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ABSTRACT

The anisotropic mass transport issues inside a fuel cell mamlhrave been
studied in this thesis using computer modelling. The polymer elgetrolembrane
(PEM) conductivity of a PEM fuel cell (PEMFC) depends on the himratate of the
hydrophilic charged sites distributed in the pores of the membrangater
humidification of these charged sites is crucial for sustainimg membrane
conductivity and reducing concerning voltage losses of the cellindptire operation
of a PEMFC, the transport of humidified inlet gases (fuel/oxidsnthfluenced by
external design factors such as flow field plate geometry ofgéee circulating
channels. As a result, there arises a distribution in the treasgport of water inside
the membrane electrode assembly. A two-dimensional, crosswineal, fuel cell
membrane layer mass transport model, developed in this work, helpgsdihieotthe
impact of factors causing the distribution in the membrane ionic ctisdy on ohmic

losses.

The governing equations of the membrane mathematical model retenthie
multicomponent framework of concentrated solution theory. All mamssport
driving forces within the vapour and/or liquid equilibrated phases have beearged
in this research. A computational model, based on the finite control gatusthod,
has been implemented using a line-by-line approach for solving thendieye
variables of the mass transport equations in the two-dimensionabra@endomain.

The required boundary conditions for performing the anisotropic mass transpor
analysis have been obtained from a detailed agglomerate modeloattiioele catalyst

layer available in the literature.



The results obtained using boundary conditions with various flow figltk pl
channel-land configurations revealed that the anisotropic water transgioe cathode
half-cell severely affects the ohmic losses within the mensbra A partially
humidified vapour equilibrated membrane simulation results show thahaller
channel-land ratio (1:1) sustains a better membrane perforrnamgered to that with
a larger one (2:1 or 4:1). Resistance calculations using the compadet revealed
that ohmic losses across the membrane also depend on its ppgsarakters such as
thickness. It was observed that the resistance offered bgreethnembrane towards
vapour phase mass transport is comparatively lower than thatdotbgrex thicker
membrane. A further analysis accounting the practical aspacts as membrane
swelling constraints, imposed by design limitations of a Ge#, revealed that the
membrane water content and ionic conductivity are altered witm@ease in the

compression constraint effects acting upon a free swelling membrane.
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1. INTRODUCTION

1.1 Background

The significant rise in the emission levels of eyieouse gases and air
pollutants can be attributed to the inefficienadsnd the growing number of power
generating systems. It is estimated that onedfioaftthe world’s human generated
green house gases are emitted from gasoline combusttransportation applications
(Thomaset al, 1999). These gases change the composition dfttamsphere which
may lead to global warming. Further, the incregsiifobal energy consumption rate
and the depleting natural reserves of fossil faetsescalating the cost of fuels. These
factors have urged the development of efficienh-oonventional and zero emission
energy conversion systems. One such technologiczdkthrough, promising the
green energy features, was the emergence of a dsmhaxygen proton exchange

membrane fuel cell (PEMFC).

A fuel cell is an electrochemical device that cems chemical energy into
electrical energy by combining fuel and oxidantIthdugh, the first fuel cell was
invented by Sir William Grove in 1839, the firstefucell application was found in
NASA’s Gemini space flights in the 1960s. Sincerthfuel cells have undergone a
series of developments and have evolved into @iffietypes, which mainly serve as
electrical power generators. It is only recentigttfuel cells have gained the interest

of energy firms and automobile giants as a feaséslergy source and they are



believed to have a great potential for successfelpyacing the conventional fossil fuel
driven internal combustion engines for futures mdbiles and stationary power

generators (Perrgt al, 2002).

Based on the type of electrolyte and the fuel ufesl, cells are characterised
into different types. In principal, the operatiognditions also vary widely between
different fuel cells types. These devices are grity designated for use in a specific
type of application such as vehicular transportgtgtationary power generation, space
application and mobile electronic power sourcebl@d.1 classifies different types of
fuel cells based on their characteristics. Thotlnghzero-emission nature of PEMFCs
strictly holds true from a fuel cell operationalrgmective, the fuel cell systems
integrated with applications are entirely not emissree; there will always be some
emissions that arise during fuel production suctstaam reforming of natural gas.
Irrespective of emissions from fuel production t@ges, PEMFCs are still favoured
for their compactness and simple architecture efggnconversion (by fuel oxidation
and oxidant reduction) and are proclaimed to best hvailable alternative to fossil
fuel driven internal combustion engines for autoitesb(Fonteset al, 2001). The
essential reasons behind the success of PEMFQseaseagy provider are their ability
to start quickly at low temperatures, simplicityydagood efficiency under normal

operating conditions.



