (c) SGL 24BA
(d) SGL 34BA (e) Toray 090 (f) E-Tek Cloth ‘A
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3.2. Porosimetry

3.2.1. Mercury Intrusion Porosimetry

Mercury intrusion porosimetry (MIP) is an estabédhand widely used technique. The
principles behind all mercury porosimeters are msséy the same. The porous sample
is placed in a special glass sample tube, as showgure3.2. Air is evacuated from the
sample tube and sample.

Vacuum Py=0 P, Py o

VI __ hy

Figure 3.2: Schematic of mercury porosimetry sample tubeThe sample is inserted through the
wide end and screw cap is used to seal to opening.

Mercury is introduced into the sample tube withapplying any pressure, so that it
surrounds the sample but no pore volume is peeettat mercury. The initial volume of
mercury in the tube correspondingipis noted. Next, pressuRg is applied which
forces a small amount of mercury into the largest most easily penetrated pores of the
sample. The volume penetratedPatorresponds thy —h;. Increasing the pressure
incrementally forces mercury into smaller and serghores until the entire pore volume

of the sample is filled, correspondinghg- hy. Plotting the pressure at each step with
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the volume injected yields a capillary pressurereur

One of the main advantages of mercury is its lolatldgy, which enables the sample to
be completely evacuated so that air need not lpedisd as mercury is injected. This
vastly simplifies the sample mounting requiremer@sce mercury also has a very high
surface tensiond = 0.460 Nin®), the pressure range over which penetration odsurs
much wider than for other fluids. For instance, thnge of mercury penetration is
almost 10 times larger than for water € 0.072 Nih®). This increased range of
injection pressure gives MIP very high pressureltg®on. Another feature of mercury is
that it is highly non-wetting to almost every sada This is an advantage when pore size
information is sought since it eliminates effeasiged by chemical heterogeneity of the
internal surfaces. This can be also be a disadganthowever, when true capillary
pressure curves are desired. In the case of ffasidn layers for fuel cells, the effects of
hydrophobic polymer coatings on the capillary prape are of interest. MIP cannot
differentiate between carbon/graphite and hydroghpblymer surfaces since mercury is
highly non-wetting to both materials. The onlyeeffthat MIP would detect is structural
changes to the porous material due to additioheftlditional polymer material, such as

a reduced porosity and filling or blocking of sopwes.

Mercury porosimeters are available commerciallyrfreeveral companies and are highly
automated and well refined devices. In this woumntachrome Poremaster was used
for MIP testing. Triply distilled ACS grade mergui99.99% purity) was used to obtain
the pore size distribution of the samples. Eachpsa was cut into small 20 mm by 5mm
rectangular tabs to fit into the penetrometer célsts with single samples as well as

stacks of many tabs were performed.

3.2.2. Method of Standard Porosimetry

When chemical heterogeneity is an important pathefcapillary pressure behavior of a
material, it becomes necessary to measure thdarggiressure curve with the fluids of
interest — water and air in the case of gas difusyers. One method for measuring
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capillary pressure curves with arbitrary fluidkmown as the method of standard
porosimetry (MSP). This method uses the prinogbleapillary equilibrium, where two
partially saturated porous materials in contact poksess the same capillary pressure.
The method requires the existence of a standandhvigha porous disk with a known
capillary pressure curve. This disk is designebe@ompletely wetting to most fluids,
such as water and organics. Complete wettabilggms that the fluid solid contact angle
is known to be exactly°Qwhich is required for data conversion. The sa®gire

prepared by evacuating the standard and the sampketested, then flooding them with
the wetting fluid (i.e. octane). This ensures masatrapped in the materials when liquid
enters. The samples are then stacked so theg aapillary contact and exposed to air.
The wetting fluid will slowly evaporate from bothe sample and the standard, resulting
in a changed saturation. Figl#8 shows the arrangement of standards and samples
during the evaporation stage. The generationcaipdlary pressure curve from this
process is shown in FiguBe4. Periodically, the sample and standards grarated and
weighed to determine their individual saturatiogep 1). Since the standards have a
known capillary pressure curve, their capillarygsigre can be found from knowledge of
their saturation (Step 2). Since the sample agudstrds are in assumed to be in capillary
equilibrium, this value also corresponds to theltzy pressure of the sample being
tested, so the sample saturation can be relatibe tstandards capillary pressure (Step 3).

The test is complete once the wetting fluid isyf@laporated from the sample.

Since the evaporation of a wetting fluid is conc@fly equivalent to invasion of the
sample with air, this test corresponds to the iloraef a non-wetting phase into a
material filled with wetting phase which is analogdo MIP. In fact, the use of a highly
wetting fluid such as octane provides the sameamdédion as MIP since octane wets all
surfaces indiscriminately, just as mercury is naetting to all surfaces. Unlike MIP,
however, MSP experiments can be performed with mest¢he working fluid. The
procedure is identical to that described abovethmisample is initially saturated with
water. The MSP method using both octane and wadsrattempted on several GDLSs.
The octane data are in good agreement with MIP, datthey should be, given that the

techniques are essentially equivalent. MSP waswdsd on the same samples with
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water as the wetting fluid to measure the so cdllgtophilic pore network. The MSP
technique is of limited use. Firstly, when usingter as the wetting fluid the results are
questionable since the assumption that water mihsaneously eject from hydrophobic

pores is unjustified. Secondly, this method omigrs along a path of increasing air
saturation, and only fd?c > 0.

Wetting Non-wetting
phase phase
evaporates penetrates
STD 2 7
Wetting phase
=L L
GDL 2 N\ ° redistributes between
el el ) S - layers to maintain
STD 1 / capillary equilibrium
7.

/I I\

Figure 3.3: Configuration of sample and standards showinfuid movement occurring during
method of standard porosimetry experiment.

SaIR

Sample ——

Standard - - -

Pec

Figure 3.4: Schematic detailing data analysis used in theethod of standard porosimetry. The open
circles are points yet to be determined.

The MSP tests were run on a Porotech Automated&tdriPorosimeter, which is a

unique apparatus for the automated execution ofi8E procedure. Each GDL sample
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tested was a 20 mm diameter circular section om fihe supplied material. The
standards fitted onto the top and bottom of eaatpgawere fabricated porous disks of
proprietary composition, perfectly wettable by bottane and water. The working fluids
used were ACS grade octane (99.99%) and deionia¢er \(>18.0 \D).

3.2.3. Gas Controlled Porosimetry

Because of the practical limitations of the MShtegue and the lack of an acceptable
air-water capillary pressure method in the literatan alternative method was developed
specifically with the aim of measuring air-watepitiary pressure curves for thin
materials, such as the GDL. As will be describelbw this method controlled the
capillary pressure by adjusting the pressure ofjieephase, and so it will be referred to
as Gas Controlled Porosimetry (GCP). It shoulddied that the term ‘porosimetry’ is
somewhat imprecise since the data obtained by @t wettability effects as well as
pore size effect. The overarching objective wadeeelop a method that addressed all of
the shortcomings and deficiencies of other repamtethods. Specifically, a method with

the following characteristics was sought:

1. Scan the full spectrum of capillary pressuresRcmin < 0 <Pcmax): Many of
the methods described in Chaptevnly scan on one side of the capillary pressure
spectrum (i.e. eithé?c > 0 orPc < 0). Since phenomena of interest occur at both
positive and negative capillary pressure, the idesthod must be able to
seamlessly scan across the entire range.

2. Scan in both directions Pc1 = Pc2, Pc2 = Pc1): Capillary pressure curves
demonstrate significant hysteresis with dramatifecences in pressure required
for water injection and water withdrawal. Simpbgection or withdrawal of water
does not reveal the full capillary pressure behavide ideal method must be
capable of following both increasing and decreasmtgration paths.

3. Change scanning direction at will Pc2 = Pcz = Pc1=> ...): Full control over
the direction of pressure scanning allows the stfdgternal scanning loops,

which are loops that begin at some intermediateratbn (e.gsy(Pc2) = 0.3>
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Sw(Pc3) = 0.5 sy(Pc 1) = 0.2). Such tests provide information about the
injection or withdrawal of water from partially saated samples.

. Begin testing at an arbitrary capillary pressure Since GDLs may display
hydrophilic tendencies (i.e. imbibition of waterRd,; < 0), it is desirable to begin
testing atPc < P¢ to test the GDL beginning with a fully dry stateesign of a
sample holder or procedure that can maintain thkaatPc < Pc prior to
beginning the test is needed.

. Control pressure, not saturation It is imperative that pressure is the controlled
parameter in a capillary pressure experiment. |@apipressure curves are
expected to describe the amount of pore volumesadae at a given pressure.
When liquid is injected in discrete volume increintsethere is no reason to expect
that all accessible pore volume is filled by thieiaary amount of fluid added to
the system. The ideal method must be pressureetieot to avoid ambiguities in
interpretation.

. High saturation resolution and accuracy This is an important consideration
when studying GDLs, which are very thin and therefoossess very small
sample volumes. Instead of testing samples with kagge areas or stacks of
samples to increase pore volume, it is preferratttie method accommodate this
characteristic of GDLs. It is also preferable tbatiuration is not determined by
directly weighing the GDL which is prone to erraeused by droplets and

general handling of the sample.

One of the major contributions of this thesis is tlevelopment of the GCP test method

that meets all of the above requirements. In adib the above requirements, this

method also offers a number of additional featufgsstly, it is fully automated and

computer controlled. Once the sample is mountedcannected to the system, the

computer controls all aspects of the test includirggdetermination of capillary

equilibrium, thereby eliminating subjectivity andas in not waiting long enough for

equilibrium to be reached. Furthermore, samplegmaion and mounting are very

straightforward and require no artistry or skiBapillary pressure control is very stable

and can typically be achieved to within 50 Pa efgbkt point. This stability leads to
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excellent capillary pressure resolution. Sincgpactal pressure range for GDL tests
spans from -25,000 Pa to 25,000 Pa, measuremelatafpoints at an interval of 500 Pa
leads to a resolution of 1% = 0.1% FS. The totaspure range of the system is much
wider than that typically used for GDL tests. heory, the range of capillary pressures is
limited by the vapor pressure of water on one &hguhx = Parv — PY)w= 95,000 Pa @
293 K) and the ability to pressurize gas on theodnd Pc vy = -<), although this is

limited by practical considerations.

The system consists of an analytical balance (DelRv&l4), syringe pump (Harvard
Pump 11 Plus), absolute pressure gauge (Omega FOED®V) and a specially
designed sample holder. The overall system sstapawn in Figur8.5 and the details
are discussed in the sections that follow. Thepdams positioned in the sample holder
so that water has access to its bottom face whseegcapes through the top. The syringe
pump is used to control the gas pressure, by advgand retracting the syringe to
expand and compress the gas in the sample. Thgiealbalance is used to track the
GDL saturation by monitoring the mass of waterhia teservoir. The reservoir was very
wide to ensure negligible movement of the freeaefduring the test to ensure the liquid
pressure was constant. Use of an analytical balpravides excellent water saturation
resolution. For a typical single layer piece of IGhaximum saturation is about 100 mg
of water. Thus a balance that has a resolutidiD0{uig, gives a resolution of 0.1% FS.
The analytical balance also can measure masses\extremely wide range so it is
equally effective when thicker or multilayer sangp¥eith much more pore volume are
tested. Part of the success of this method lidisdriact that the capillary pressure
control is decoupled from the saturation measurém®imce the sample holder is also an
integral part of this method, its design was cdhgfefined to achieve the final version

as described in the next section.
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Figure 3.5: Gas controlled porosimetry setup.

3.2.3.1. Sample Holder

The sample holder shown in FiguB& was designed and custom built. The holder
features a porous hydrophobic membrane (SartdidsSum #11806-25) above the
sample and a porous hydrophilic membrane (Millip@r22um #GVWP04700) below
the sample to act as capillary barriers. The potourophobic membrane above the
sample allows air to escape as water enters the lisDprevents water from leaving the
system after breakthrough of the sample. Largéipesapillary pressures can thus be
applied (limited only by the onset of cavitationtlre liquid water since positive capillary
pressures are affected by gas vacuum). The pbrairsphilic membrane below the
sample serves the same function at highly negatipdlary pressures by allowing water,
but not air, to exit. The bubble point of the hyghilic membrane is 300 kPa, which
places a practical limit on the minimum capillarggsure although this limit is not

approached during the present tests.
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Figure 3.6: Schematic diagram of sample holder for GCP.Léft) Assembled view (right) Expanded
view.

One of the main features of this setup is thastrmaple can be maintainedRy << 0 Pa
during assembly which enables the measurementpdfazg curves beginning with the
GDL in a fully dry state. This is achieved by tHegewise assembly of the fixture, as
shown in Figure.6 and described in the next section. The GDd fully dry initial state
serves as a reference for tracking the sampleagatnr The holder is designed to hold
circular samples 32" or 0.019 m diameter. A lamgege of sample thickness can be
accommodated. The holder was designed to hold GiDhs 200 — 50Qum, but samples
up to 1 cm can be measured by simply adjustinghic&ness of the locating gasket

accordingly.
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3.2.3.2. Sample Mounting

The first step in the assembly is to prime therm@@and cavity in the base plate with de-
ionized and de-gassed liquid water. Degassed vugatettical since the formation of air
bubbles in the liquid piping displaces water artdriteres with the liquid saturation
measurement. Once the cavity and piping are fuityed the liquid distributor is
positioned. The liquid distributor contains of 2@les of 80Qum diameter. Small holes
were used to prevent the hydrophilic membrane fsagging at very negative capillary
pressure since this would also interfere with giestion measurement. The hydrophilic
membrane is laid on top of the liquid distribut@rior to placement, the hydrophilic
membrane is pre-saturated by evacuating it and srging it under water. This is
necessary to ensure no air is trapped in the memapvehich interfered with the
measurement at highly positive capillary pressuiésxt, the intermediate plate is bolted
to the base plate to hold the hydrophilic membtagtely in place. At this point,

—-10,000 Pa of suction is applied to system througbse connected to the liquid port.
This suction drains free water from the sampletyaamd creates #10,000 Pa capillary
pressure at the surface of the hydrophilic membrdrgs is a key feature since it ensures
that a dry sample can be placed onto the hydrapmié&mbrane without imbibing water
and ensuring the sample is initially dry. The amtaef suction applied to the liquid port
can be increased to any value (less than the yampesure of water), but —10,000 Pa is
sufficient for GDLs since they do not exhibit stgowater wicking tendencies. The dry
GDL sample is then loaded along with the locatiagkgt, which has an inside diameter
equal to the sample diameter to prevent any gés.thickness of the locating gasket
must be matched to the thickness of the samplesteept inadvertent compression in the
following steps. Next, the hydrophobic membrar@pps pad, plug, compressing
cylinder and set screw are inserted. The plugesesvbulging of the hydrophobic
membrane at high capillary pressures, which wotddte extra water volume in the
system. The porous pad allows improved gas atodhge area under the plug. The set
screw holds the plug in place with only slight pue® to prevent GDL compression. It is
also possible to use the set screw to apply firesgure to the plug to study capillary
pressure curves of GDLs while under compression.&}tent or amount of compression

cannot be controlled with this setup as is, baait be estimated after the experiment

62



since the reduction in pore volume can be founohftioe data. Finally, the top plate is
bolted to the intermediate plate to apply a dowmlWarce on the compression cylinder
and seal the assembly. The assembly is made tainess steel and all tubing from
clear polycarbonate so that the presence of aiblbaltan be detected.

3.2.3.3. System Setup

The setup of the system is shown in FigBue After the sample holder is assembled, the
syringe pump is connected to the gas port and gasyre of 10,000 Pa is applied. This
pressure combined with the liquid suction alreadgteng at the liquid port from the
sample mounting step, temporarily creates a capifjeessure 0£20,000 Pa in the
hydrophilic membrane, which is still well below ltsibble point (~300 kPa). After the
gas pressure is established, the liquid suctioelisved and the sample chamber is
connected to the water reservoir on the balandermng the 3-way valve. Since the
water reservoir is at approximately the same legghe sample, no liquid suction exists
when the reservoir is connected. Thus the posgasepressure must first be applied to
ensure that the net capillary pressure never alege-10,000 Pa. This assembly and
setup ensures that the GDL never contacts watarantapillary pressure greater than
-10,000 Pa. It was confirmed that the samples ddoake up any water during assembly
by performing the above assembly and setup stefgsaddimes followed by immediate

disassembly and weighing of the samples.

3.2.3.4. Procedure

Following system setup, the gas pressure in thegkaisPs = 10000 Pa and liquid

suction is 0 and sB_. = 0. Thus, the initial capillary pressurdlis= P —Pg =-10000

Pa. The syringe pump is used to expand and cospiregjas above the sample, thereby
effecting changes in capillary pressure. It méasstressed that the liquid pressure does
not change during the experiment. The test pracbgadjusting the syringe pump to
decrease gas pressure and thereby increase caprémsure. After each change in gas
volume and therefore capillary pressure, the makguod on the balance is monitored
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for change. The slope of the plot of water magsusetime is calculated using a moving
window of the most recent 180 seconds. If theesighelow a threshold value, the
system is deemed stable. Otherwise, the systeds ladla constant capillary pressure
until the water mass reading on the balance idestalhe transient response of the water
uptake to changes in capillary pressure is showsigare3.7. A closer look at the data
shows that the water uptake is indeed stable befack subsequent change in gas
pressure (Figurd.8). Constant capillary pressure conditions aaentained by utilizing
the syringe pump in a feedback control loop, gdhea#lowing the pressure to be
controlled to within 50 Pa of the set point. Tle¢ goints are specified by creating a data
file list of capillary pressures at which readirage desired. The system scans through
the data file line by line, ensuring stable watetalke readings are obtained at each
capillary pressure point before advancing. In iy, full control of the pressure scan
profiles can be specified. For regions of interessidings were obtained every 750 Pa,
while they were spaced 5000 Pa apart for less itapbregions such as plateaus. The
syringe pump and balance are controlled througR&232 interface. The entire system

was controlled from a computer program createdab\iew.
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Figure 3.7: Sample of experimental data obtained from GCPThe region marked by the box in the
top figure is shown in more detail in Figure3.8.
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Figure 3.8: Close up view of experimental data shown in §ure 3.7.

3.2.3.5. Data Analysis

Capillary pressure is controlled by adjusting the gressure above the sample and
determined as follows. The distaritbetween the liquid reservoir level and the sample
surface is set to approximately 0 cm. Also, thefbeetric pressurePrv) acts on the
surface of the liquid reservoir, but not on thaildjin the sample since the gas chamber is
sealed. The capillary pressure is therefore gasefollows:
Pe =R —F; =pgh+ Py — R (3.1)
A main advantage of controlling capillary pressuigegas pressure control is that the
liquid pressure does not have to be monitoreds Einelpful since most liquid pressure
sensors exhibit some membrane displacement th&t beuncorrectly construed as
sample pore volume. A constant liquid pressure alleviates potential problems with

gas dissolution and bubble formation, which interfeith liquid volume measurement.

Since the sample is initially dry, the water uptake the sample is simply equal to the

water loss from the reservoir. The water satunasccomputed as:
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whereVyy is the volume of water in the samplg,is the GDL pore volumany is the
mass of water in the sampjeis the density of wated is the sample diametadis the

sample thickness arals the sample porosity.

Evaporative loss of water from the system durireggdburse of a rurcé.5 hr) is
minimized by covering the top of the beaker onlihlance and maintaining the gas
inside the syringe fully humidified. Nevertheleasmall correction tay is still

required. Several measurements of the evaporedterfor the system with no sample
show it to be in the range of Qug/s = 0.2ug/s. The value depends on the temperature
and relative humidity of the room and varies froay tb day. Instead of attempting to
measure the precise evaporation rate for eachihrargvaporation rate is found by a
fitting procedure as follows. The top graph in F&8.9 shows three loops of a capillary
pressure curve without correction for evaporativasloThe repeated offset of each arm
with the previous loop occurs due to evaporatiohe fact that saturation values greater
than 1.0 were obtained from the second and third indicates that these offsets do not
arise due to some phenomena inside the samplevaypogation rate is found that forces
these arms to coincide, as shown in the bottom goépigure3.9. The evaporation rate
found in this way is always equal to or less thanwhlues measured with no sample (~ 1
pg/s). Furthermore, the plateau values at both kigly and very low capillary pressure

is always found to coincide, regardless of the nurob&ops or the test duration.

In order to ensure that the evaporation correcuimtedure was effectively accounting
for water loss from the system, the GDL saturation @ermined after the run by
simply weighing the sample. The sample was extdaétem the holder while the
capillary pressure was at B -10,000 Pa in the same manner used for samplating.
The saturation determined in this way is shown omuf&§.9(bottom) as a triangle and

near perfect agreement with the evaporation cardecalue is obtained.
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Figure 3.9: Sample of capillary pressure curves obtainedybGCP test on Toray 090A. Top: Before
evaporative correction. Bottom: After correction for evaporation. In this case the evaporation rate
was 0.64ug/s. The triangle in the bottom figure is determied after the test by weighing the sample.
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3.3. Water Breakthrough

A property of particular interest in GDLs is thquid pressure and water saturation when
the first liquid droplet emerges from the outletdaf the GDL. This represents the
minimum saturation required to establish continuayisd pathways through the GDL.

The simultaneous measurement of pressure and satuas breakthrough is
accomplished using a modified version of the G@Rn&ue described above. The only
necessary modification is determination of the poimthe capillary pressure curve
where breakthrough occurred. This can be achibyadserting a small, circular piece (1
cm diameter) ofiry hydrophilic membrane above the GDL sample, bubtwehe
hydrophobic capillary barrier (see Figud®). The test proceeds as normal and each
variation in capillary pressure leads to a changgaturation up to the point of water
breakthrough. The breakthrough point is easy terdene since the saturation changes
drastically and rapidly due to wicking of waterdrihe dry hydrophilic membrane located
above the sample. FiguBel0 shows the transient mass response obtainedtffiis test.
The point of water breakthrough is clearly visibkea sudden and unexpected change in
GDL water uptake, and the saturation and capilleegsure just before breakthrough can
be easily determined. Upon water contact withnyarophilic membrane the test is

terminated.

To independently verify the breakthrough pressuareasured using the modified
capillary pressure device, a second test is peddrsmmilar to that presented by Benziger
et al [124]. A 1" diameter piece of sample is affixiedhe end of a pipe and water-head
above the sample is increased in 5 cm incremewt$ala for approximately 10 minutes
at each point until breakthrough is observed. @lthh this simple test does not provide
saturation at breakthrough it provides the breaktgh pressure. The results obtained
from this test confirm that the modified capillgrgessure device detects the correct
breakthrough point. This confirms that water lepgkaround the sample does not occur

when using the modified GCP method.
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Figure 3.10: Pressure and saturation time traces for SGLHA. The dotted line shows the expected
saturation response and the point of divergence @@rcled as the breakthrough point.

3.4. Single Point Injection

Another variation of the GCP experiment is devigetest the finite size scale effects of
GDLs. Finite size scale effects refer to the digmies from expected percolation theory
behavior in small samples. Injection of liquidarthe GDL from a single point removes
surface effects from the capillary pressure cuna enables the study of the bulk GDL
properties in isolation. This objective was ackiby simply placing a disk of solid
PTFE sheet with a small hole below the sampleabave the hydrophilic membrane.
The PTFE sheet has a thickness of fui0and the hole is approximately %00 in
diameter. The breakthrough pressure of this hatebe reliably estimated from the
Young-Laplace equation to be below 100 Pa, whickal below the entry pressure of
the GDL so that the capillary properties of theehamle not significant. The volume of the
hole is also insignificant compared to the poreaunm of the GDL. Only water injection
could be tested with this arrangement since themmatthe sample becomes disconnected

from hydrophilic membrane & < 0 due to snap-off in the hole.
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3.5. Contact Angle

Determining GDL wettability to water is very imparit, yet a reliable quantitative
measurement has remained elusive. Contact anglsurements are useful for
measuring the wettability of a fluid on a solid lbhis approach can only be used on flat,
smooth surface of the solid in question. For@darvoirs it is possible to obtain a single
crystal of the reservoir material for the measuneintieat is representative of the internal
pore surfaces in the real media [194]. GDLs ardevat round fibers so obtaining a flat
smooth sample on which to take the measuremeit isassible. The contact angle on
graphite material similar to the fibers has begroreed as 86[119], but the water
contact angle on carbon surfaces is known to baigriable [195]. Moreover, GDL
are impregnated with a PTFE coating, so the inteundaces of a GDL pore are a
mixture of two types of surfaces of unknown projmors. Lacking a solid, flat surface
that is representative of the internal GDL porks,dnly alternative is the measure the
contact angle of water on the surface of the GBttempts to use contact angle as a
qualitative indicator of GDL wettability and thefedt of PTFE [12,196,197] have had
some limited success. For the present work, hokvéve necessary to obtain an actual
numerical value for the water contact angle insideDL pore since this is required for
pore scale physics and displacement calculatiottseipore network model described in
Chapter4. To this end, an estimate can be made by meastine contact angle of a
water droplet on the GDL surface and using the iéd3axter equation to correct for the
porosity of the surface and the Wenzel equatiarotopensate for the effects of
roughness, which at the scale of the large drogesponds to the roughness of the GDL
surface due to fiber ridges and not the microscapighness of the fibers themselves.
The effective contact angle obtained by this me&apsesents the combined effect of

graphite and PTFE on the droplet.

The contact angle of water on the surface of edah Was measured by the sessile drop
technique. A video contact angle system (AST PrtsdR600XE) was used to capture a
photo of the droplet and image analysis softwactugred with the video system was
used to extract the contact angle from the phédteample image with the analysis lines
is shown in Figur&.11. The observed contact angles were correotetthié effects of
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surface roughness and porosity using the CassieeBaguation for porous surfaces [126]
modified for surface roughness [119]:

COSby,s = bf, COSGey — f, (3.3)

wherebbpsis the measured contact andies the ratio of actual area of contact between
the drop and the solid portion of the surface toplojected ared = 172 for cylinders)
andf; andf, are the fractions of the GDL surface occupiedibgrfand void, respectively.
The value ofé thus obtained is a rough estimate of the contagliesof the water inside

the pores of the material.

Angles: [142°,1427]

Figure 3.11: Sample of sessile drop image. Water on SGDBA.

To estimate the values fifandf, the GDL it is not enough to simply use the pogofr

the fraction of solid and void (i.&. = 1 - £andf, = £). Because of the alignment of fibers
in the plane a droplet sitting in the GDL surfad# lae in contact with much more fiber
than a drop sitting on the edge of the GDL. Tooaot for this additional area, a simple
geometric model of the GDL was developed by assgrmat the fibers in the GDL can
be represented by a stack of interwoven screegsr@3.12). Spacing between each

parallel fiber is equal in both directions and tisiglso the spacing between the layers.
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For simplicity the fibers of diametef are allowed to intersect. The unit cell in this
model has dimensions 8f+ d in all three directions, giving a volume &+ dy). To
calculate porosity, the fiber volume is subtradtedn the volume of the unit cell and the

following relationship is obtained:

_ VUnit Cell — 2\/Fiber +Vlntersedion (3_4)

VUnitCeII
(s+d,P-2ca2(s+d )+ 2a,°
) (5+d, f

() Ao pla) 2
(o) 2] 42

Eq.(3.4) may be solved fd@/d given ¢, thus enabling the calculation of the fractibns

andf, from the following expressions:

f. = df = 1 (3.9)
'os+d, S
d
and:
S (3.6)
S d,
f2: =
S+d; S 4
d

f

Using this approach, contact angles betweeri iduntreated Toray 090A and 10@r
SGL10BA were typically obtained for the air-watkrnid system. These values are in the
expected range for graphite (3&nd PTFE (109 materials, so the correction of E3}3)

seems to provide a reasonable approximation.
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Figure 3.12: Stacked screen model to determine fraction ablid and void under sessile drop on GDL
surface

3.6. Permeability

3.6.1. Through-Plane Permeability

Through-plane permeability is measured using the@geshown in Figur&.13. In this
arrangement, gas is fed through the sample aed fiow rate and the resultant pressure
drop is measured. The sample is circular withaanditer of 25.4 mm. The GDL is
secured between the two plates and a gas-tightsseasily obtained given the low gas
pressures used during the experiment (<15 Pa).difleeential pressure sensor (Omega
PX653, accuracy +/-0.1% FS) spans a range of 40.055 inches of water column (~15
Pato 15 Pa). The flow rate is measured at thetauging a digital flow meter (Omega
FVL-1604-A, +/-0.5% FS). The pressure drop is oiad for at least 10 flow rates for

each sample. The local barometric pressure isratswded.
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Figure 3.13: Experimental apparatus for through-plane perneability measurement. (a) assembled view
(b) exploded view (c) sectioned view to show inteahcomponents.

3.6.2. In-Plane Permeability

The in-plane gas permeability is measured as aiimof GDL thickness to simulate

conditions in an assembled cell, which is signifibacompressed in order to promote
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good electrical contact between layers and enstighiagas seal. The experimental
apparatus for these measurements is shown in Figide The sample size for this test is
63.2 mm wide by 20 mm long. The sample is compbetween two plates with the
spacing controlled by placing feeler gauges of kmélwckness between them. Using a
torque wrench, the plates are tightened by twashkolt torque of about 20 N-m each.
Tests were performed to confirm that the testwab sufficiently rigid and that the

results did not depend on the bolt torque (i.etéisé cell did not deform when tightened).
A bolt torque of 20 N-m was found to be sufficiemtompress all samples and so was
maintained at this level throughout all experimdatsconsistency. It was also verified
that the test cell presented negligible pressurp dr the absence of sample to ensure that
all observed pressure loss could be attributedeésample alone. The sides of the cell
are sealed by clamping a face plate on each #idabber gasket between the face plates
and the body of the cell provides the gas seahlsSdong the back edge of the header
slots are created using silicone putty. This nahlle material yields as the spacing
between the plates is reduced and provides a lels#lal. The seal is tested before each
run by closing the outlet and pressurizing theaysto 400 kPa. The setup can hold

pressure indefinitely after the air supply was ptih

The flow rate is measured on the outlet side uaidgital flow meter (Omega FVL-
1604-A, +/-0.5% FS). A pressure gauge (Setra 200,25% FS) monitors the inlet
pressure and the outlet is taken as atmosphessyme since the presence of the flow
meter in the line presents a negligible pressusp.dMeasurements for at least 10 flow
rates are obtained at each GDL thickness. The lb@zametric pressure is recorded since
absolute pressure is required in the data analysis.
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Figure 3.14: Experimental apparatus for in-plane permeabity measurement. (a) assembled view
(b) exploded view (c) sectioned view to show inteashcomponents.

3.6.3. Data Analysis

Consideration of Darcy’s law for steady, one-dimenal flow of a compressible ideal
gas in the absence of inertial effects resulthenfollowing equation [198]:

(Pllfl ~ POZUT) :ﬁ(m’) (3.7
2LRT/MW,, K
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whereP)y is the inlet pressur@oyr is the outlet pressurk,is the length of the sampli,
is the universal gas constaitis the temperaturd)Wyr is the molecular weight of air
andm' is the mass flux through the sample. B is valid when the gas velocity is
small and viscous drag is the dominant cause aispre loss. At high velocity, inertial
pressure losses become significant and Darcy’siasat be modified to account for this
effect. For a compressible fluid behaving as &aligas, solution of the modified
Darcy’s law, or Forchheimer equation, leads to [198

Mzﬂ ' )2 (3.8)
2LRT/MW, . K(m)+ﬁ(m)

At low velocities, the second term on the rightdharde vanishes and Darcy’s law is
recovered. The permeability and inertial coeffitiean be obtained by fitting E§.8) to
experimental data and extracting the linear andligui coefficients, respectively. The
viscosity of air was taken to be 1.85 x°IRa-s for all runs and assumed to be

independent of gas pressure over the range ofypeeased here [116].

Figure3.15 shows a sample of experimental results frawuth-plane permeability tests.
Data for two types of GDL are shown. In each c#seyesults include measurements
from three samples of a large GDL sheet. Differsrare observed in the measurements
from the three sections of each sample, but theyranimal. The linearity of the data
indicates that Darcy flow is occurring and inergffiects are not important. Permeability
values are obtained by fitting E8.7) to the data using least squares regression and

obtaining the coefficient value, from whighcan be calculated.

The in-plane permeability measurements show a maadiity due to the Forchheimer
effect. Figure3.16 shows typical data obtained from these exparima The

permeability can be determined for each sample cesspon by fitting Eq3.8) to the

data, yielding the results shown in Fig@é7. The coefficient of correlatioRy) is 0.99

or higher for all runs. As expected, the perméigtulecreases significantly as the GDL is

compressed.
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Figure 3.15: Sample of experimental data for through-plang@ressure drop as a function of air mass
flux for two samples. Lines through the data are @gression lines that yielK values according to
Eq.(3.7).
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3.6.4. GDL Compression and Porosity Conversion

During this work, the in-plane permeability is meesl as a function of GDL
compressed thickness to better understand compnestects during cell assembly. In
order to compare experimental results with permigalbnodels, it is necessary to convert
the change in GDL thickness to a change in porodJitythis end, it is assumed that the
fibers of the GDL are incompressible and all trauition in bulk volume during
compression arises from the reduction of pore velumh it is additionally assumed that
the sample deforms only in the direction of comgias, then the porosity of the
compressed sample may be determined from its casgdehickness as follows:

Ve Vo Vs =Vie _(1_50 )vb,o (3.9)

whereV, ¢ is the pore volume of the compressed samfyle,is the bulk volume of the
compressed sample aNdlis the solids volume, which is assumed to remamstant as

the sample is compressed, o andg are the bulk volume and porosity of the
uncompressed sample, respectively. E§)(can be rearranged to give the porosity of the

compressed sample as:

Ve, (1-&) -1-% (1) (3.10)
Vb,C Vb,C /Vb,O 6(:

whereQ is the thickness of the uncompressed sampledargithe compressed thickness.
The substitution of volume for thickness can be ensidce only the thickness of the
samples changes during compression and their sgxdgnal areas remain constant.
Figure3.18 shows the permeability results obtained froguife 3.16 as a function of
thickness (left) and as a function of porosity aédted by 8.10) (right).
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Figure 3.18: (a) Permeability vs. sample compressed thickss and (b) permeability vs. sample
porosity converted using Eq.8.10) for SGL 34BA GDL sample. The black line repgsents the
Carman-Kozeny model.
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4. Pore Network Modeling

Nearly 100 studies on the modeling of multiphase/fthrough porous GDL using CFD
packages have been published. However, the lakkaledge concerning the
appropriate transport properties and constitutdlationships, particularly highly
inaccessible properties such as relative perméahilid relative effective diffusivity, has
significantly limited the validity of modeling reks obtained based on continuum
geometry. The work of this thesis presented shdarfocused on measuring various
GDL transport properties. This chapter describestiodeling of transport through the
GDL using an approach aimed at avoiding the problned by the popular continuum

models, namely the lack of constitutive relatiopshi

Pore network modeling is an alternative approaanadeling multiphase transport
processes in GDL materials. This approach hasghdstory in the study of porous
media of geologic origin (soil and rock) [117,19912. The basis of this approach is a
mapping of a complex pore space continuum ont@alae or irregular lattice of sites
and bonds. To derive a geometrical model, it ssiased that the pore space can be
conceptually partitioned into a collection of ptwedies connected by local constrictions
termed pore throats, as illustrated in Figte A slice through a fibrous GDL is shown
in Figure4.1(left) where the black regions correspond tadddbers and white represents
void space. Conceptually, this structure can lsé@®ed into pore bodies demarcated by
the red lines in Figuré.1(middle) so that each pore body is connectéis toeighbors

via throats, shown by the blue lines. A reguldricypore network can be constructed as
shown in Figuret.1(right) with equivalent properties to the cortcap picture of the
sectioned pore space. This equivalent model peteark is constructed by assigning

pore and throat sizes to the lattice sites and fiaedpectively.

Simplifying assumptions regarding the shape of parel throats are invariably made to
facilitate the computation of capillary and trandpainaracteristics of the pore network
elements [202]. Pore network models are idealiteduor the simulation of low-

capillary number (quasi-static) immiscible displaeant using percolation concepts [117].
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A main advantage of pore network models is thag #eount explicitly for pore-level
physics and pore space geometry/topology. Predicii various macroscopic transport
and capillary properties of porous media is retdyistraightforward if the geometric,
topological and correlation properties of the paraicrostructure are properly specified.
The task of extracting this information is, howeven-trivial, typically requiring

extensive characterization of 3D volume data [203].
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Figure 4.1: The analogy between actual pore structure anan equivalent cubic lattice
representation. Left: In-plane view of a GDL. Midde: Conceptual sectioning of pore space into pore
bodies (red) and throats (blue). Right: Cubic lattce of equivalent properties.