Table 1.1: Types of fuel cells (Wendét al., 1999; Carretteet al., 2001; Spakovskyet al., 2002; Laughton, 2002)

Operating

Realised

Electrical

Fuel Cell Type | Electrolyte Fuel gg?rirgre Temperature | Power Efficiency” S%r;;gp
§®) (kW) (%)
Alkaline (AFC) KOH Pure H OH 60-120 5-150 35-55 min
Proton Exchange :
Membrane | 5019, (To|zlrja:?e|s-&c ol M 70-100 5-250 40-45
(PEMFC) y sec-min
Direct Methanol Solid +
(DMFC) Polyme? CH30H, H,0 H 90 5 30-35
Solid Oxide : . H,, CO, CH, 2- _ i i
(SOFC) Solid Oxide (Tolerates CQ) O 1000 100-250 50-60
Lithium and
Molten . H,, CO, CH 2-
Carbonate(MCFC Potassium (Tolerates CQ) CG; 600-700 100-2000 50-60 hrs
Carbonate
. . . Pure B
Phosphoric Acid | Phosphoric +
(PAFC) Acid (Tolerates CQ H 150-220 50-11000 40-45

approx 1 % CO)

" Electrical Efficiency,7,, =

_ maxelectricalworkdone Wi max

enthalpyof formation

"Hydrated during the cell operation

AH

x100




1.2 Design and Operation of a PEM Fuel Cell

The PEM fuel cell is made up of an anode catdhystr and a cathode catalyst
layer that are separated by a polymer electroly@enbrane (PEM), often made of a
perfluorosulfonic acid (PFSA) polymer such as Nafior AcipleX’. The membrane
is a good conductor of protons when it is in a hyell state. The catalyst coated
membrane (CCM) is sandwiched between two porouspat layers (PTLs) to form
the membrane electrode assembly (MEA). The PTéso#en carbon based paper or
fabric doped with a hydrophobic polymer. Eachta tndividual components of the
MEA plays a vital role in the operation of a PEMFThe MEA is enclosed on either
side by the flow field plates that help in the dlation of inlet gases (fuel and

oxidant), and electron conduction and product reahov

In a PEMFC, the anode half-cell reaction is therbgen oxidation reaction

(HOR) and the cathode half-cell reaction is theg@xyreduction reaction (ORR):

Anode half-cell (HOR)H, = 2H™ + 22~ (1.2)

Cathode half-cell (ORR)%O2 +2H" +2e¢ = H,0 1.2)
: 1

Overall reactionH, +§O2 = H,0 (1.3)

The anode and cathode half-cell reactions occuthenactive catalyst active
layers. The catalyst layers at the membrane - iRHcfaces in Figure 1.1 consists of
dispersed polymer electrolyte coated spherical camegtates. Each of these

agglomerates is composed of a cluster of carboticlesr that are embedded with



platinum on their surface (Sat al, 2005a). Such a type of catalyst structure pes/id
proper conduction of both protons (on the polymecteolyte coating) and electrons
(on carbon particles). Platinum loadings on thdase of the carbon particles equal

0.4 mg/cm or lower (Costamagnet al, 2001).
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Figure 1.1: Description of a PEM fuel cell

A typical PEMFC operates in the range of 70-100°Eigure 1.1 shows an
operating fuel cell where humidified gases (hydrogad oxygen) are supplied to the
electrodes on either sides of the PEM through pasmels. Hydrogen flows through
the anode gas channel to the anode porous transgert (PTL) where it diffuses
toward the platinum catalyst layer (CL). Platiniimthe anode catalyst active layer
promotes hydrogen separation into protons andrelext Because of the uniform
distribution of negatively charged sites in the BEMonly allows protons to flow
through it and acts as a separator of protons kuttens. On the opposite side of the

PEM, air flows through the cathode gas channeh&dathode PTL where oxygen



from the air diffuses towards cathode active layedBased the protonic potential
gradient between the cathode and anode and thatlydstate of the PEM, protons
travel through the PEM (from anode CL) to the cdthactive layer and react with
oxygen molecules and electrons returning from tkeereal circuit. Meanwhile,
electrons flowing through the external circuit fraanode to cathode are essentially
captured as current at required voltage. The maiduct of ORR at the cathode CL is
water, whereas electricity and heat can be -call@gitywproducts of the overall
electrochemical reaction inside the PEMFC (Larmetial, 2000; Costamagnet al.,

2001).