4.1. Cubic Lattice Pore Network Model

The following sections describe the developmera m#gular cubic 3D pore network
model to study multiphase transport in GDLs. Thekacarried out as part of this project
[129] represents the first attempt to apply porsvoek modeling for the study of the gas
diffusion layer of a PEMFC. Several other porenoek models of GDLs have
subsequently been published. Markiceati@l [204] attempted to predict multiphase
transport properties of a GDL using a 2D pore neétwoodel. Since multiphase
transport is highly dependent on the pore netwarledsionality [205], the results based
on a 2D domain are of limited applicability. Sirgtaal [206] developed a 3D model but
the size and structural aspects of their model wetealibrated to known GDL
properties. Furthermore, they focused on watefigorations at breakthrough and did

not report multiphase transport results.
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In the present model, extensive efforts are madietelop a quantitatively accurate
model of the GDL that can be reliably used to mgiecific predictions about GDL
transport. Numerous modifications are made tdrtditional pore network modeling
framework in order to account for the unique gegmetspects of fibrous GDLs. In the
absence of 3D volume data for the GDL materialdistlj the network parameters are
obtained by calibration to experimental gas perntigaand drainage capillary pressure
data. The model is then used to simulate multipl@ssport scenarios of interest to
PEMFC operation, such as the diffusion of gas tbhoa partially water-filled GDL and

the convective flow of water under conditions oftj@h water saturation.

4.1.1. Pore Network Construction

One of the distinguishing features of GDLs is i@y have very high porosity ranging
from 0.75 to above 0.90, meaning that GDLs aregmredantly void space. Moreover,
there is little constriction between pores, cregarhighly open structure. Figu2el2
shows a cross-sectional slice obtained from a srsplid model of a GDL. With such a
small solid phase fraction, it is difficult to ded distinct pore bodies or to identify pore
throats. This situation is quite different fronatlencountered in rocks and soils, for
which pore bodies and pore throats can be intiytigelineated in images of the pore

space.

4.11.1. Pore and Throat Size Distributions

The pore network model developed here for GDLsageld on the one described by
loannidis and Chatzis [202] and Chang and loanfifig]. The pores are modeled as
nodes on a regular cubic 3D lattice interconnetttealugh throats. The pores are
idealized as cubic bodies and the throats arectlesst ducts of square cross-section. This
arrangement is shown in Figu4¢e2 with the relevant dimensions labeled. Theaifse
square pores is convenient in order to achievacseritly high porosities and to
qualitatively describe the presence of cornersaiadices in the pore space. The pore
network is constructed by assigning pore body dizes a truncated Weibull cumulative
distribution:
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r = Al- L= X W) 7%+ o (4.1)
wherer; is the radius of the" pore, x is a random number between 0 angdu (< 1)
scales the random number and truncates the upgdesfehe distribution to prevent
excessively large pores from being generatgdjs the minimum pore radius addand
k are adjustable parameters that control the loa&spwvead and shape of the distribution.
A Weibull distribution is used since it is highligxible and contains only two adjustable
parameters; features which are advantageous whersjze distribution is adjusted to

calibrate the model as described in Sectidn6.
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Figure 4.2: Schematic of 2 neighboring pore bodies and coacting throat. Throat size f,) is

proportional to the size of the smaller of the twaonnecting pores i, = ab,). Throat length (L)) is
equal to the difference between the pore body siz€s,) and the center-to-center distance between

pores (c).

Once pore sizes are assigned, throat sizes agnadddy assuming that the size of each
throat is equal to the size of the smallest ofttie adjacent pores. This throat
assignment scheme is chosen because it allowsifimom constriction between pore
bodies, creating a highly open structure charatterdof GDLs. Figurel.3a shows the

construction of the lattice with pores and throdesntified. Figuret.3b shows only the
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void and solid space of the same lattice. The oe¢uare of the pore space obtained by

this method of throat size assignment is apparent.
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Figure 4.3: 2D Schematic of pore network construction. (aRelationship between pores, throats and
solid. (b) Structure in terms of void and solid spces.

The length of each throat is calculated as thedifice between the lattice constant

and the size of the two connecting pores. Theétionstant is the spacing between pore
centers and is adjusted to match the porosityehtiwork model to the known porosity
of the material. This is discussed further in ®&c4.1.6.2. Consequences of this size
assignment scheme are that throats and pores imaN& size and their volume cannot

be neglected in the calculation of the total latttolume. In fact, a throat is actually an
extension of the pore body to which it is attachad the lattice is basically an assembly

of pores connected directly to pores.
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It should be clear that the aforementioned desorips by no means an attempt to
reproduce the actual geometry of GDL pore spanstedd, the aim is to develop a pore
network model sufficiently flexible to reproducepeximental measurements of capillary
pressure and gas permeability (in-plane and thrqlghe). Clearly, a better way to
construct the pore network would be to extracy@gemetric and topological properties
from experimental 3D volume data of the GDL maltsriécSuch data are neither readily
available nor easily analyzed to extract geometnit topological parameters.

41.1.2. Spatial Correlation of Pores Sizes

One of the key features included in the model &iapcorrelation of pore sizes. A

highly porous material such as a GDL contains megjiaf extended continuous void
space with no solid to mark distinct boundariesveen pore bodies. In terms of the pore
network model, these regions are analogous to phelltieighboring pores of similar size.
Imposing spatial correlation of pore sizes in thadel results in pores of similar size
being placed next to each other in the latticeesehpores are invaded by the non-wetting
phase at similar capillary pressures and offerlainesistance to fluid flow, therefore
acting as a single, large pore. The effect of shiimng spatial correlation of pores into

the model is to increase the permeability of thisvoek by more than 20% and bring it
into closer agreement with measured values. E@pee has shown that without spatial
correlation, it is very difficult to match both tleeperimental permeability and the

capillary pressure curves since both depend ongipeedistribution.

Spatial correlation also partially accounts for ¢tbserved directional anisotropy in the
permeability tensor [161]. When pores are coreglanh certain directions, the
permeability along these directions is increadéavas found that correlation of pores in
the direction of fiber alignment helps to create ¢bserved anisotropy trends. For
instance, since the fibers of Toray 090 are aligndtiex-y plane, correlation of
neighboring pores in this plane, but not in thetigh-plane Z-direction), produces the

correct trend. This is summarized with the notafi, 3, 5] = [1, 1, 0] whereSis the
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correlation distance. The fibers in SGL 10BA dsdgredominantly aligned in they
plane, but are also directionally aligned in xhéirection. The use of correlation
distancesg, B, 3] = [2, 1, O] partially reproduces the observedsatropy. Figuret.4a
shows a structure obtained using a field of randamsprrelated numbers, whereas
Figure4.4b and Figurd.4c show the structures obtained when the cowak{l, 1, 0]

and [2, 1, 0], respectively, are imposed.

Figure 4.4: Examples of spatially correlated random fields (a) Uncorrelated field. (b) Correlated
field used to model Toray 090 with correlation disinces [1, 1, 0] in the, y and z directions (z-
direction not shown). (c) Correlated field used tanodel SGL 10BA with correlation distances [2, 1,
0] in the x, y and z directions. (z-direction not shown).

Anisotropy can also be created in the model by trmtisg throat sizes along specific
directions. In addition to the imposition of spatorrelation, a small amount of throat
constriction is necessary to completely match #tpeamentally observed anisotropy in
permeability. Throats are uniformly constricted@ding to the expression:
i = ATy, (4.2)
whererj is the size of the throat connecting parasdj, rp; is the size of porewith ry;
<rpjandais the throat constriction factor. The throatstoiction factor is direction
dependent and described with the notat@n §, a;]. In general, it is necessary to
constrict throats slightly (5-10%) in the directiparpendicular to the axis of fiber
alignment. For Toray 090, throats are constriotethe through-plane z-direction
according to §, ay, az] = [1, 1, 0.9]. In SGL 10BA, the fibers are aleghin thex-y

plane with some additional alignment in thdirection. Accordingly, throat constriction
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factors |y, ay, az] = [1, 0.95, 0.95] are used. Constriction of theats in this way is
consistent with the structure of GDLs since flowthe cross-fiber direction is more

obstructed.

41.2. Capillary Pressure

All pore throats and pore bodies in this modelamsumed to be of square cross-section.
The capillary pressur@: required for a non-wetting fluid to penetrate @#t of square
cross-section is estimated by the Young-Laplacatsou

1
P.=-2 —
c acosH( : j (4.3)

wherecois the surface tensio#,is the contact angle amgis the radius of the largest

circle that can be inscribed in the square capillar

41.3. Late Pore Filling

In reality, pore geometry is more complex than sinyple geometric shape, albeit
angular, can describe. Unresolved length scalesalthe presence of cracks, corners,
crevices and interstitial regions at fiber-fibentaxt points amount to pore space from
which the wetting phase is displaced at capillagspures higher than that corresponding
to first entry of the non-wetting phase into anyeim the network. Figuré.5(left)

shows a conceptual picture of the non-wetting piflage (water) configuration in a pore
at the entry pressure and Figdr&(right) shows the configuration as the non-weitti
phase pressure increases. The corners of theypadaally fill as the pressure is
increased. To account for the gradual drainagbenfvetting phase from such small scale
features, the following expression is employed [207

P* ,7
Sup = SWp(FCJ , PR.>F (4.4)
Cc

wherer is the filling exponents,, is the wetting phase saturation of a given pore at

capillary pressur@c and S:Np is the wetting phase saturation of the same piditeea

89



capillary pressuré®. corresponding to first entry (breakthrough) of tiom-wetting
phase. The parametejsaand §Np are taken to be adjustable in this model. Late po

filling enables smaller scale features to affeet¢hpillary pressure behavior of the
network without explicitly including them as inddual pores. This treatment is found to

be necessary to correctly model the experimentallasy pressure curves.

Gas Space

Water

Figure 4.5: Conceptual schematic of late pore filling.

4.1.4. Drainage Simulation

The process considered by the present model dréeage of a wetting phase by slow
(quasi-static) invasion of a non-wetting phasetelhms of fuel cell operation, this
simulation corresponds to the flow of liquid waftére non-wetting phase) from the
catalyst layer through the GDL to the flow charwiala path of the largest accessible
pores. The algorithm for simulating drainage ie tietwork is as follows. First, an

initial low capillary pressure is selected. Théwwk is then scanned and all pore throats
thatcanbe penetrated at the given capillary pressurenanked as ‘open’, along with the
pore bodies to which they are connected. Nextisfinct clusters of contiguous open
throats and pores are found and labeled. Firgllglusters that are connected to the
injection face are identified and are counted aseprated by the invading fluid. All

pores and throats not connected to the injectioe &ae returned to a ‘closed’ state. In
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this way, the invading front of the non-wetting paanly reaches pores that are both
topologically accessible from the injection face.(through other invaded pores) and
penetrable at the given capillary pressure. Tgerdhm proceeds by increasing the
capillary pressure in small increments and repgdhe procedure until all pores and
throats are open or filled with the invading fluidihe volume of non-wetting phase
within pores invaded at each capillary pressune stealculated and a capillary pressure
curve is generated. In the present simulatiorsirjection of the non-wetting phase
occurs always in the through-plargg direction. In terms of a GDL, the injection fase
on one side and the exit face is the other sides dorresponds to the situation where
liquid water is generated at the catalyst layerféow through the GDL to the flow

channel.

4.1.5. Transport Processes in the Network

4.1.5.1. Convection

Determination of the flow rate and pressure drapssthe pore network requires

solution of the following mass conservation equatoound each pore:
q = Z Oh,i (Pj -R ) =0 (4.5)
j=1

wherei denotes the current pojejenotes the neighboring poreis the number of
neighborsg; is the net flow through potegs,j is the hydraulic conductivity for flow
between poréand the neighboring pojewhile P; andP; are the pressures in each pore.
The hydraulic conductivitg, of the pores and throats depends on their sizéesugth
and is determined from the following expressiondguare ducts [208]:
228"
In = 2Lu

(4.6)

where2r is the size of the conduit openingis the fluid viscosity and is the conduit
length. L is equal ta for pore bodies and calculated for pore throaissussed in
Sectiond.1.1. The total hydraulic conductivity for flovetveen two adjacent bodies is
taken as the net conductivity for flow through raflbodyi, the connecting throat and

half of bodyj. The hydraulic conductivity, for each section is calculated using B}
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and the net conductivity for the pore-throat-pasemnbly, as shown in Figude2, is
found from linear resistor theory:
1 _1 N 1 N 1
Onii  Ynpi Gnt Gy (4.7)

Eq.@.7) is written for each pore in the network tol¢ia system of linear equations that
can be solved in conjunction with the prescribedratary pressures on each side of the
network to give the total floWQ across the network. On€gis known, the permeability
of the network can be found from Darcy’s law:
KA

Q - F(Pm - Pout) (4.8)
whereK is the absolute permeabilify,, andP,; are the inlet and outlet boundary
pressuresA is the area of the pore network normal to thectiime of flow calculated as
X-Y-Lc? andl is the length of the pore network in the directidrilow calculated aZ-Lc.
X, Y andZ are the dimensions of the network expressed ma@f the number of pores

andLc is the lattice constant.

41.5.2. Diffusion
The diffusivity of the network is found in the samm@anner as the fluid flow. Fick’s law
for diffusion of A through stagnari is:

dinxg
dl (4.9)

a0
whereDag is the binary diffusion coefficient,is the molar concentratiory is the mole
fraction of species Ag is the mole fraction of species BE 1 — x) andl is the length
of the domain.Diffusion of A through stagnari is applicable to fuel cell operation since
air is fully humidified, meaning that water vapares not diffuse and it can be treated as
stagnant along with nitrogen. On the basis of£8)( the species conservation equation

at each network node is then written:

N =ng,ij (lnXB,j =In Xb,i):O (4.10)
=
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wheren; is the mass transfer rate through poreg ; is the concentration in the
neighboring por¢ andxg ; is the concentration in pore gq is analogous to the hydraulic
conductivity and is calculated for a given concst
_cDy(2r)’
T L

whereDag is the diffusion coefficient and 2s the width of the conduitThe

(4.11)

conductivity for diffusion through each half-ponedathroat is calculated using E4.11)
and the net conductivity for the entire conduifoignd from:
1 _ 1 + 1 + 1
Joi  9ap Ya:  Yay (4.12)

Upon solution of the system of species conservamrations, the effective diffusivity of
the network is found using Fick’s law:

_CD4A
T

whereDes is the effective diffusivity of the networkss i, andxg outare the inlet and outlet

N, ('n Xg,n —IN XB,out) (4.13)

mole fractions of the stagnant species B.

4.1.5.3. Multiphase Transport

In order to study conditions relevant to PEMFC agien, it is necessary to model the
transport of gas and liquid as a function of watguration in the GDL. This can be done
by calculating the water and gas effective permiglaind the gas diffusivity after the
network has been partially invaded by the non-wgtphase (water) over a range of
saturations. The general approach is to modifyctreuctivity of individual pores and
throats as they become invaded by the non-wetting &nd to recalculate the overall
transport through the network. Since a certainwarmof wetting phase is always present
within pores and throats invaded by the non-wettihgse due to late pore filling effects
(Section4.1.3), careful attention must be paid to this rficdiion, particularly in view of
the fact that the precise geometry and connectofithe remaining wetting phase are

unknown. Two limiting cases are considered:
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Case 1 — Once a pore is penetrated with the ingédtlird (water), the residual wetting
phase is no longer conductive. This case represkeatmost pessimistic scenario for gas
transport since it leads to a highly obstructed disdonnected network with increasing

invading fluid saturation.

Case 2 — The residual wetting phase within porésiamats invaded by the non-wetting
phase maintains a connection with neighboring panesoffers limited conductivity to
mass transfer through films and corners, whichaesl@ed by assuming that the area for
mass transport varies directly with the volumeticacof the conducting phase in a given
pore. This case represents the most favorableasodor gas transport since it neglects
the tortuosity of the pore space containing thelted wetting phase.

In general, for both cases, the expressions forawit and diffusive conductivity
(Eq.@.6) and Eg4.11)) become:

228" (S )m
Oni = 2Ly P (4.14)
and:
2
9o, - ebl2n) (s,) (4.15)

wheres, is the volume fraction of conducting phase in por&€he exponentsiandn

control the behavior of the pore saturation coroecand depend on the conducting phase
and case of interest. For Casenls 2 andn = 1 for the non-wetting phase, whiteand

n are both equal to infinity for the wetting phasghe latter situation sets the

conductivity to O for all pores that are invadeg, & 1) regardless of how much wetting
phase remains in the corners. For Case 2,2 andn = 1 for both phases. The values of
m andn arise from the assumption that the area for tranisp proportional to the
saturation. Diffusive conductivity is directly grortional to area, therefore= 1, while

hydraulic conductivity is proportional to the sqgeiaf the area thus = 2.
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4.1.6. Model Calibration

4.1.6.1. Pore and Throat Size Distribution

The first step in the calibration of a pore networidel is to identify the pore size
distribution that enables the model to match expenitally determined drainage capillary
pressure data. The computed drainage capillagspre curves for SGL 10BA and Toray
090 are compared to previously reported MIP da28] for the displacement of air by
mercury. Figuret.6 shows a comparison of the experimental datatechodel curves
obtained, while

Figure4.7 shows histograms of pore size and throat sstgliitions used to generate

these curves.

The parameters for the Weibull distribution (Bql)) obtained by fitting to
experimentally observed pore structures are listdéble4.1. The mean number-
averaged pore diameters for Toray 090 and SGL 16BAined from these fit
distributions are 1@m and 33um, respectively. These values agree well withréselts
of Tomadakis and Robertson [209], who calculate@ stze distributions and mean pore
sizes for solid models of various fiber arrangeraeamd porosities. They also agree with
similar data obtained recently by Schulz et alO]ifor simulated Toray 090 and SGL
10BA materials. On the other hand, both of the maot®d capillary pressure curves
shown in Figuret.6 rise more sharply than the experimental onesalthe use of a
rather narrow pore size distribution, which is resegy to match the high porosity. This
is discussed further in Sectidril.6.2.
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Figure 4.6: Comparison of computed capillary pressure curgs with experimental porosimetry data.
Top: Toray 090, Bottom: SGL 10BA. Left: MSP with Cctane, Right: MIP.
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Figure 4.7: Pore size, throat size and throat length hisggams. (left) Toray 090 and (right)
SGL10BA.

To further assess the validity of the capillarygstee curves generated by the model,
simulations are also conducted with octane as #tang fluid and air as the invading
fluid. This corresponds to experiments performsitgithe method of standard
porosimetry [123]. The advantage of considering $lystem is that octane is a highly
wetting fluid and its contact angle can be confitietaken equal to 0 It should be
noted that the Weibull distribution parameters abl€4.1 and obtained above by fitting
the model to the MIP data have also been usedhéoottane-air system. The only
parameters that differ are the surface tensioncanthct angle of octane. The good
agreement between the simulated and experimergdlacg pressure curves also shown

in Figure4.6 supports the validity of the pore and throa¢ slistributions selected. It is



possible, however, that other pore and throatdigteibutions than those given in Table
4.1 could also lead to a match between the compariddneasured capillary pressure
curves. Itis necessary to compare model predistio other experimental results, such
as absolute permeability and porosity, to impromefidence in the characterization of

the two GDL materials in terms of the distributiajigen in Tabled.1.

Table 4.1: Model parameters used for each material

Toray 090 SGL 10BA
Network Size Parameters
Lc 25.2um 40.5um
Pore Size Distribution Parameters
A 5.25 9
K 3 3.5
I'min 5um 9um
Xmax 0.95 0.9
Late Pore Filling Parameters
s* 0.20 0.20
n 1.00 1.00
Throat Constriction Factors
[av ay, [1,1,0.9] [1, 0.95, 0.95]
Pore Correlation Distances
1B, B, Bl [1,1,0] [2, 1, 0]

4.1.6.2. Lattice Constant

The lattice constant is the distance between pamécs in the cubic lattice. For a given
set of pore sizes, adjustment of the lattice canistantrols the porosity of the network.
For instance, if the lattice constant is largenttiee pores are separated by a significant
distance, thereby increasing the solid fraction @ulilicing the porosity. In the present
work, the lattice constant is determined in théofelng manner. First, a pore size
distribution is selected. Then an initial guessale for the lattice constant and
corresponding throat volumes (i.e. lengths) deteeahi This also allows the porosiwf
the network for a fixed total void volume to beardhted from:

— VVOID — Vp +Vt

Ve LCIXIYIZ (4.16)

&

whereV, is the total pore volume of the netwolkis the total throat volume, YandZ

are the dimensions of the network expressed ing@fthe number of pores ahd is the
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lattice constant. The value b€ is adjusted until the calculated porosity matdhes
experimental value for the material. Finallg,is verified to be larger than the largest
pore in the network to ensure that no pores overlahis criterion is not met, then the
pore size distribution is adjusted and the procegsated.

Avoiding pore overlap is necessary to avoid sevie@nsistencies in the network
geometry such as pore volumes being counted tthioeat lengths being negative and
the center-to-center distance between pores barggritharLc. Also, if pores were
allowed to overlap, it would be trivial to matchrpsity since any pore size distribution
will suffice. Allowance for such flexibility in tb pore size distribution will also enable a
near-perfect matching of the capillary pressur@esince an arbitrarily broad
distribution could be used. On the contrary, gguirement that no pores overlap tightly
constrains the range of pore size distributions¢ha be used. For instance, if the pore
size distribution is very wide, the network contamany small pores. Since the lattice
constant is on the order of the largest pore, teasdl pores are surrounded by a
substantial amount of solid, making it impossilddave a sufficiently high porosity. In
the present work, it is necessary to use a poeedsstribution that gives a slightly steeper
capillary pressure curve than the experimental slatader to match the porosity. The
ability to match the porosity, while still achiegi good agreement of the capillary
pressure curves, is a strong indicator of the gpmateness of the pore size distributions

for such high porosity materials.

The value oL.c obtained also indicates the appropriateness ahthael geometry since

Lc has units of length and represents the spacivgelegt pore centers. The lattice
constant for Toray 090 has a value of 2512 and indicates that 11 pores on average span
the thickness of the material. SGL 10BA has acattonstant of 40.fm corresponding

to 10 pores across its thickness. These valuesoargstent with information on their

structures obtained from SEM images of GDL crostices [123].
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4.1.6.3. Absolute Permeability

The final aspect of the model calibration is to pane the permeability of the network
with measured values. This permits verificatiorpofe information such as pore length
and connectivity that is not reflected in the dapyl pressure curve. It has been
experimentally observed [161] that the in-planenypeability is higher than the through-
plane permeability, a result that has been vertffiegherically [188] and analytically
[159]. Spatial correlation of pore sizes is in@ddn the network in combination with
slight throat constrictions in order to reprodute bbserved anisotropy in the model.
Measurements of Toray 090 indicate that the inglagrmeability is about 1.5 — 2 times
higher than that in the through-plane directiopat&l correlation distanceg{ 3, 5] =
[1, 1, O] and throat constriction factors,| ay, o] = [1, 1, 0.9] have been used in order to
fully match the permeability data. This procedrwgproduces the anisotropy and gives
good agreement between experimental data and megldts, as can be seen in Tabl2.
The anisotropy of SGL 10BA is somewhat more conapéid due to the alignment of
fibers, which causes the permeability to diffemfrone in-plane direction to the other.
To capture this, correlation distancgk |3, 5] = [2, 1, 0] are used along with throat

constriction factorsdy, ay, a;] = [1, 0.95, 0.95].

Table 4.2:  Transport results for each modeled material

Toray 090 SGL 10BA
Permeability (x 16 n¥)  Experimental [161] Model Experimental [161] Model
Ky 15 14 57 54
Ky 15 14 45 48
K, 9.0 9.5 37 39
Effective Diffusivity Numerical [188] Model Numerat [188] Model
Der x 0.67 0.54 0.78 0.64
Defty 0.67 0.54 0.75 0.61
Desi 0.62 0.46 0.75 0.58

4.1.7. Model Validation

4.1.7.1. Effective Diffusivity

Determination of the effective diffusivity of thetwork provides a useful means of

independently verifying the chosen network geomeftighough experimental data for
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diffusion through GDLs are not yet available, liedtnumerical results have been
presented by Tomadakis and Sotirichos [188] fawofils materials with various
arrangements of fiber alignment that correspon@@h. materials. The effective
diffusivities predicted by the present model armpared with those of Tomadakis and
Sotirichos [188] in Tabld.2. The model under-predicts the effective diffitg
estimates of Tomadakis and Sotirichos by about 208tch is reasonable considering

that no efforts were made to fit the model to tipeedictions.

4.1.7.2. Liquid Water Injection

Experiments have been performed by Benzegexl [124] to measure the breakthrough
pressure of liquid water in GDLs. In these expernis, the static pressure of a column of
liquid water above a GDL is increased until ligpehetrates the sample. The pressure
required for water breakthrough on various sampéssbeen reported, including a
sample of Toray 120 with no PTFE treatment. Thagenal is thicker than the Toray 090
considered here, but otherwise similar in structe experimental value of 3300 Pa
was found, which compares with a value of 2483 iredipted by the present model.
These values are within 25% of each other, whieckasonable considering that the
materials are not necessarily identical. The nealsie agreement between the model and
data suggest that the contact angle used for wat&oray 090 is reasonably correct.

Similar data are not available for SGL 10BA.
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5. Results and Discussion

5.1. Porosimetry

In this section, capillary pressure curves obtaimgdhercury intrusion porosimetry

(MIP), the method of standard porosimetry (MSP) gasl controlled porosimetry (GCP)
are presented for various GDL materials. As disedgreviously, MIP is insensitive to
surface chemistry and so only provides structur@rmation. The GCP method
developed in the course of the present work usésraa the working fluid and so
directly measures the air-water capillary pressurges and the effect of hydrophobic
polymer additions. As indicated earlier, the M8€Ehhique is of limited use, particularly
with the advent of the GCP technique, but someltseare presented for comparison.
Toray and SGL 10 materials are tested over a rahgdrophobic polymer loadings

from 0% to 30%. Toray GDLs consist of straighidifibers, while SGL 10 series
samples are made from curved intertwined fibetse Toray materials are available in a
range of thicknesses from 20én to 400um. Thus, testing of these materials permits the
effects of GDL thickness, structure and surfacatinent to be investigated. In addition to
the parametric analysis of GDLs, experiments haenlronducted on single layer
samples as well as multi-layer stacks. This alltvesinvestigation of surface effects on
the capillary properties of the bulk materials, @hare significant for thin GDLs. These
tests will be supported by a variation of the GGRhud to allow for single point
injection. Finally, the GCP setup is adapted t@suee breakthrough pressure and
saturation at breakthrough. This is importantimfation since it bears directly on actual

fuel cell operation.

5.1.1. Mercury Intrusion Porosimetry

Figure5.1 and Figur®.2 show MIP intrusion and extrusion curves for SkBlLand Toray
090 GDLs, respectively. Each experiment has b&tnded until a capillary pressure of
350 kPa is reached, although only the portion upégoint where the saturation has
leveled off is included in the plots for claritfhe curves in Figures 5.1 and 5.2 have

been obtained on single GDL layers to reveal thfase effects. Figurb.1 shows the
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results for SGL 10 with 0%, 5% and 20% PTFE congemt indicates little difference
between these curves. A slight shift of the cutedsigher capillary pressures as the
PTFE loading increases could be attributed toglnstonstriction of pores by the PTFE
coating. The amount of actual pore constrictionaslikely significant however, since
the addition of 20% PTFE only reduces the pordsdg 90% to 86% for the SGL
materials shown in Figure 1. Apparently, the addition of a PTFE coatingslaot
significantly alter the GDL physical structure.
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Figure 5.1: MIP intrusion curves for SGL 10 series GDLs.10AA = 0% PTFE, 10BA =5% PTFE
and 10DA = 20% PTFE.

The MIP curves for Toray 090 with 0%, 10% and 20%-P content are shown in Figure
5.2. The intrusion curves are very similar forre®3 FE content; moreover, the shift to
higher capillary pressures does not follow the padeéncreasing PTFE content. As with
the SGL 10 samples, the addition of PTFE appednsyte no effect on the mercury
intrusion curve. On the other hand, the extrusives show dramatic differences
depending on PTFE content, particularly betweesdhgamples containing PTFE (090C
and 090D) and the one without any PTFE (090A).c&ihe addition of the PTFE has
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little effect on the structure of the GDL, as sugjgd by the similarity in the intrusion
curves, the difference in the extrusion curves rbestaused by an alternative effect.
Although PTFE treatment does not alter the poressaf the GDLs significantly, PTFE
does impart a certain amount of roughness to the sarfaces. Furthermore, the SGL
10 samples also contain a significant amount dfiaaaceous binder which adds some
surface roughness. Thus, these GDL materials ailela certain degree of roughness
even in the absence of PTFE. Although the diffeeas presumably due to roughness, it
is unclear why this effect appears during the otiwa step only. According to the
Wenzel equation (Eq(9), surface roughness makes mercury more nonrgethd leads

to a high retraction pressure, but this effect sthalso be observed during injection.

1
- - ﬂ
0.9 4 -
0.8 4
0.7 4
c
S
< 0.6 4
5
& 054
>
3 0.4 1
@
Z 0.3 1
0.2 1 — Toray090A
= Toray090C
0.11 - - Toray090D
O L) L) L) L)
0 20000 40000 60000 80000 100000

Capillary Pressure (P 4 - Pu;) [Pa]

Figure 5.2: MIP intrusion curves for Toray 090 series GDLs

5.1.2. Method of Standard Porosimetry

MSP tests have been performed with both octanenatel as the wetting fluids on Toray
090A and SGL 10BAto yield the capillary pressuneves shown in Figurg.3 and
Figure5.4, respectively. In order to compare the MSRuoetand MSP-water curves, it

104



is necessary to plot the data with a common capipeessure axis. In these figures, the
octane-air capillary pressure data are convertea equivalent water-air capillary
pressure. Note that the capillary pressure isddfas the difference between the non-
wetting phase and wetting phase pressures.

Conversion of capillary pressures from one setwdl$ to another requires the
assumption that the Young-Laplace equation is id exipression for the dependence of
the capillary pressure on pore size in the matetfedo, the capillary pressure required
for fluid 1 to displace fluid 2 from a pore of sizés:

- 201—2 C05(91—2)

P -2 = r (5.2)

where the subscript 1-2 refers to the propertiesapeng to the displacement of fluid 2
by fluid 1. Similarly, the capillary pressure fitwid 3 to displace fluid 4 from theame
sized poras:

_ 203—4 C0493—4)

P 3-4 ~ r (5.2)

Eq.6.1) and EgXJ.2) can be solved forand equated to yield the following formula for

the relationship between the capillary pressureghi®two sets of fluid pairs:

P — O34 C05(53—4 )
C3-4 0, ,Co E( 01_2 ) cl-2 (5.3)

Eq.(6.3) is used to convert the MSP-octane data tajaivalent water-air capillary
pressure. This requires knowledge of the surfaeesions of the water-air and octane-air
interfaces as well as the corresponding contadeandince octane strongly wets the
GDL, its contact angle can be confidently take®‘asThe contact angle of water on
GDLs is not well known, but estimates have beenanadhe present work using the
sessile drop method and corrected for porosityranghness effects, as described in
Section3.5.
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Interpretation of the MSP-octane data is straigitéod since octane is a highly wetting
fluid on all surfaces. The evaporation of octand is replacement with air corresponds
to the injection of a highly non-wetting phase ais capillary pressure is increased €
Pnwep—Pw). This corresponds directly to the intrusion @swbtained using MIP shown
in Figure5.1 and Figur®.2 where non-wetting phase saturation increasesimgreasing

capillary pressure.

The MSP-water data are also shown in FiguBand Figur&.4. These curves are
plotted with water as the non-wetting fluid. Thiss been done based on the findings of
the GCP method discussed in the next section aodsalggested by the results of
Fairweatheet al [20]. Since water is a non-wetting phase, ijsation into the GDL
requires a positive capillary pressure. Upon wilagal, however, negative capillary
pressure is required to remove water. Since M®Rraxents using water are analogous
to the withdrawal of water from the GDL, the MSPtaradata are plotted with water
saturation decreasing in the negative capillargsuee direction. A plot of the data in
this manner makes the MSP results directly compatalthe GCP results presented in

the next section.

The results of the MSP-water experiments are dilfio interpret. The premise of the
MSP-water technique is that in a sample with miwedtability, water will spontaneously
eject from the hydrophobic pores when the sampéxp®sed to atmospheric pressure
after the initial flooding procedure. In such aeathe sample will contain some air-filled
pores at the start of the test (i.ePat= 0) which corresponds to the hydrophobic pore
volume of the sample. Furthermore, the resulteqgltary pressure curve should reflect
the drainage of water from the network of hydrojghplores only. This technique would
seem to be well suited for the gas diffusion laygrich posses a fractional wettability
due to the presence of graphite fibers and PTFEngpaThere are two problems with
this concept, however. The first is the premise Whater will spontaneously eject from
hydrophobic pores. With a contact angleédgiar= 110 [119], PTFE is only slightly
hydrophobic. Since it is known that a wetting dlwvill not imbibe into a material i&yp

< 5(° [210], one would not expect air to imbibe into édty hydrophobic material such
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as air on PTFE@ur-water-ptre= 70°). For this reason, the spontaneous ejection téwa
from, or the spontaneous imbibition of air into,FETpores in a GDL should not be
expected. Nonetheless, the MSP-water results ghisveffect. The Toray 090A sample
with no PTFE exhibits a small amount of air imbdoit whereas the SGL 10BA sample
with 5wt% PTFE displays significant air imbibiti@Pc = 0. Although this agrees with
the concept of hydrophobic pores, it is not coesisivith other experimental evidence
[20,151] or the extent of the hydrophobicity of $wcalled hydrophobic pores. The
second complication concerning the interpretatibthe MSP-water data is that the
concept of hydrophilic and hydrophobic pores isripvsimplistic. PTFE is not neatly
segregated to be present in some pores and tatabnt in others. A more realistic
picture is that most pores contain mostly carbbarfivalls with some patches of PTFE,
which alters the capillary properties of a poreiply. The effect that the hydrophobicity
distributed in this fashion might have on the MS&ev technique is not known, but it is

at odds with the conceptual basis of the method.

Furthermore, the MSP-water data show that wateovahrequires significantly larger
capillary pressures than octane removal even thféeeffect of surface tension
differences is considered by conversion to a comaiewater capillary pressure basis.
This is not consistent with the knowledge that pete clearly a much more wetting fluid
with a far lower contact angle than air-water andlsould require higher pressure to
displace. This apparent anomalous behavior coelicBlnsed by the fact that evaporation
of water is not necessarily equivalent to the drgeof water. During drying, any water
that becomes disconnected from the other portibtisedluid is still able to leave the
sample via the gas phase. Furthermore, dryingtarrabwith intermediate wettability is
expected to lead to significant disconnection efltquid phase volume [211]. Ina
highly wettable material, liquid films on the pasalls provide liquid conductivity
throughout the media and allow clusters to exchdiugg and remain in capillary
equilibrium. Such films do not exist in materialgh intermediate wettability such as
GDLs.

Overall, the MSP method is not satisfactory. Témutts provided by MSP-octane
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experiments are reasonable but can be easily @otaising the more accepted and
widespread MIP method. The data given by the M&Eemtechnique shows several
anomalies that call into question the validity lnd imethod, particularly for materials that
are neither strongly wetted by water or air suceBss. The limitations of the MSP-
water technique and the uncertainty of the result&DLs has prompted the
development of the gas controlled porosimetry (GR@B)hod to measure air-water

capillary properties of GDLs directly.

5.1.3. Gas Controlled Porosimetry

The GCP method developed as the major part othkss project offers the ability to
directly measure air-water capillary curves of Gl enables the observation of GDL
wetting properties and the effect of hydrophobéatments. This versatile method tests
both water injection and withdrawal and can scande spectrum of capillary pressures
(Pc.min < 0 <Pcmax). Atypical capillary pressure curve obtainechgsGCP is shown in
Figure5.5 with important features labeled and describedvia

The test begins at Point 1 with a completely dryLlGnd the system held at a negative
capillary pressure. This starting condition notyaadlows for the study of water injection
into fully dry GDLs, but also enables accurate watguration tracking since the initial
condition of the GDL is well known. The ability sbart with a completely dry sample is
one of the unique features of this setup. FrommtPhithe capillary pressure is increased
stepwise but the saturation of the GDL remainseat mntil Point 2 is reached where
some water begins to penetrate into the dry GDhe main leg of water injection occurs
at positive capillary pressures (Point 3), indiegtihat GDLs are hydrophobic since
water must be forced into the sample. At abouDD0Ra, the water saturation begins to
level off to a plateau (Point 4), indicating thia¢ tpores of the GDL are mostly filled with
water. After scanning the capillary pressure feough along the plateau in water
saturation to ensure full saturation is achievied,direction of pressure scanning is
reversed (Point 5). As capillary pressure is velietowards zero, the water saturation

remains completely stable. Not until a negativaltzay pressure is applied does water

109



begin to retract from the sample (Point 6). Camtta the injection leg of the test (Point
3), this behavior indicates that GDLs are hydradplsince water must be forced from the
sample. Water retraction begins to level off aialz10000 Pa (Point 7) and a non-zero
water saturation remains in the sample even atveggative capillary pressures (Point 8).
After reversing the pressure scanning directioreagain to reinject water, a long
plateau in saturation is observed. At about -2880a noticeable amount of water is
imbibed into the sample (Point 9). This imbibitismot observed during the initial water
injection, suggesting that either the presencesifiual water in the GDL aids the
reintroduction of water or the contact with watastsomehow altered the solid
wettability [130]. The second water injection @&pint 10) is also altered by the
previous water injection since it does not coincidih the initial injection. The
secondary water injection rises to a full saturaptateau much more sharply than
observed during the initial injection (Point 11)his would be the case if small crevices
and surface roughness features remain filled watemfrom the initial injection.
Subsequent water withdrawal exactly follows thé&ahwater withdrawal and all
subsequent water injections correspond to the siacgnnjection. Fairweathet al[20]
also reported this highly repeatable behaviorcaig they were unable to obtain the
initial water injection into a dry GDL with their@thod. Also shown in Figui®5 is an
internal scanning loop marked by Point 12. Thaplés started by reversing the direction
of pressure change before the sample has reachedtfuration. In this case, the sample
reaches a saturation of about 65% when the scaatidin is reversed. Finally, Point 13
marks a data point obtained by weighing the samplke completion of the test. This

demonstrates that the saturation is being accyraeiked during the course of the run.
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Figure 5.5: Typical capillary pressure curve obtained usig the GCP method. Toray 090A (no
PTFE). Arrows indicate the direction of capillary pressure increments.