1.3 Thermodynamics of a PEMFC
The theoretical cell voltage can be calculatectam the number of moles of

charge transferred and the change in Gibbs freegera formation for the overall

electrochemical reaction. The standard reductmentialE® of the ORR based on the
change in Gibbs free energy of formation (Larmigieal. 2000) can be expressed in

terms of electric potential as

AG? = -nFE°, (1.4)
where

G? = Gibbs free energy of formation [J/mol] at refere conditions,

n = number of moles of charge dissociated,

F = Faraday constant, 96487 [C/mol], and

E° =the standard reversible potential of ORR readiq.



The change in Gibbs free energy of formation waméth the inlet feed

activities, temperature and the form of productewvgvapour or liquid). Considering

these factors, the reversible potential of a fedll E; at given activities of the reactant

and product can be calculated using Nernst's eguatihich expresses the electric

potential in terms of the standard reduction paaéiof the ORR at the cathode active

layer and the logarithmic of the ratio of the aiti®s of the reactants to the products.

Utilizing equation (1.4), the ORR reduction potehat a desired inlet reactant activity

and temperature can be expressed as

a 1/2
E, =E0+ Ly S0 |
2F a0

where
E = the reversible cell voltage [V],
R = universal gas constant [J/mol],
T = the cell temperature [K], and

s . artialpressuref specie$ )
a, = activity of specieg = P2 AP P =P

1.4 Voltage Deviations across a PEMFC

standargressure PO

(1.5)

During the operation of a PEM fuel cell, sevemtdrs contribute to the total

voltage deviation from the reversible cell potentibhe voltage loss leads to the

polarization of the fuel cell performance. The id&wn in the cell potential from

reversible cell potential is called overpotentighs a whole, the losses in fuel cell

voltage occur across the layers of the MEA andcategorized as activation, ohmic

and concentration overpotentials (Berger, 1968;deos, 2003). The operating fuel



cell voltage can be obtained by subtracting thedtage losses from the reversible cell

potential given in equation (1.5).

The activation overpotential is a result of eleckremical reaction kinetic
limitations at the catalyst active layers. As kiyelrogen oxidation reaction (HOR) at
the anode active layer is sufficiently fast, it trdoutes less towards the total cell
potential deviation (Hoogers, 2003). It is cleami Figure 1.2 that cathode activation
potential results in a major voltage deviation, #ignificance of which can be
attributed to the sluggish kinetics of oxygen rdaucreaction (ORR). Nonetheless,
the activation overpotential is not the focus a§ tthesis but further details of which

can be found in Berger, (1968) and Newrsaal. (2004).
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Figure 1.2: Schematic of fuel cell polarization curve (Carrettet al., 2001)

Ohmic overpotential occurs because of the resistiature of the charge
conducting media of a fuel cell, this is represdntey mid portion of the cell
polarization curve in Figure 1.2. These resistanaepart, can be attributed to the

improper design of the MEA components. A poor giesif the flow field plates could



increase the contact resistances towards electnoduction at the electrodes. On the
other had, the losses across the membrane arise tfre inherent resistive nature
towards proton conduction. These depend on tlh&ribess of the membrane (Berger,
1968) and the extent of humidification of the hyghitic charged sites. Thé&drop

across the fuel cell is shown using Ohm'’s law inampn (1.7).

,70hmic = iRcell (17)

The concentration (or mass transfer) losses rdmdause of the inefficient
transport of reactants towards the active laydise critical factors influencing these
losses are the insufficient humidification of tHeNPand water flooding at the cathode
active layer. The insufficient hydration of the WHeads to the loss of proton
conduction and hampers the net charge concentratitive surface of the active layer.
The higher liquid water concentrations at the PEhode PTL block the oxygen
diffusion towards the reactive surface. Accountimgse voltage losses is also crucial
for estimating the performance of a fuel cell. tRar details of the theory associated

with predicting these losses can be found in Lamrenal. (2000).

1.5 General Factors Governing the Functioning of PEMFCs

Though PEMFCs are proclaimed to be on the edgkeocbming promising
sources for achieving future’s power requiremems green energy goals, there are
still some technological constraints that are easing these energy converters from
becoming a commercial success. The kinetics ot#itleode half-cell reaction limits

the performance of the cell. The factors relatiog PEM water and thermal



management critically affect for cell functionin@hese factors, in essence, affect the

efficiency and durability of the PEMFC.