5.1.3.1. Comparison of GCP with Literature Data

In Figure5.6 the capillary pressure curve values obtainetheyGCP method are
compared with the results reported in the litemtased on other methods. The data
shown are all for Toray 090 with no hydrophobicymoér coating (same as shown in

Figure5.5). The wide scatter of the data is apparent.
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The injection curve of Sole [22] compares favorablyhe initial injection curve obtained
in the present study. The slightly higher injextpressures found by Sole [22] can be
attributed to non-equilibrium effects caused bydbatinuous volume displacement
method. The smaller shoulder in his low pressata & likely an artifact caused by the
method used to prime the system, which involvesciimg water from below the sample
until it touches the GDL, signaling the beginnirfglee curve. Determination tiie
precise moment of contact and ensuring the enttensurface contacts the GDL
simultaneously are difficult to achieve, howevEurthermore, the curve reported by Sole
does not display a saturation plateau at high pressvhich is clearly anomalous. More
anomalous are the results of Nguwral [21], visible near th€c = 0 region, which are
in strong disagreement with all other reported démaprinciple, their method is sound
but the large saturation swings occurring overraomapressure range neldg = 0 are
inexplicable and suggest problems with sample mogrand the existence of large gaps

and spaces in the system. Gallagtteal [23] investigated drainage of water from a wet
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GDL and re-imbibition into a previously wet GDL.h@&ir results are in qualitative
agreement with those of the GCP method of the ptestedy although some quantitative
differences exist. They determined saturation bighing the GDL to determine water
uptake. It is difficult to ensure the GDL is frekextraneous water droplets without
disturbing the water in the GDL. Roghal [24] avoided this problem by weighing the
sample while under water and correcting for theoue buoyancy forces. Nonetheless,
the results of Rotkt al [24] show anomalously high water entry pressuidseir

method does not allow for gas displacement as watades, which means that gas
becomes pressurized by the invading water, leadihgwer than expected capillary
pressures and shifting their data to higher pressurherefore they may have assigned
the measured saturation values to erroneouslydaghlary pressures. The data of
Gosticket al [123] using the MSP method show water withdraseadurring at much
more negative capillary pressures than the othéinadse. The MSP technique begins
with a fully saturated sample which is obtainedsbguum filling. This leads to a
complete absence of air in the sample and virtwdlures that water is in the Wenzel
state, which is characterized by very high conacfie hysteresis. Fairweatletral [20]
report both water injection and withdrawal curveBheir injection curve corresponds to
the secondary injection data from the GCP meth@udalitative agreement is seen with
GCP, but both injection and withdrawal legs aresetdoPc = 0 in the data of
Fairweatheet al A close look at their data analysis reveals semars that explain the
observed discrepancies. Their raw data consistessure traces which rise during
periods of water injection, then decay slightly whjection is paused. They wait for
the pressure decay to stabilize before initiatimgriext water injection, citing this as
capillary equilibrium. The problem with their agsils is that this pressure decay is
caused by fluid redistribution within the pore sp#itat becomes accessible at the peak
pressure, yet they assign the volume to the plaiesssure. This mistaken assignment of
pressure tends to shift both the water injectiah@ithdrawal curves toward?: = 0.
Overall, the GCP method gives values that are witliin the range obtained by the

various other methods.
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5.1.3.2. Comparison Between MIP, MSP and GCP

It is possible to compare the capillary pressurgesiobtained by MIP, MSP and GCP
directly. The intrusion of mercury in MIP, the @aaation of octane (i.e. the invasion of
air) in MSP-octane and the injection of water inf=¢hould theoretically match since
they all correspond to drainage of a wetting phadee difficult part about comparing
capillary data from different methods is convertihg capillary pressure axis to that of a
common fluid system. For the following compariscaisdata are converted to
equivalent air-water capillary pressures. Obviptisée MSP-water and GCP data require
no conversion since they are measured in the agrvegstem. The conversion of the
MSP-octane data is described in Secédh2. The conversion of MIP data follows the
same procedure. A sessile drop of mercury is placethe GDL surface and the
measured contact angle is corrected using the cadtWenzel-Cassie-Baxter equation
to obtain an effective contact angle. The conwkecapillary pressure data for Toray
090A and SGL 10 BA are shown in Figls& and 5.8, respectively.

The agreement between the non-wetting phase iojeetiperiments is very good. All
curves coincide and show the same qualitative featuThis is not unexpected for the
Toray 090A data since only one material (graphggyesent. Since the SGL 10BA
sample contains 5% PTFE loading, it is somewhairging that the GCP curves do not
show some differences due to its mixed wettabitityater but not octane or mercury.
This suggests that the effect of PTFE additionmals The water withdrawal curves do
not show such agreement. The discrepancies betthedViSP-water and GCP curves
are large. However, since the MSP-water technigsesbme deficiencies, as discussed
above, this is not unexpected. Qualitatively, @P results for water withdrawal are

similar to the injection curves, which is to be egd since the material is the same.
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The agreement between the GCP water injectionadatdhe data from the well
established MIP method serve to validate the nelelyeloped GCP technique. Overall
the GCP method provides very satisfactory results.

5.1.3.3. Effect of PTFE on Air-Water Capillary Curves
The GCP method has been developed to study thveasdr- capillary properties of gas

diffusion layers. The primary aim of this tooltcsmeasure the effect of hydrophobic
polymer addition on the wettability and capillampperties of GDLs. To this end, a
variety of different materials with a range of PTé&htents is tested. The PTFE coatings
were applied by the manufacturer or distributor testis were run on these samples in
their as-received form. Specific details of eactaral are listed in Tabl@.1.

Figure5.9 shows GCP curves obtained on Toray 090 witRTieE (top) and 20% PTFE
(bottom). The curves for each sample are strikisghilar, which is surprising given

that one samples has no PTFE coating (090A, togg e other has a rather high
loading of 20wt% (090D, bottom). The initial infean of water into the dry 090A

sample requires positive capillary pressure despédact that the pure graphite substrate
is supposedly hydrophilic. This highlights the on@ance of structural and physical
effects on observed wettability as opposed to cbahmeterogeneity. Water injection

into both samples begins at the same capillarysprest 750 Pa).

Once water injection begins, the saturation rises@y to a small plateau before the
main injection leg. This feature is due to surfaffects caused by the finite size of the
sample. The main leg of the water injection ocainsoticeably different capillary
pressure for the two samples. For Toray 090Arideebegins abolRc: = 4000 Pa, while

for Toray 090D the rise is delayed uiRid = 6000 Pa. This offset represents a 50%
increase and can be attributed to the hydrophdfacte of the PTFE coating since the
MIP data show very little structural differenceween the materials. As capillary
pressure is increased, the water saturations bfsahples reach a plateau indicating that

the pore volume is filled. Upon reduction of ttepitlary pressure, the water saturation
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remains unchanged until a significantly negativegiltary pressure is applied. Water
retraction begins abruptly Bt = -5000 Pa for Toray 090A arRt = -2000 for Toray
090D. The presence of PTFE in the Toray 090D sanhpés not dramatically alter the
wettability of the sample, but merely shifts thewvauto more positive pressures.

Similar behavior is observed in the SGL 10 seriematerials. Capillary pressure curves
for SGL 10AA (Owt% PTFE) and SGL 10BA (5wt% PTFEg ahown in Figur®.10.

The SGL 10 series materials are structurally quifferent than Toray 090. They are
significantly more porous (90% vs. 78%), thicked@m vs. 300um) and have much
larger pores (4@um vs. 20um). The effect of the large pore size can be imately seen
from the position of the main injection and withaed legs which both occur much
closer to zero pressure for SGL 10 since largespare more easily penetrated. Even the
addition of PTFE to SGL 10BA does not increasepttessure of its injection leg above
that of the untreated Toray 090A. The shouldesirgifrom surface effects is also
smaller, which is expected since the SGL 10 mdseaige thicker and more porous, thus
the volume accessible from the surface is a smpittgvortion of the total amount. The
effect of the PTFE coating in the SGL 10 maternisisimilar to that observed for Toray
090 materials. The addition of PTFE increasesrthm injection leg froniPc = 2000 Pa
for SGL 10AA toPc = 4000 Pa for SGL 10BA. Similarly, the additionR®TFE shifts the
onset pressure for withdrawal frdPg = -2500 Pa td°c = -1800 Pa.
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A closer examination of the effect of hydrophobdating can be made by directly
comparing water injection and withdrawal curvesdeveral materials with different
PTFE loading. Figur&.11(top) shows the water injection curves for Yoséth three
different thicknesses (Toray 060 = 21, Toray 090 = 29(im and Toray 120 = 390n),
with and without PTFE. The effect of thicknessgparent from the importance of
surface effects on the shape of the curves whicbrhe less prevalent in the thicker
materials. A more detailed analysis of surfaceaff and material thickness is provided
in the next section. The effect of PTFE loadinglso very apparent. Samples without
PTFE converge into one set of lines and those RItRE into another at much higher
pressure. The water withdrawal curves displayralai behavior. It is interesting to note
that one of the treated Toray samples (120C) cositanly 10% PTFE loading, while the
others (Toray 090D and 060D) contain 20%. Yet,da& obtained for the 120C material
coincide closely with the curves of 060D and 090Iis would indicate that doubling
the PTFE loading does not significantly increasehidrophobicity, suggesting that the
primary effect of the additional PTFE is to makerththicker rather than more
hydrophobic as intended. The ability to directbserve the behavior of a hydrophobic
coating in this detailed way has not been previpashilable. With this new tool, it
should be possible to improve coating applicatemhhiques and procedures to optimize

GDL wetting properties.

Figure5.12 shows an expanded view of the water injedtiop) and withdrawal (bottom)
curves for SGL 10 samples with 0% (10AA), 5% (10B#Hd 10% (10CA) PTFE. These
curves do not show the effects of PTFE additionasistently as the Toray materials in
Figure5.11. The injection curves of the treated samgtesot overlap closely and the
sample with the intermediate PTFE level (L0BA) appdo be the most hydrophobic.
The curves again do not coincide during withdraavad the sample with the highest
PTFE loading (10CA) appears to be the most hydrbjgho
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Clearly, the 10BA and 10CA samples exhibit somé&edihces that cannot be explained
by the amount of PTFE alone. The inconsistentdpidobic behavior of the SGL 10
samples may be due to non-uniform distribution BFP in the GDL. For instance,
PTFE may be concentrated near the outer surfadbg Al0CA sample and cause it to fill
quickly once the outer layers are penetrated. rAdtively, the PTFE in the 10BA sample
may be concentrated in smaller pore spaces ane taeiginal stages of the injection
process to fill pores more slowly. Unfortunateéhge GCP does not yield any direct
information about the spatial distribution of weéitay and so explanations for the
observed capillary behavior are only speculatiotmewt further information. A preferred
approach would be to apply PTFE in such a waykhatn heterogeneous spatial
distributions are deliberately obtained and theasneng the resulting capillary pressure
curves to observe their effects.

If an explanation for differences in capillary pgese behavior were available, the
benefits of directly observing the air-water capl properties of GDLs would be
tremendous. For instance, if fuel cell performatasts were to reveal that 10CA
outperforms 10BA, then it could be concluded thaatever leads to the difference in
their capillary pressure curves is beneficial affidres could be made to exaggerate this
effect during GDL manufacture and processing. h&tiery least, the tests on the SGL 10
samples reveal that GDLs can display varying hyldotyc behavior which can only be

due to the PTFE application since the substraeeglantical.

5.1.3.4. Effect of GDL Thickness

The effect of GDL thickness on the shape of thelleayp pressure curves shown in
Figure5.11 is very pronounced. Because the percolatiopgsties of GDLs are highly
influenced by finite size effects, the effect of Gibickness is explored further in this
section. The design of the sample holder useddp G very flexible with regard to
allowable sample thicknesses. Materials rangiognf50um thin to 10 mm thick can be
tested by simply matching the thickness of the dariggating gasket to the sample

thickness. To study the effect of sample thickrees$ surface effects, tests have been
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done on stacks of 3 samples, in addition to thglsilayer tests presented above. This
triples the pore volume without changing the arethe injection face. A further set of
tests are performed using single point injectieand@scribed in Sectidh4. This
eliminates all surface effects on samples regasdiéshickness.

Figure5.13(top) shows water injection curves for Toraytenals of different thickness
(i.e. 1 and 3 layers) with no hydrophobic treatméFite open symbols are data obtained
from a single layer sample, whereas the dark sysnbmirespond to a stack of three
GDLs. As previously noted, the shoulder inducedinface effects has a larger impact
on the curves for thinner samples. Data from lineg-layer stack closely coincide on the
same line, which also correspond to that of thecitinpn curve for a single layer of Toray
120A. The fact that a single layer of this matediaplays similar surface effects as a
three layer stack indicates that a thickness ofi#00s large enough for its behavior to
approach that of an infinite medium. Fig&rd3(bottom) shows the results of the same
set of tests performed on samples with PTFE coativigch less difference between the
single layer and three layer tests is now observétt: small water injection that is
observed into the single layer samples occurs letWeand 750 Pa, which is more likely
due to liquid water filling the large pores and mescopic contours of the GDL surface
than to water accessing the interior pores. Thegirce of PTFE seems to mitigate the
surface effects. Perhaps PTFE reduces the nurhbmrations through which water can
enter the GDL. Itis also possible that PTFE latite ability of water to spread laterally
inside the GDL so that each invading water cluiierless pore space. The latter
explanation also relates to the fact that GDLshéghly anisotropic, with twice the
permeability in-plane than through-plane. Sincenability is controlled by pore size,

it is likely that capillary flow also experiencesisotropy effects. The lateral, in-plane
flow of water could then be expected to contrigigmificantly to the filling of the GDL.
Preventing such spreading would result in reducefhse effects and cause a more
gradual rise in the capillary pressure curve, as s Figures.13(bottom). There are a
number of conceivable ways PTFE could hinder im@low. For instance, it could
occur if it were concentrated at fiber intersecsiosince water moving along fibers must

encounter fiber intersections, while water moviogoas the fibers can avoid them.
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Figure 5.13: Effect of number of layers on water injectioninto Toray samples of various thicknesses.
Top: Untreated. Bottom: Treated. (C = 10 %, D = 20%PTFE)
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Increasing the GDL thickness or the number of GB\lels tested effectively increases
the ratio of sample pore volume to injection fameaa This ratio can also be increased by
reducing the injection face area while maintairtimg sample pore volume constant. The
GCP method can be modified to perform single pmijeiction as described in Secti8m.
Figure5.14 shows the single point injection curve foralo®90A in comparison with the
full face injection curves for the other untrealeday samples of differing thicknesses.
The progression clearly shows that increasingahie of pore volume to surface area
reduces the surface effects as expected. Thesguoght injection shows practically no
water invasion until 5000 Pa when a massive saturgimp occurs indicating that
percolation has occurred. It was previously nated the Toray 120A sample shows
minimum surface effects since the addition of nayers does not reduce the shoulder in
the curve. The little filling that is observed dagen attributed to filling of rough

contours and pores on the GDL surface. This igicoad by the single point injection
curve where the face is inaccessible to water badaturation remains essentially zero

until the percolation threshold is reached.

Figure5.15 shows the single point injection curve foraho®90D with PTFE coating.
As expected, this curve shows no surface effettteerefilling of surface pores or filling
of internal pores from the surface. It does, haaveshow significantly delayed invasion
of water. This can be explained by the same reagonvoked to understand the
decreased surface effect in treated samples. RERIoes hinder in-plane spreading of
water, then the point source injection will behageobserved in Figue15 since liquid
water must extend from the injection site througthtbe GDL by lateral spreading in-
plane. Hindered lateral spreading would accounttfe observed slow rise to full
saturation. Conversely, the very sharp rise afraéibn seen in untreated Toray during
single point injection (Figurb.14) attests to the ease of lateral water flothénabsence
of PTFE since 65% of the pore volume was accessedd single point with only an

incremental pressure increase.
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Figure 5.14: Water injection curves for untreated Toray mderials. Single point injection is compared
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Figure 5.15: Water injection curves for treated Toray mateials. Single point injection is compared
with full face injection in materials with different thicknesses.
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5.1.3.5. Analysis of Capillary Pressure Hysteresis

The GCP method has revealed two surprising featfrége air-water capillary pressure
behavior of GDLs. Firstly, it shows a large hystes between the water injection and
water withdrawal curves. The hysteresis is sogairgfact, that injection occurs at
positive capillary pressure, while withdrawal occat negative capillary pressure. The
second surprising feature revealed by GCP is ttledawater imbibition into supposedly
hydrophilic materials with no PTFE and the lackaaiter ejection from supposedly
hydrophobic materials containing PTFE. This applareversal of wettability and failure
to display distinct hydrophilic or hydrophobic be&la warrants further investigation and

demands an explanation.

In order to obtain a more detailed picture of GDéttability, the GCP method has been
used to collect internal scanning loops (i.e. rewvgy the pressure prior to full saturation
of the GDL). Such curves reveal whether GDLs beltdifferently when water is
withdrawn from or injected into a partially satwdtmaterial. The results in Figusel6
show that water does not spontaneously eject fittmereGDL, with or without
hydrophobic polymer coating, regardless of therséitn when withdrawal commences.
There is a slight tendency for water to withdrawieafrom partially saturated Toray
120C, but negative pressures are still requiradure5.17 shows internal scanning loops
for water injection into partially saturated maaési As with the water withdrawal curves,

these results do not exhibit any behavior not olexkduring the full scanning loops.
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Figure 5.17: Internal scanning loops for injection of wateinto partially saturated SGL 10BA

One of main factors influencing GDL capillary profes is the intermediate contact
angles exhibited by both graphite and PTFE. Gtapiimildly hydrophilic @ = 86°)

and PTFE is mildly hydrophobi® & 108). According to Anderson [194], the

distinction between hydrophobicity and hydrophtifdbecomes meaningless when
contact angles are within £30f 9C¢° (60° <0 < 12(). Based on this consideration,
water should not be expected to imbibe into grappdres and air should not be expected
to imbibe into PTFE pores (if such well defined gowere believed to even exist). A
further repercussion of this passive wettabilitidoaor is that water must be forcedo

all pores (since water does not imbibe) and watgstrbe forceaut of all pores as well
(since air does not imbibe), regardless of PTF&ttnent. Based on this rationale alone,

the switching between states of wettability obsémeGDLSs is not surprising.

Although recognition that GDLs are intermediatelgtiable helps to validate the
observed behavior, it does not explain the phenartigat control the wettability. There
are a number of pore scale mechanisms that |elagsteresis in capillary curves and

wettability behavior. These were discussed in gdrterms in Chapte2 and will now be
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applied to GDLs specifically to explain the observesults. The principle cause of
hysteresis in typical capillary pressure curves @btained from MIP) is the fact that
drainage of a wetting phase from a pore is cordotly the size of the throats leading to
the pore whereas imbibition of a wetting phase afmre is controlled by the size of the
pore body. This difference leads to the hysterasserved in the MIP results in Section
5.1.1. This mechanism can cause a shift to lowapillary pressures during water

withdrawal, but it does not account for the negatralues of capillary pressure required.

A second common cause of capillary hysteresisnsaob angle hysteresis. This is caused
by microscopic surface roughness on the solid nadteBince both the GDL fibers and
the PTFE coating contribute some roughness, someactoangle hysteresis is expected.
Estimates can be made to determine the amounintécioangle hysteresis required to
explain the observed amount of capillary pressystenesis. Consider the Toray 090A
sample shown in Figur9. The main leg of water injection occurs at@H@ and the
main leg of water withdrawal at -4200 Pa. If thean pore diameter is taken to be 22
um [129,212], then the Young-Laplace equation candsal to estimate the contact
angles for injection and withdrawal to be 1Hhd 70, respectively. These values are
reasonable in light of those for the constituentanals, although a contact angle
hysteresis of 40is somewhat large. Performing a similar calcolatn the Toray 090D
material, which exhibits an injection pressure @@ Pa and withdrawal pressure of -
3000 yields contact angles of £land 77, respectively. These are also reasonable
values and reflect an increase in contact anglegalthe addition of PTFE, but again a

somewhat large hysteresis 0’48 obtained.

Solid structure can also affect the observed wiithaby altering the curvature of the
interface. The effect of diverging and convergaage throats was described in Section
2.1. This concept is very relevant to GDLs sinoeegghroats are defined by constrictions
between circular fibers. As shown schematicallizigure5.18, the surface curvature of
fluid moving through a gap between two fibers charge from negative to positive
while the contact angléx remains constant. The ease of creating a switchiiface

curvature direction is higher fd@closer to 90.
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Figure 5.18: Movement of a meniscus between two cylindritaolids. The interface curvature
changes as a function of position with a constanbatact angle.

@ ®
>
=g

A final factor that can alter the apparent wetipis the formation of anticlastic or
saddle-shaped interfaces, as shown in Figur8(right). The capillary pressure defined
by Eq.@.6) depends on the mean curvatdref the surface which is calculated as:

111 1
H==|=+=
z(rl rzj (54

wherer; andr; are the radii of curvature in two perpendiculaediions. For a spherical
interfacer, =r, andH becomed/r. Since these radii have opposite signs at an
anticlastic interface, it becomes possibleHiaio take on negative net values. Anticlastic
interfaces can potentially be formed, for exampleen an interface simultaneously
contacts two materials with distinct contact angéegh as graphite and PTFE.
Anticlastic interfaces can also arise as a redudedain fluid configurations that occur
during withdrawal of a non-wetting phase. Consttiersituation shown in Figu&e20.
The non-wetting phase is being removed from théobhotind vacates the smallest pores
first. In this scenario, the next meniscus thak mwove is marked with a dashed arrow.
Due to the fluid topology, however, this movemeiit mot be a straightforward
retraction. Instead, the interface is deformed ant anticlastic shape until the net
curvatureH is small enough to overcome the topological camnsts of the fluid

configuration.
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Figure 5.19: Spherical and anticlastic interfaces. LeftSpherical interface with principle radii of
curvature R; and R,. Right: Anticlastic interface with the same two adii of curvature but with

opposite signs.
/& %
DN %

Figure 5.20: Fluid configuration leading to an anticlasticinterface during retraction of a non-wetting
phase. The grey contour lines show the positiveturved interface.

This phenomenon is observed during mercury retradtom glass micromodels [213].
When an interface exhibits intermediate contactemghis effect is sufficient to create a
net negative curvature. loannidisal [213] use the following formula for predictingeth
capillary pressure required to destabilize suchntarface:

cosf,  sinb,
Mo w/rpz +3r? (5-:5)

wherer is the pore body radiug,is the throat radius ang is the receding contact angle.

P. =0 -

Neglecting contact angle hysteresis and inserflng 8= 98 into Eq.6.5) withr, = 10
um andr; = 8 um for Toray 090 [129] give®c = -3190 Pa for water withdrawal,
compared to an experimentally measured value dd032a. This shows qualitatively

that fluid configuration effects during water reftian are significant and sufficient to
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generate negative capillary pressures, even whéeriga non-wetting fluidg( = 98).
Incorporation of contact angle hysteresis would en&lq.6.5) even more negative,

bringing the calculateBc closer to experiment.

Each phenomenon described above is capable ohgltde observed wettability of a
porous material. These effects are most prominefiucds that have intermediate
contact angles within £30f 9C°, which is certainly the case in GDLs. Furthermore
each of the phenomena described is very releva@Diios and probably contributes to

the observed wettability in some way.

5.1.3.6. Wettability Index

Although the intention of adding hydrophobic polyngeatings to GDLs is to the alter
the wettability, a quantitative description of #féect of this treatment is not available.
As is evident from the air-water capillary presscueves presented previously, the
addition of a hydrophobic polymer does not alterwetting properties in any dramatic
qualitative way, although quantitative differeneee seen. A means of quantifying
wettability exists in the form of a wettability ia®, which is an empirical value obtained
from capillary curves. Wettability indices areaftemployed to determine whether an
oil-bearing formation is water-wet or oil-wet, whibas a significant impact on oll
recoverability. Several wettability index defioitis have been proposed [194], but the
US Bureau of Mines (USBM) index is the most usédulthe present data. The USBM
index (ussw IS based on the observation that the area undapidary pressure curve
corresponds to the amount of work required to inpeavithdraw a fluid from a porous
medium [214]. Injection of a non-wetting fluid Wiequire more work than its removal,
which is aided by capillary forces. Calculatiortloélysgyrequires determining the
areashA; andA; as shown in FigurB.21 and inserting them into E§.6) as follows:

lusem = lOg(%j (5.6)

Defined in this way, negatiigsgm values signify that the material tends to be non-
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wetting and positive values indicate a wetting mate The magnitude df,sgualso
indicates the extent of wettability. A value nearo corresponds to intermediate
wettability, while more positive or negative valugagnify hydrophilic or hydrophobic

tendencies, respectively.

Water Saturation

y

P, 0 +P

Capillary Pressure (P, — P,)

Figure 5.21: Area definitions used in US Bureau of Mines ettability index

Values oflysgm have been determined for a number of GDL materigigure5.22 shows
thelysgwm calculated for SGL 10 series materials with vagyamounts of PTFE loading.
This analysis reveals that a dramatic differencsettability is actually obtained when
PTFE is added despite exhibiting only slight changecapillary pressure curves.
Interestingly, the addition of 5% PTFE is suffidién create a large changelizsmwhile
any further increase in PTFE loading has only digiie effect. This suggests that
increasing PTFE addition may lead to thicker degpbut not more surface coverage as
desired. lysgm values for Toray materials with two thicknessed different PTFE
contents are shown in Figuse23. These also show a large shift toward noriabgity
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when PTFE is added. As well, the comparison ofrideces for samples containing 10%
and 20% PTFE shows negligible increase in hydrojgitgldespite a doubling of the

polymer loading.

Comparison ofysgm values between the SGL and Toray materials retkatshe coating
on the Toray materials is considerably more eféectiBoth types of GDL have similar
lusemValues near 0.20 when no PTFE is added, yet ¢laéetl Toray samples are about
twice as hydrophobic according to this index. Tdaa be attributed to better application
of the PTFE coating since structural differencesaarcounted for by taking the ratio of
areas in Eq.5.6). Two materials with identical wettability bdifferent pore sizes will
have the samksgy value sincéd; andA; will both change proportionally as pore sizes
change. This is an important point since the amtdiof PTFE presumably decreases the

average pore size in the GDL and effectively charige structure.
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Figure 5.22: Wettability of SGL 10 series GDLs as determied by the US Bureau of Mines index
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Figure 5.23: Wettability of Toray GDLs of various thicknesses as determined by the US Bureau of
Mines index
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5.1.3.7. Water Breakthrough Point

The GCP method has been adapted to simultaneo@sigure the pressure and saturation
of GDLs at the breakthrough point. A detailed diggion of the adaptation is given in
Section3.3. Figures.24 shows the breakthrough point of SGL 10BA als agethe

capillary pressure curve obtained prior to the kifg@ugh point. Once breakthrough
occurs, the capillary pressure experiment is teabeth since water contacts the dry
hydrophilic membrane located above the sampleo Asluded in Figur®.24 is the full
standard capillary pressure curve obtained on STHAIshowing the two curves are in

close agreement prior to the breakthrough point.
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Figure 5.24: Breakthrough point and capillary pressure cuwe prior to breakthrough for SGL 10BA .
The full capillary pressure curve obtained on a segrate sample of SGL 10BA is also shown.

In Figure5.25, the full capillary pressure curves and theakthrough points for SGL
10BA are shown during full face injection and dgrsingle point injection. During
standard full face injection, the SGL10BA samplactees a saturation of 25% before
breakthrough occurs. This high saturation is cdugethe fact that numerous dead-end
liquid clusters have entered the GDL from the stgfaThey do not breach the GDL, but
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they do occupy pore space; in a fuel cell, this dead to blocked gas phase transport.
The breakthrough point for single point injecticashalso been measured and found to
occur at a much lower saturation and slightly higiressure. The saturation is lower
since no dead-end clusters are able to enter tHe GDe breakthrough pressure is
higher since the water enters the GDL through glsiisolated location that is most
likely not connected to a path that leads to thiéebtace at low pressures. Instead, the
water must spread throughout the GDL until it fiedgath to the outlet face, something
which requires higher pressures.
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Figure 5.25: Breakthrough points for SGL 10BA

The breakthrough data for Toray samples withoutwaitidl PTFE treatment are shown in
Figure5.26 and Figur®.27, respectively. The same trends are visibleoth materials.
Full face injection leads to lower breakthroughgsrees but higher saturations. Single
point breakthrough occurs as soon as water efter&DL. The rise in saturation occurs

as liquid water spreads out in-plane away frominifextion site.
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Figure 5.26: Breakthrough points for Toray 090A
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Figure 5.27: Breakthrough points for Toray 090D
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5.2. The Role of the Microporous Layer

The low saturations observed during single poifgdition tests described in the previous
section suggest that the MPL may somehow promoterwgection into the GDL in a
manner similar to single point injection. This t&c explores this possibility using a
combination of GCP experiments and percolation epts

A systematic experimental study of the effect & MPL on fuel cell performance has
recently been undertaken by Ramasaingl [13]. Improved mass transfer was clearly
demonstrated when an MPL was applied, both in t&fnrscreased limiting current as
well as reduced mass transfer resistance measiré&@vimpedance. However, the
actual function of this MPL layer is still unexptaid. The MPL presumably creates
better electrical and thermal contact between #halyst layer and the GDL by providing
a smoother, more continuous interface. The beneffitise MPL however, are most
noticeable at higher current conditions indicatimgt it somehow improves mass transfer.
This is counter-intuitive since the MPL actuallydach diffusive resistance to mass
transfer. Thus, it is generally believed that thelMsomehow alters the liquid water
distribution in the cell to a more favorable arramgnt for gas phase transport.

A number of theories for the function of the GDlvladeen offered. The first modeling
studies included the MPL in the modeling domain 329 and showed that the MPL
created a saturation discontinuity at the GDL-MRieiface due to the different capillary
properties of each layer, thereby reducing the mari GDL saturation. This effect,
however, was simply due to the fact that the matd&€BL was thinner when an MPL
was added and the saturation profile from the pasmel boundary to the catalyst layer
was truncated. These early studies were alsolaifycell models and did not consider
the interaction of the membrane and anode. Marentestudies have revisited the MPL
problem with full cell models [47,50]. These cd#tions predict that the MPL acts as a
capillary barrier to water entering the cathode GiIbd forces water to permeate from the
cathode to the anode (Figse8). According to this scenario, the MPL is so
hydrophobic that liquid water cannot penetratend anstead flows through the

membrane to the anode. Attempts to confirm thishagism experimentally have been
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inconclusive and contradictory. Sperngtkal.[158] used a transparent flow field to
monitor water in the anode and found that wateeappin the anode channels only when
an MPL is used on the cathode side, which they efeproof for the MPL-as-capillary-
barrier mechanism. Ge and Wang [215], howevefppaed comparable experiments
but concluded that the appearance of water innbe@was due to condensation since
water droplets only appeared on channel walls agreé wever observed emerging from
the GDL as droplets. Quantitative water balangeegrments have been conducted by
Atiyeh et al. [216] who saw improved performance when an MPE masent on the
cathode side despite no discernable increase rwaliected from the anode. This
showed that the improved fuel cell performance ddod attained without altering the

water balance.
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Figure 5.28: The prevailing conceptual picture of the funtion of the MPL. (Top) Without MPL,
liquid water flows through the cathode GDL to the @thode flow channels. (Bottom) With MPL
liquid water is forced to flow through the membraneto the anode side.

5.2.1. Percolation Concepts

If the MPL does not act as a capillary barrienjichwater generated at the catalyst layer
must first percolate through the MPL before it feecthe GDL. A consequence of this
percolation process is that liquid will break thgbuthe MPL at a few isolated locations
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on the MPL-GDL interface. This isolated breakthglus analogous to the single point
injection experiments described previously. Thessguent percolation through the GDL
then proceeds from these point sources, instetitedtill face of the GDL and this alters
the invasion percolation process by rendering npamgs inaccessible and dramatically
alters GDL saturation at breakthrough. Figbu29 (left) shows a schematic
representation of the water configuration in theLGihven no MPL is present and water
Is injected into the GDL from the entire inlet fada this scenario, there exist many
dead-end clusters that do not contribute to flonwugh the GDL and only one path that
spans the sample. Figse29(middle) shows the same GDL when water is tegérom

a point source. In this case, dead-end clustera@rinvaded since they are not

connected to the point source and as a resultatiueagion of the GDL is greatly reduced.

The percolating path shown in Figuse9(middle) is deliberately different than that
shown in Figuré.29(left) to highlight an aspect of percolatiomtpming to finite size
media. In infinite media, there is only one sangganning or percolating cluster. This
cluster forms when the pressure reaches the pamotareshold. Below this pressure,
no sample spanning cluster exists; above this pressther formerly dead-end clusters
become connected to the percolating cluster [1532,1Since GDLs are so thin, however,
with only 10 — 15 pores across the domain, it issgae for an invading cluster to span
the sample without converging on the percolatingter. The ability of any invading
cluster to span the GDL before the percolationgthoid is reached is the key finite size
effect. Thus, a point source injection at any tmcacan lead to a local GDL
breakthrough and breakthrough can occur at muckrieaturations than in infinite

media.

Figure5.29(right) shows the situation as applied to arLNBDL interface. Water is
injected into the MPL from its full face and a degercolation cluster spans the MPL
and emerges at the MPL-GDL interface at a singtatlon. From this location, a single
invading cluster enters the GDL and breakthrougtuez  Of course, this mechanism
only applies for scenarios where liquid water isduced at the catalyst layer. If water

vapor is produced, it could transport through thel\Nand condense in GDL.
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GDL

Figure 5.29: Conceptual picture of water flow through GDLwith full face injection and point source
injection. Left: GDL with full face exposed to waer. Middle: GDL with single point water injection.
Right: GDL with MPL percolating through the MPL. B lack is solid, grey represents liquid water and
dotted lines show the location of the dead-end watelusters that are no longer filled.

5.2.2. Experimental Evidence

To test whether liquid water injection through MEL leads to reduced GDL saturation,
the GCP method adapted to detect liquid breakthrdag been employed. Samples are
mounted with the MPL facing downwards so that kbpenetrates the MPL before
reaching the GDL. Tests have been conducted on1®BB which is the same as the
SGL 10BA materials, but with a microporous layeplégd to one side. The 10BB
sample is tested with the MPL facing down (towdmel water injection) as well as facing

up.
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The breakthrough points for both SGL10BA and SGLR@Be shown in Figurs.30

along with full capillary pressure curves obtaimgth the unmodified GCP method. The
saturation of the plain GDL substrate material5%62at a breakthrough pressure of 2500
Pa, while the sample with the MPL has a saturaiioffo at a breakthrough pressure of
5900 Pa. This is the first direct evidence thatMPL reduces the saturation of the GDL.
This experiment also supports the theoretical cmrations based on percolation theory

outlined above.
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09 F —A— Standard Injecction - MPL Up
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Figure 5.30: Experimental results obtained using the GCPx@eriment modified to detect
breakthrough. Breakthrough points are marked by sdid circles.

Also shown in Figur&.30 are the full capillary pressure curves for AGBd 10BB with
the MPL facing both up and down. When the MPL $agp, water injects into the GDL
first. In this case, the capillary pressure cuesely resembles that of the regular GDL
since the MPL is not invaded at the pressures sehththis test. The water saturation
only reaches 70% because the MPL intrudes int&ME substrate and reduces the GDL

pore volume as depicted in Figlg81. The breakthrough point is also obtainedHer
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MPL-up configuration. It can be seen that the GiDbstrate is almost completely filled
before the MPL is breached. The pressure of teakbhrough point corresponds very
closely with that of the MPL-down configuration,iashould. The full capillary pressure
curve obtained on the MPL-down configuration showgligible water uptake until the
MPL is breached. The sharp rise in saturation igcas the GDL is rapidly filled once
water breaks through the MPL. The MPL-up and MBd curves quickly converge
onto the same line. Both curves reach a plateaueduced saturation signifying
reduced pore volume in GDL due to the penetraticheMPL.
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Figure 5.31: Standard gas diffusion layer (left) vs. gasifflusion layer with microporous layer added
(right), showing the loss of GDL substrate pore voime due to MPL penetration.