Effective water management in the MEA is vitalachieving the desired cell
efficiency. The ion transportation paths in theMPEre hydrophilic and their
effectiveness is highly dependent on wetting by idifing agents. Hence, during the
operation of a fuel cell, the reactant gases amaidified so as to reduce the local
resistances toward ion transport in the membramhke ion conductive resistances,
which if not reduced, will inhibit the protonic traport across the membrane and
hamper the overall performance of the fuel celllsoAat high current densities, the
proton induced water drag from anode to cathodédoexceed the back diffusion or
convection of water from the cathode to the anodkhis process leads to the
dehydration of the membrane (Fuller al, 1992), which leads to severe losses in
proton conductivity. The water balance acrosatleenbrane also plays critical role in
efficient operation of the cell. A high net watkrx across the membrane blocks the
flow of reactant at the cathode active layer amsl ldads to mass transfer losses. This
should be avoided by balancing the water fluxesided by various driving forces of

mass transport (such as proton induced water diffigsion or convection).

Another factor that could significantly affect thmass transport is the
architecture of the MEA in a fuel cell. It can$®en in Figure 1.3 that channel to land
(area of PTL under the land) variations of the fliid plates do not allow for the
uniform distribution of inlet gases and cause thisaropy in water distribution at the
membrane-cathode PTL interface. At the same tiwater discharge from the

concentrated portions under the land becomesalritithese effects of anisotropy in
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mass transport lead to deviations in the localti@agrofile along the membrane-
catalyst layer interfaces and also affect the walpendent membrane transport
properties such as ionic conductivity in the PEMg#h (Weset al, 1996; Suret al,

2005D).

Channel

Air/H ;0 Air/H ;0 Air/H ;0

RIB/Land
PEM

Catalyst Active Layer
Flow Field Plate

EE OO

Figure 1.3: A cross-section of a unit cell

The physico-chemical properties of the MEA aldtugnce the mass transport.
Water dependent membrane transport properties hwiacy with the hydration state
and temperature, play a crucial role in driving titaesport of protons and water across
the membrane. The ion conducting nature of the REMes widely between a
membrane hydrated with water vapour and the onk kigtid water. This can be
ascribed to the membrane structural evolution énpgfesence of polar solvent and the
innate proton transfer mechanisms. Assessing tlaesers properly is important for
achieving a desired cell performance because ityd2EMFCs are operated with
gases that are humidified between the extremesryfadd liquid saturated states

(Mathiaset al, 2005).
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From a reliability point of view, aspects of theemmbrane hydration and
dehydration cycles (during the cell start-up amnteation) lead to its swelling and
contraction and vice versa. It was pointed odh@literature that this issue affects the
membrane durability (Webeat al, 2004c; Mathiaset al, 2005). Also, due to the
mechanical stresses of the membrane adjacent |asyeedling of the membrane with
water uptake is partially constrained (Webéral, 2004c). This could decrease the
membrane water uptake and correspondingly affecioibic conductivity and the

performance.

From the fuel cell systems perspective, the abiitta of the fuel is very
important for an uninterrupted cell operation. Hyerogen production techniques for
fuelling PEMFCs are gaining momentum but are alsticized for their dependence
on the conventional fossil fuels such as in the aishydrogen production from steam
reforming of natural gas (separation of hydrogeomfr hydrocarbons). As
conventional fossil fuels are expensive and beieglated, the need for competitive
hydrogen production techniques (such as PEM-watxtrelysis using renewable
energies) has to be addressed before the fuetem#lhology becomes commercially
viable (Bossel, 2005). However, this issue isthetfocus of this thesis and will not

be elaborated on further.

1.6 Purpose

Modeling is required for the effective design d#BMFC. It helps in assessing
and optimizing the complex performance related @ssthat are experimentally
cumbersome and costly. Estimating the factors sashthe membrane water

distribution, the influence of channel to land @aton the anisotropy in mass transport
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and the other geometrical effects such as thessafscts of the membrane adjacent
layers on the PEM swelling is impractical in dayday lab-scale operations. The

corresponding experimental costs to perform thesgptex studies are also very high.

1.6.1 Thesis Objectives
The objectives of the current project are as Wadlo

» To develop a reliable and robust two-dimensionaneuical/computational
approach for solving the PEM fuel cell membraneetagnass (proton and
water) transport equations using a finite volumé¢hoe.

» To analyze the effect of anisotropy in mass trarispear the membrane -
cathode active layer boundary on the membrane vaigénibution and local
ionic current densities and examine the relevanplications on water
dependent membrane transport properties such @snilteconductivity and the

corresponding local ohmic losses.