The 10BB material shows a higher breakthrough presass expected, but a value of
3900 Pa is lower than expected given the poredditee MPL. A close-up view of the
MPL pores in Figur®.32(left) shows that they are clearly well belowr, which

implies capillary pressures in the range of > 50,B@. Clearly, water transport is
occurring through cracks and defects in the MPLcllare visible in Figurg.32(right).
These cracks are on the order to 10 p@20across and extend quite long. Entry
pressures for such features would be an order ghinale lower and therefore very
close to the observed pressures. It is uncerthgthver these cracks are continuous
through the layer, but relatively low breakthroymkessure of the MPL suggests that they
probably are continuous. Since cracks and deégesar to be the main conduits for
water flow through the MPL, the conceptual pictneeds to be reevaluated. It was
previously proposed that water emerges at the GBL-Mterface at discrete, isolated
locations as a consequence of percolation throughtPL. If, instead, water flows
through the MPL via cracks and defects, water entlerge at the MPL-GDL interface at

cracks. However, since this also leads to pointc®water injection into the GDL, the
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conceptual picture is unchanged. Interestingbyyfthrough the MPL via cracks would
be beneficial since it eliminates the formatiordefd-end clusters in the MPL that are
characteristic of percolation processes (Figu#9). In fact, it might be advantageous to
design the MPL with strategically placed holes aadduits for flow to optimize the
benefits of point source injection into the GDL \ehieducing unnecessary infiltration of
water into the MPL.

0.0k 4.1 _16000x _SE 10.0
A TR TS ETY

Figure 5.32: SEM images of MPL from top. (Left) The MPL cmsists of very small pores, although its
porosity is fairly high (= 70%) [123]. (Right) Large cracks exist over thewgface. Further images of
the MPL are available in Appendix B.

5.3. Absolute Permeability

5.3.1. In-plane Permeability

The dependence of in-plane permeability on poraditained for a number different
GDL samples is shown in Figube33. The in-plane permeability of two samplesBAO
and P75) differ distinctly when measured in twopeedicular directions. Other samples
show some tendency toward anisotropic behaviombuto a significant extent (24BA
and 34BA). The cloth material has only been testdte 0° orientation due to the
symmetry of the material when rotated 90°. Teatgehalso been performed on this
material at 45° and yield results indistinguishdbden those obtained at 0°. Only one
experiment on the Toray 090 sample has been doméodimited material availability.
Based on the random nature of this material, mihanaotropy is expected. The
permeability values for SGL 10BA are in the samegeaas those obtained by Ihoredn
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al.[134], although direct comparison is not possgitee the thickness was not reported
in this earlier study. Mathiast al [12] reported the permeability of Toray 060 toitve
the range of 5 - 10 x 18 m? when compressed to 75% of its original thicknebitvis

in agreement with the value obtained for the stnadly similar Toray 090 tested here.
The solid and dashed lines in Fig@&3 correspond to the predictions of the Carman-
Kozeny model with the constants given in the legefdetailed analysis of this and

other permeability models is given below.

The micrographs of the various materials in Fighideshow the variability of their pore
structures. The SGL samples (10BA, 24BA and 348Agontained 5 wt% PTFE
sintered into the pore structure, while the otlverstained no PTFE. The two samples
that show the most anisotropy in permeability (108@ P75) also appear to have the
most aligned fibers. The 10BA sample show the mm@sked anisotropy in permeability
with the higher value coinciding with the distirfiotachine direction” [12]. The 24BA
and 34BA samples consist of fibers randomly orig¢mte2 dimensions and accordingly
do not exhibit significant anisotropy in the plariEhe Cloth ‘A material consists of
woven bundles of fibers called ‘tows’. The tightlyndled tows would presumably have

a lower permeability than the overall assembledemostructure.

As can be seen from the data in Fighr&3, the GDL permeability is well described by
the Carman-Kozeny model. The difference in theieslof the constants is expected
given the considerable differences in the fibegratient and arrangement among the
samples. Despite their structural differences, dxax, these materials still exhibit
permeability with a common dependence on porokayis well described by the

Carman-Kozeny model.
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Figure 5.33: In-plane permeability vs. porosity results foseveral samples.
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A more comprehensive model for the permeabilitpafous fibrous materials has been
developed by Tomadakis and Sotirchos [186-188umary of this model and a
comparison to a large volume of literature dataldesen compiled by Tomadakis and
Robertson[160]. The Tomadakis - Sotirchos (TS) ehetables the prediction of
anisotropic permeability through 1D, 2D and 3D mamdiber beds without employing
any fitting parameters. The model requires ofdgffidiameter and porosity specific to
the material as input parameters. The TS modealldeolute permeability is as follows:

_ € (5 —_ep)(‘”z)rf2 | 5.7)
8(ine)? (1- £, F [(a +1)e - £pJ2

whereqa andg, are constants that depend on the fiber arrangefakgrned, random in

2D or 3D) and on the direction of flow relativette planes of the fibers. The values of
a andg, for the various possible scenarios are given bi€fa.1l. This model is
compared with the experimental results in Figa4. The data for Cloth ‘A’ have been
omitted from the comparison due to its woven stiieet The data for the P75 sample are
also excluded since it contains a considerable atafunon-fibrous solids (i.e. filler or
binder) and so has a substantially lower permagltiian the other materials. All
samples are considered to have a 2D random fiheatste for the purposes of selecting
parameters from TabR 1. The apparent fiber alignment in the 10BA slenspggests
that the parameters for a 1D structure be appr@prighis approach predicts the
permeability normal to the flow direction very wdilowever, the permeability parallel to
flow is substantially over-predicted. On the othand, the model could predict both
directions reasonably well if a 2D structure isusmssd and the parameters for parallel
flow are applied to permeability in the directiointioe fiber alignment (the 0° direction)
and parameters for normal flow to the permeabititthe 90° and through-plane
directions. For the remaining samples, the pararad¢or normal flow are used to
determine the through-plane permeability only aachpel flow parameters used for both
in-plane directions. The results in Figir84 show excellent agreement between the
experimental in-plane permeability and those ptediby the TS model. The TS slightly
over-predicts the permeability for the 10BA, 24B#&l&B84BA samples, presumably
because of the presence of 5wt% PTFE in these samphe Toray 090 sample which is

well approximated by the TS model contains no PTFE.
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Table 5.1:

Constants used in the TS model

Structure

Flow Direction

& a
1D Parallel 0 0
Normal 0.33 0.707
2D Parallel 0.11 0.521
Normal 0.11 0.785
3D All Directions 0.037 0.661
1E-10 g f
; ] 10BA-0-2 ® 24BA-0-2
o 10BA-0-3 O 24BA-0-3
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Figure 5.34: Comparison of experimental results to the prictions of the TS model, Eq%.7). The
solid lines were calculated using parameters for 2parallel flow. The dashed line was calculated

using parameters for 2D normal flow.

5.3.2. Through-Plane Permeability

Through-plane permeability values for all samples@esented in Tabe2. The values

reported are the average of three replicates.aVbege deviation of each replicate from

the mean is also reported in Tabl@. Comparison of these results with available

literature values shows good agreement. Williatresl [133] found the through-plane
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permeability for SGL 10BA and Toray 120 to be 3%2.00"* m? and 8.69 x 1&* n?,
respectively. Toray 120 is slightly thicker th&e fToray 090 material used in the present
study, but the permeability of this material sholoddsimilar given that its structure is
similar. Ihoneret al [134] reported a value of 18 x 10m? for SGL 10BA in the
through-plane direction. lhonet al [134] found the in-plane permeability to be twice
as high as the through-plane value which is inegent with the present findings.
Mathiaset al [12] tested the through-plane permeability ofaho@60 and obtained a
range between 5 and 10 x*Gn®. This is similar to their reported value for itape
permeability of a compressed sample, indicatingtthethrough-plane permeability is
lower. Use of the TS model to predict the thropdgme permeability also shows good
agreement with experimental results. For instatieethrough-plane permeability of
Toray 090 is estimated by E.7) using parameters corresponding to flow notmahe
fibers to be 7.78 x I& m?, which compares well with the experimental valéi8.69 x

1012 m?,

Table 5.2:  Through-plane permeability values

Material K, Average TS Model
[m?] Deviation [%] [m?]

SGL 10BA 37.4x 1012 3.76 35.3x 10*

SGL 24BA 14.5x 10*2 7.02 7.35x 10"

SGL 34BA 16.3x 1012 5.05 6.34x 1012
Ballard P75 5.70x 10% 5.96

Toray 090 8.99x 10%? 1.01 7.78x 10%?
E-Tek Cloth ‘A’ 69.4x 10%2 5.26

5.3.3. Inertial Coefficient

Eq.@.17) can be fit to the data for the variationreplane air flux with pressure drop to
yield the inertial coefficien. This coefficient is known to vary with permeatyi[198].
Liu et al. [217] developed the following correlatibetweers and permeability from

data collected from the literature:

[=288x10° L (5.8)
&K
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Figure5.35 shows the variation of inertial coefficienthvpermeability obtained for all
materials and directions tested in the currentystldng with the correlation given in
Eq.(5.8). For this analysis, the tortuosity of eacmgk is estimated using the
Bruggeman relation (EQ(23)).
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Figure 5.35: Inertial coefficient vs. permeability for all materials tested. Solid line represents the
correlation of Liu et al. [217].

With the exception of Toray 090 and E-Tek Cloth, ‘tese results follow a similar trend
as expected and described by the correlation oétal [217]. The deviation of Cloth

‘A from this trend is not too surprising due tg Wvoven structure. The variation in the
behaviour of Toray 090 is somewhat surprising gitret its structure is similar to that of
the other paper samples; however, this may bedtheetfact that Toray 090 has a much
more distinctly fiber-like web structure with no PH, binder or filler contained between
the fibers. An analysis of the importance of irgpressure losses occurring in the GDL

during PEMFC operation is given in below.
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The Darcy equation (E®(16)) is a special case of the more general Ferotdr

equation (EqZ.17)) and is only applicable for creeping flowesathrough porous media.
When the flow rate is higher, inertial losses beeaignificant and Darcy’s law does not
accurately describe pressure drops. Zeng and @&ig) have recently discussed the
problem of determining the point at which inere#fiects become significant. To assess
this quantitatively, they defined a dimensionlesschheimer numbelFQ) as the ratio of
the inertial pressure loss contribution to the @iscpressure drop contributions:

Fo= KBV (5.9)
U

This definition ofFo is equivalent to the Reynolds number whigfgis the characteristic
length [198]. A higher value dfo signifies that inertial effects are more importantl

that the use of Darcy’s law to calculate pressuopsibecomes increasingly inaccurate.
The amount of error incurred by neglecting inertiiécts can be calculated as follows:

_ Fo
1+ Fo

(5.10)

In their work, Zeng and Grigg suggested that aoreat 10% is tolerable for most
engineering calculations, which sets the critt@anumber at 0.11. An error tolerance of
10% is arbitrary since some applications may reguigher accuracy. It is worthwhile to
determing-o values for conditions typically prevailing durifklfEMFC operation to
determine whether inertial effects need to be awred. The data of Williamet al [169]
provide an excellent test case for this calculasimce these showed that convection
through the GDL was significant. In their experimtge Williamset al varied the inlet
flow rate of air to the cathode between 0.050 aBO@SLPM. Based on the description
of the experimental conditions, the mass flow cdtheated and humidified air into the
cell is estimated to vary between 1.5 and 15 % K@'s, which corresponds to a mass flux
along the single serpentine flow channel of 2.22d&g/nf-s and a channel Reynolds
number ranging from 110 to 1100. It is imposstbl&now precisely how much of this
flow bypassed the channel and flowed through thé. GRonetheless, the modeling of
Pharaoh [170] suggests that about 10% of the figwmabses through the GDL when the
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channeReis 100 for a similar geometry and GDL permeabilitysing this estimate with
the Williams et al. [169] data for an inlet flow @f05 SLPM (i.eRe&:hanne= 110), the

mass flux through the GDL is about 0.025 kg where the flow area is based on a
channel length of 0.025 m and a GDL thickness &#%. In order to calculatéo, an
estimate of the transport properties appropriatéhf® experiments of Williams et al. [169]
is required. To do this, parameters of Toray 0@0used (i.ed;, to, &). Compressed
porosity is estimated by inserting a compressetkttass of 25@m into Eq.8.10).
Compressed porosity is used to calculate both paitiy and tortuosity using the TS
model. The inertial coefficient is not calculatezing Eq.5.8) since Toray 090 deviates
significantly from the correlation. Instead, theverimentally measurefiof 8.22 x 10

m? for tc = 250um is used. The resultirfep value corresponding to this mass flux is
only 0.0013. However, if instead it is assumed 8@%6 of the gas bypasses through the
GDL with the highest flow rate used by Williamsagt[169] (0.5 SLPMRe&:hannei= 1100)
the Fo number becomes 0.055, indicating an error of 52/¥curred by use of Darcy’s
law. This error is not negligible and tRe number could increase to even higher values

under different circumstances, such as the usdasfjar cell or higher inlet humidity.

5.4. Tortuosity

In addition to predicting the permeability as adtion of porosity, the TS model provides
a means of estimating tortuosity which is usedalowdate the effective diffusivity as
described by Eq2(22). The ability to predict the change in effexdiffusivity in a
compressed GDL would be useful since many recetcell models include the under-
land area in the modeling domain. Even a fuelmeitiel that does not consider
convection in the GDL requires this informatiorortliosity is more commonly predicted
using the Bruggeman equation given in E@®8). The main benefit of using the TS
model rather than the Bruggeman equation is tleetfect of anisotropy can be included
in estimating the effective diffusivity. Using t&® parameters from Tabtel, the

values of effective diffusivity determined from h%del are about 20% lower those
obtained using the Bruggeman relationship. Alse, &S model predicts that the

tortuosity will vary by as much as 15% betweenitiplane and through-plane directions.
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5.5. Relative Permeability

Relative permeability calculations using the pogenork model are based on the
assumption that the pore-scale fluid occupancycisd exclusively by capillary forces
— an assumption appropriate for low capillary nunthsplacements. To examine the
effect of GDL anisotropy, the effective permeapilias been calculated in tkey and z
directions through the network to yield the respltsted in Figuré.36. Non-wetting
fluid invasion is always in the through-plane dtrec, which corresponds to liquid water
flow from the catalyst layer, where it is generatéglough the GDL to the flow channels.
Also shown in Figur&.36 for comparison are the curves obtained usqm@B9) witha

= 3 for the two GDL materials. Since these redudige been normalized for the intrinsic
anisotropy of each material, the directional deéferes observed reflect the anisotropic
effects caused by the presence of liquid waters Saturation dependent anisotropy is
due to the preferential spreading of the invadingge in the direction of highest
permeability, which is the direction of largest andst easily invaded pores. One of the
major consequences of water spreading prefergnirathe plane of the material is the
significant reduction of gas transport in the tigistplane direction. This suggests that
the ideal GDL is one where the typical anisotrogtyoris not only minimized, but
reversed. Higher through-plane permeability waitdultaneously limit detrimental
liquid water spreading and increase the intrinsiogport rates to the catalyst layer. A
broad analysis of the effects of anisotropy in@&i2L is given by Pharaoét al[219].

An important feature of these results is the nam-figuid water saturation required for
liquid water to break through the GDL. For Tor&®00the simulations show that liquid
water saturations of 20% are necessary before ttncons liquid path spans the full
thickness of the GDL. For SGL 10BA, the neces$igud saturation is 10%. Below

this critical liquid saturation, the liquid wateeqmeability through the GDL is zero. This
behavior is not described by the general form efrilative permeability function in
Eq.2.19) which predicts finite water permeability ahishing water saturations. Despite
this failure, the results obtained using BdLO) (i.e. the dashed line) agree reasonably
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well for liquid flow in the through-plane direction

Predictions of the relative gas phase permealati¢yalso shown in Figute36. The gas
phase permeability has been calculated for botbscdiscussed in Sectidnl.5.3. In
Case 1, the residual gas in an invaded pore affeonductivity and gas flows entirely
through the network of connected gas-filled poriesCase 2, gas is allowed to flow
through the non-filled portion of invaded poresotiBof these cases are somewhat
unrealistic, for Case 1 prevents any flow through dpace occupied by gas within water-
invaded pores whereas Case 2 allocates to thig spadydraulic conductance of a
straight conduit of reduced size. These casegeftire, provide lower and upper bounds
of gas permeability, respectively. The Case lliteshow that no gas conductivity exists
above a critical water saturation of 65% for To@&p and 70% for SGL 10BA. A
significant amount of gas still exists in the netkvat this critical saturation, but it is
completely surrounded or trapped by the invadingsphand is hydraulically
disconnected from either the gas inlet or outleefaCase 2 does not show a critical
water saturation, since all trapped gas pores miaisbme hydraulic conductivity. This
case matches the behavior of RdLQ) very closely. Since Case 2 unrealisticdliyves
gas transport to occur unimpeded through the cemigpores that are mostly filled with
water, then Eq4.19) must also represent a limiting case. Efj9) requires to be about
5 to match the model results for Case 1.

Cases 1 and 2 exhibit other differences due taanisy as liquid water saturation is
increased. Case 1 shows significantly reduced @aihty in the through-plane

direction due to spreading of liquid water in #g direction, whereas Case 2 shows little
to no anisotropy caused by additional liquid wafEne latter effect arises because gas
can leak through a pore even if it is mostly filledh water and allow pockets of trapped
gas phase to contribute to mass transfer, thusmiamg the impact of in-plane liquid

spreading.
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Figure 5.36: Relative permeability predictions of the porenetwork modeling for SGL10BA
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Figure 5.37: Relative permeability predictions of the porenetwork model for Toray 090A



As outlined in Chapte2, a number of experimental and numerical resoltsdlative gas
and liquid permeability have recently appearedaliterature. These are plotted in
Figure5.38 and Figur®.39. Also plotted in both figures are the resaftthe pore
network model for Case 1 and the typically usedti@hshipkp = (s)® wherea = 3.
Only the experimental results of Koido et al. [95}ee with the pore network model
predictions for relative gas permeability. Unfardtely, very little experimental detalil
was provided so confidence in their results istithi The results of Becket al [149]
are computed from 3D tomography data. The dabtégofyenet al [220] was obtained
for a different material but is shown here to pdeva complete summary of scarce
literature data. Owejaet al. [180] obtained their results from in-situ fuellaata and

required a highly convoluted analysis of flow cdradis.

Fewer results are available for relative liquidmeability. Koidoet al [95] present

values computed using the lattice-Boltzmann methrodimulated microstructures. They
found permeability values somewhat higher than dbédined by the pore network model.
Sole [22] attempted to measure relative liquid pEahility for GDL with and without

PTFE coating, but the results are substantiallyelotvan expected.

The available literature data for both relative gad liquid permeability are rather
scattered and a definitive experiment has yet tpdsormed. Nonetheless, the pore
network model predictions are not unreasonableséifidepresent the best available

estimate for these important multiphase flow prapsr
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Figure 5.38: Through-plane relative gas permeability dataollected from literature sources
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Figure 5.39: Through-plane relative liquid permeability daa collected from literature sources
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5.6. Relative Effective Diffusivity

The pore network model has also been used to esdcrélative effective diffusivity in a
GDL using invasion percolation concepts that mesdistically describe the
configuration of water expected in an operatind tal. Specifically, liquid water is
injected into the network in the through-plane diien to simulate liquid water flowing
from the catalyst layer to the gas channels. Thegnt model also includes pore and
throat size distributions that adequately reprochaté the absolute permeability and
effective diffusivity through a dry network. Thesults are shown in Figuge40 along
with those using Eq2(22) witha = 2 [32].

The difference between Case 1 and Case 2 is muoh anamatic for gas diffusivity than
for gas permeability. This is due to the fact th&usive conductivity is proportional to
the area available for transport, while hydrauboductivity is proportional to the square
of the area. Since the area for transport thr@ugbre is assumed to be proportional to
the volume fraction of a pore that is filled withgg the diffusive conductivity is much
less hindered by the partial filling of pores. Tame discrepancy between these two
limiting cases underscores the need for experirhdata concerning these transport
processes. An argument against Case 2 is thanhptloes it fail to display a critical
water saturation (above which effective gas diffitgiis zero), but it predicts significant
diffusivity at near full-water saturatio®{s(sy = 0.9) = 0.1), which appears unrealistic.
Case 1 shows a significant decrease in diffusagtyvater invades the network.
Diffusivities predicted in Case 1 can be severaks lower than those obtained using
Eq.(2.20). An exponent @ =5 would be necessary in EG.Z2) to approximate the
behavior of the network model in this case. Cigalirrent models could be

significantly overestimating the transport rata®tigh partially saturated GDLs.

Also shown in Figur&.40 are the liquid phase diffusivities. Thesaugalare not of
direct interest to PEMFC performance calculatidnsesliquid phase diffusion of
reactants through the GDL is not significant. Hoerean area of research that is
becoming increasingly active is the transport oféacontaminants (e.g. Fe(ll)) in the

liquid phase, and the present results provide amate for such transport.
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Figure 5.40: Relative effective diffusivity results predited by the pore network model for SGL10BA
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Figure 5.41: Relative effective diffusivity results predited by the pore network model for Toray 090A
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5.7. Limiting Current Calculations

An effort has also been made to use the pore nktwmodel developed during this thesis
to predict the limiting current in an operating PEMassuming that the GDL is the sole
source of mass transfer resistance. This is uadamtin order to determine if and when
mass transfer resistance in the cathode GDL becarsggificant portion of the overall
mass transfer resistance [221]. From an estimafidime maximum rate of oxygen mass
transfer that can be expected through a partialiyrated GDL, the limiting current is
calculated and compared with values typically obseiin operating cells.

The modeled domain is shown in Figixd2. The size of the domain is equivalent to 1
mm x 1 mm %3, wheredis the GDL thickness. This corresponds to a dare&ie of 40

x 40 x 12 pores for Toray 090 and 26 x 26 x 10 pfwe SGL 10BA. On the channel
side of the domain, half of the inlet face is bledko simulate the effect of 1 mm lands
and channels. The conditions in the flow channekaken as fully humidified air at
80°C and 10 kPa gauge. The catalyst layer is tresgedreactive interface where the
oxygen concentration is zero (i.e. limiting curreahditions). Since the cell is fully
humidified, no diffusion of water vapor occurs aldwater generated by the
electrochemical reaction is in the liquid states dresult, the mass flux through the GDL
Is considered to occur by molecular diffusion oft@rough a stagnant film ofNand

H.O. This allows the multicomponent diffusion prahléo be reduced to a binary
diffusion problem, provided that the diffusion cii@ént is calculated with appropriate
consideration for the composition of the stagnast mixture [222]. Once the mass flux
through the GDL is known, the current density isrfd from Faraday’s Law.
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Figure 5.42: Modeled domain for limiting current calculations

The predicted limiting currents for both GDLs aratlbwetting phase conductivity cases
are given in Figur®.43. The limiting currents through dry Toray G8t@l dry SGL 10BA
are very similar to each other. Although Toray @©25% thinner than SGL 10B, it is
less porous and has a lower intrinsic effectiveudi¥ity. These two factors offset each
other and neither GDL is clearly better in termsnafss transfer performance under dry
conditions. As water is added to the GDLs, howether performance of the two
materials diverges; the limiting current for SGLBKXOdrops more quickly. This can be

attributed to the increased spreading of liquidewat thex-y plane of this material.

The overall behavior for both materials shows arditic decrease in limiting current as
the GDL fills with water. At low water saturatiofs10%), the predicted limiting current
through the GDL is higher than that in a typicalfoell, which can be between 1 and 2
Alcm?. This indicates that the GDL is not the main seuf concentration polarization
under relatively dry conditions and performancknmsted by other factors (i.e. the
catalyst layer or electrolyte phase). When the ®Btomes wet, however, a significant

reduction in the limiting current occurs due to maansfer resistance in the GDL. Case
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1 predicts that at water saturations above 25%midéwe@mum current density is less than 1
Alcm?, indicating that mass transfer resistance thrahgtGDL could be a dominant
factor limiting PEMFC performance. The limitingreents for Case 2 do not drop as
sharply in the presence of water and 75% saturatiost be reached before it reaches 1

Alcm?,

4.5

—e—Toray 090 (Case 1)

4.0 —O—Toray 090 (Case 2)

!

—A— SGL 10BA (Case 1)
——SGL 10BA (Case 2)

Limiting Current Density [A/cm

0.00 0.25 0.50 0.75 1.00
Water Saturation

Figure 5.43: Limiting current predicted by pore network modeling as a function of GDL saturation

At present, insufficient experimental evidencevaikable to fully understand the
configuration and connectivity of the residual gasse in GDL pores invaded by water.
Some experimental evidence concerning the amourguoél water in the GDL of an
operating fuel cell does exist, however. Kramieal [223] used neutron imaging to
measure the water content in the cathode GDL dduelgcell operation and found
saturations between 25% and 35% at limiting cusréetween 0.6 and 1.0 A/émwhich
corresponds very closely with the results of Cas®©ther neutron imaging studies
suggest a limiting current above 1 Afcat somewhat higher water saturation (30% -
60%) [224,225], which lies between Case 1 and Qagebviously, more conclusive

evidence is needed to verify the present modeltHmiteasonable agreement with these
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experimental results does lend support to the egipility of the network modeling

approach.
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6. Conclusions

This work has focused on the characterization efcdpillary and transport properties of
gas diffusion layers used in polymer electrolytambeane fuel cells. At the outset of this
project, the state of knowledge about GDL propsm@s such that researchers
developing fuel cell models were forced to useptuperties of porous materials such as
rocks, sand and packed beds as a substitute falowrkGDL properties. Throughout

the course of this work, efforts have been madeltiress this knowledge gap. Particular
emphasis was placed on studying the capillary ptigggeof GDLs since liquid water

behavior in fuel cells is critical to overall pemfioance.

Air-Water Capillary Properties

The investigation of air-water capillary properte#dSGDLs is perhaps the most
significant undertaking in this thesis. This effads divided into two phases. Initial
efforts were made to measure the air-water capifjfa@ssure curve using the Method of
Standard Porosimetry (MSP). The results of thiskweere published and represented
the first such data available in the literaturehwispect to such properties [123he
timely nature and the importance of the data haraeyed this paper more than 40
citations to date. Furthermore, the data containehlis paper have been used in a variety
of fuel cell modeling studies and performance eatdun efforts. However, we have
found this method to be less than satisfactoryesinonly measures a limited portion of
the capillary pressure curve. Furthermore, thaltesbtained by this method suggest
that GDLs possess a mixture of strongly hydroplahd hydrophobic pore space, but
subsequent reports in the literature have contredlidis finding [20,124]. A second
effort was made to obtain more definitive measur@sef the air-water capillary
pressure curves. We developed a method calledCGiatsolled Porosimetry (GCP) to
address the shortcomings of the MSP techniqueraptbive upon other methods
reported subsequent to the first MSP publicatibhe GCP technique shows that GDLs
are hydrophobic upon water injection, even withogdrophobic treatments. This has
also been confirmed by Benzigetral. [124]. The addition of hydrophobic polymer

coating to the GDL does render the material modrdphobic, but no dramatic changes
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in the capillary pressure curves are observed. GBE method is also able to perform
water withdrawal experiments from GDLs. In thiseas was observed that GDLs
behave as hydrophilic materials, even those treatéda hydrophobic polymer. This
switching of wettability states depending on whethater is injected or withdrawn may
not be that surprising considering the contactesghd geometry of the material
involved. Since water is neither highly wetting mon-wetting on the constituent
materials, the wettability behavior is controllegldiructural effects such as contact angle
hysteresis and converging-diverging pore geomeihys may provide an explanation for
the hydrophilic-hydrophobic duality of GDLs suggasby the early MSP results.

The GCP technique was modified to detect the biheakgh point of GDLSs, providing

for the first time a measurement of the saturadiod pressure at the point of water
breakthrough the GDL. This was used to study ¢fe of the microporous layer (MPL),
which is known to improve fuel cell performancehaligh its mechanism is uncertain. It
was found that water injection through a GDL withMPL resulted in much lower
breakthrough saturations than water injection thoa GDL alone. An explanation for

this behavior was offered based on percolation eptsc

Permeability Tensor

The gas permeability of several common GDL matemas measured in three
perpendicular directions. In-plane measurements wede as a function of compressed
GDL thickness. Not only does the demonstrated atednable a better description of in-
situ cell conditions where considerable GDL comgia@s exists, but it also provides a
means of varying the porosity of the sample. Té@ evere well described by the
Carman-Kozeny model which predicts permeabilita disnction of porosity. Carman-
Kozeny constants were determined for each materiddoth in-plane directions. The
data were also compared to the permeability mod&madakis [160] and found to
agree well. This predictive model requires norfgtparameters and can be applied to
anisotropic materials. Through-plane and in-pla@eneability were both well predicted.
An added benefit of this model is that it alsoaboestimates of the tortuosity and

effective diffusivity to be made that account foe tanisotropy of the material.
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This work should prove useful to future modelingdsés that aim to describe 3D effects
in PEMFCs since the determination of permeabihtyhe three directions described here
will allow the formulation of a permeability tensohlso, an estimate for the effective
diffusivity tensor can be made based on theserfgsli The detailed investigation of the
effect of GDL compression on permeability in thigdy will also be valuable for further

improving the assembly method of PEMFC stacks.

Multiphase Transport Properties

A pore network model was developed to help undedstae multiphase flow properties
of GDL materials and estimate their multiphase flovd transport properties. A detailed
description of the model was provided, with patacemphasis on integrating into the
model both qualitative and quantitative aspecthefmicrostructure of high-porosity
fibrous GDLs. The model was calibrated to two camiy used GDL materials by
adjusting the model parameters to match availaiper@mental results, specifically the
absolute permeability tensor and drainage capifpfaegsure curves. Material-specific
relative gas and liquid permeability and diffuspwtere computed as functions of water
saturation under conditions of quasi-static dragnebair by water. Transport rates
through the pore network were also determined. rébelts of these simulations were
compared with commonly used models of relative gatdority and diffusivity. It was
found that commonly used literature models tendealverestimate mass transfer in the
gas phase. Typically used literature models addnsider threshold saturations and

phase continuity.

Fuel Cell Simulation

Limiting current calculations based on GDL saturnatimits were performed by
implementing PEMFC boundary conditions and phygieabmeters on the network
model. The limiting current was estimated at vasiavater saturation levels for a GDL
section in which one-half was open to the gas cblaaimd the other half was covered by a
land. It was shown that a dry GDL can supporttiimgi currents of nearly 4 A/lcmmuch

more than is typically observed in operating fuglsc When liquid water is present in
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the GDL, however, the predicted limiting currentiaEses rapidly to values typically
observed in operating PEMFCs, indicating that nia@sssfer through the GDL may
indeed be rate limiting at high current densitidsewthe GDL is saturated with water.
This is the first, and so far only, attempt to mddel cell operation using a pore network

model technique.

6.1. Recommendations and Future Work

6.1.1. Random pore network model

The pore network model developed in this work waselol on a regular cubic lattice.

This simplification of the actual pore structureigially reasonable for low porosity
materials such as rock and sand that are most colgmmdeled. The highly porous
nature of the GDL, however, created numerous ditiies because pores are located very
close together. The necessity to prevent oventgppores constrained the pore size
distribution. A better approach would be to usaralom pore network model, such as
the Voronoi network approached presented by Thom{26]. In this model, very high
porosities can be achieved without overlap and aibiitrarily wide pore size

distributions. This approach may allow the moddbé¢ calibrated more closely with

experimental data.

6.1.2. Full fuel cell pore network modeling

The pore network model was used to predict limitogent in operating fuel cells. This
calculation required specifying boundary conditiémsconcentrations in the gas channel
and catalyst interfaces of the network. To moldelfull range of fuel cell operation, it is
more appropriate to specify a boundary conditionarfstant voltage at the catalyst
interface. Such a condition would require utilgithe Butler-Volmer equation to relate
reaction rates (i.e., current densities) to voltalgethis way, the catalyst layer becomes a
source/sink or reactive interface. This modificatiould not only allow the prediction

of overall polarization behavior but would alsopérthe calculation of the spatial
distribution of current densities along the catal@$®L interface, which is of particular
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interest since the pore network model providesxgtiat distribution of liquid water in
the GDL.

6.1.3. Heat transfer and condensation

The pore network model developed here focusedysofethe injection of liquid water

into the GDL. This assumed that liquid water iagyated at the catalyst layer and leaves
the cell via capillary flow. Since heat is alsmgrated at the catalyst layer, however, it is
possible that water is produced at the catalysrlag a vapor. In this case, water would
enter the GDL as a vapor and liquid water woulddomed in the GDL through
condensation in the cooler areas of the GDL. Tmgahis situation using the pore
network approach is possible, but requires anratere to the invasion percolation
concepts used here. More importantly, it wouldunegjconsideration of heat transfer
effects since temperature gradients, heat genaratid latent heats are all critical aspects

of phase change processes in the fuel cell.

6.1.4. Repeatability of GCP method
The gas controlled porosimetry method (GCP) deweslaturing this work provides high

resolution measurement of the air-water capillapgpprties of GDLs. Determination of
the repeatability of this method is difficult, hove, since the GDLs themselves are not
perfectly consistent. Consequently, any variapifitthe results cannot be clearly
associated with the GDL or the method. In the gmesork, multiple samples from the
same sheet were tested and nearly identical resalts obtained for each. Samples from
different sheets were not tested. Also, repliexigeriments on a given sample were not
done since GDL behavior was altered after theavtiater injection. The repeatability of
the GCP method could be determined by identifyipgacedure that restores a tested
GDL to its initial state, such as high temperasirgering or vacuum drying. Retesting

such a sample will reveal the consistency of thé@@thod.
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6.1.5. GDL hydrophobic coating

The ability to directly observe the effects of hyplnobic coating on GDLs using the GCP
method opens up the possibility of customizingRA&E application. The GDLs tested
in the present study were all received with the Papplied by the manufacturer.
Custom designed GDL material with various PTFE iogs, application methods and
fiber arrangements should be explored.

6.1.6. GDL Degradation

Over extended periods of fuel cell operation s likely that the GDL wetting properties
will degrade. The erosion of PTFE or the alteratdthe graphite wettability could be
caused by the thermal, mechanical and humidityesyttiat occur inside the cell during
operation. Exploration of failure modes and agsh@DL materials can be investigated
using the GCP technique. Testing aged and fresh €aihples with this technique may
reveal useful information regarding GDL durabilifihis also opens up the possibility of

developing realistic accelerated aging techniques.

6.1.7. Capillary properties of GDLs under compression

The properties of GDL under compression are of@stebecause they are compressed
during cell assembly. The permeability measurerobtdined in this thesis showed

strong dependence on compression. Since compnesss

entially decreases pore size, it
is expected that the capillary properties of GDIil also change significantly when
compressed. The GCP method described in this vanmkbe altered to allow controlled

compression without much difficulty.

6.1.8. In-situ GDL testing

With the ability to characterize GDL air-water déply properties, it is now possible to
relate fuel cell performance to GDL wetting propest At present, it is unclear which
features of th&c-Sy curve are advantageous to fuel cell performaf@@mbined with

novel hydrophobic coating techniques that genamaiguePc-Sy curve behavior, it
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should be possible to optimize the GDL to achiestitdn fuel cell performance in highly
humidified conditions. This would of course regua significant effort in assembling

cells so that repeatable and meaningful performagmadts are obtained.
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Appendix B. SEM Images of GDLs

Width = 3.387 mm 1 Date :29 Mar 2006 Time
File Name = 10BA-1A tif — Vacuum = 1.43¢-006 mBar

WD= 11mm  Date :29 M: v pm 100KX WD= 11mm  Date:20 Mar2006 Time :15:31:05
EHT=1000kV  Signal A=SE2  System Vacuum =1.36¢-006 mBar N A Signal A=SE2  System Vacuum = 1.33e-006 mBar
User Nar M Unier: M 1 g o M Unier: M 1

R
AccV  Spot Magn . -
idtt Mag= 500K X WD 0 mm Date :27 Sep 2005 Time :12:59:36
200kv 48  8400x EHT=10.00 kV Signal A=SE2  System Vacuum = 1.29¢-006 mBar
User Narmo = SUMT Uriversy 0 Fese 150

Figure B.1: SEM images of 10BA at increasing magnification
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Figure B.2: SEM images of 10AA at increasing magnification
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Figure B.3: SEM images of 10BB Microporous layer at incresing magnification
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Figure B.4: SEM images of 24BA at increasing magnification

199



% w L
Width = 2.709 mm 5 WD= 11mm 29 M : Width = 1.016 mm X WD= 11mm  Date: Time :16:13:00
File Name = 34BA-A1.4if .00 k) Signal A= SE2 ) o File Name = 34BA .00 k) Signal A=SE2  System Vacuum 006 mBar

University of Wateroo LE i i

WD= 11mm 129 Mar 2
=SE2  System Vacuum=1.80
Universiy of Wateroo LEC

Figure B.5: SEM images of 34BA at increasing magnification
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Figure B.6: SEM images of Toray 090 at increasing magnifation
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Figure B.7: SEM images of Ballard P75 with no PTFE at inogasing magnification
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Figure B.8: SEM images of E-Tek Cloth ‘A’ at increasing mgnification
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