1.6.2 General Approach for Modelling

The general mathematical approach for the membegiee model is based on
concentrated solution theory of Newmeinal. (2004). The frictional coefficients of
interaction between the individual species havenbegpressed in terms of the
membrane transport properties (Fukral, 1992). The framework of Webet al.
(2004a) has been adopted for calculating membrayer Imass transport with wide-

ranging humidifying conditions (vapour or liquidrhidified).

The model for studying the anisotropic mass trartsgifects at the membrane-
cathode PTL interface is a cross-the-channel, twwedsional domain of a PEM

bonded to a cathode. The computational approaels dot include the regions of
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catalyst layer, PTL, and the flow field plate b tcorresponding boundary condition
data for investigating the relevant effects of AfMtduced anisotropic mass transport
has been obtained from the literature (Snal, 2005a-c). The two-dimensional
membrane layer mass transport model has been iraptedh using an in-house
numerical algorithm developed based on a finiteun@ method (Patankar, 1980;

Versteecet al, 1995).

1.6.3 Scope and Limitations of the Thesis

The model explains the underlying principles & BEM phase mass transport
from both physical and mathematical perspectivels. sets up a computational
framework that considers all the driving forcesjchhare significantly responsible for
the proton and water transport in both vapour &udd phases across the PEM. The
model allows calculating the membrane water profiedth wide-ranging
humidification schemes (vapour and liquid equilibch PEMs) at the membrane-
electrode boundaries and for different Nafiomembranes (112, 115 and 117).
Simulating transport across membranes with diffetbitknesses could give better

idea of ohmic resistances.

More importantly, the model helps in researching @&entifying the factors
causing distributions in transport properties ahthic losses across the membrane.
The analysis resulting from such study can throghtlion how the PEM phase
transport properties are affected by the anisotriopyhe mass transport. A two-
dimensional membrane model developed in this wdsk allows for studying the

deviations in local current densities near the @d¢hside of the PEM and can be
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helpful in optimizing for a better flow field plaggattern improving the performance of

the membrane.

From a practical point of view, the geometrical/lmtical constraints of the
MEA does not allow for the PEM swelling (Webetral, 2004c), this is because the
membrane is hot-pressed between the porous tranEyers and any membrane
swelling will be suppressed by the mechanical fere¢ the membrane - PTL
interfaces. Hence, the swelling studies mightsumport the actual PEM phase mass
transport. In order to predict the effects of dwglconstraint on the PEM, the model
has been modified to account for the variationsngmbrane water content with the
swelling constraint. An improved model accountifoy the membrane swelling
constraint aspects, based on Wedteal. (2004c) approach, helps identify the relevant

implications on mass transport.

A limitation with the PEM layer transport model tisat it cannot be fully
validated unless it is embedded in a complete el model that describes the
transport in all the layers of the fuel cell. Tissbecause of the continuity of fluxes
between various layers of the MEA. Therefore tlamdport in the porous transport
layers has to be simulated before computing the loneme phase transport. It also has
to be mentioned that the membrane model develop#us work does not account for
any gas crossover across the membrane (from ptnansport layers) and neglects the
corresponding performance related aspects, whicdorbe a limitation from the
modeling perspective. The numerical model assuanesothermal operation, which
neglects the temperature fluctuations arising mslte membrane because of ohmic

heating and enthalpies of reaction. This may b&gaificant limitation because
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thermal gradients can drastically alter water d#aty. The phenomena such as gas
fuel and oxidant crossover into the fuel cell meamer were also neglected. The
impact of these issues might not significantlyraltee profiles of membrane variables
of water and charge transport. Hence, not acaogiritiese factors in the numerical

model may not be a significant limitation.

As the current work aims investigating the anigpir effects near the
membrane - cathode PTL half-cell, it assumes ti@ptotonic potential (PEM phase)
and water distribution along the anode-membranerfaxte remains constant
throughout. In reality, these assumptions may matl well because the current
density at the anode-membrane interface may vaeytaunass transfer losses and the
inherent conductive resistances at the PTL - csttahterfaces. Nevertheless, the
assumptions holding for conditions at anode PTL-tmame interface can lead to good
approximations of the details focusing on the iefice of the anisotropic transport

issues at the membrane-cathode PTL interface omémebrane performance.

1.7 Thesis Outline

Chapter two discusses the membrane phase masgpdrarbased on the
concept of percolation, which supports the mathemlaframework presented in
Chapter three. Chapter three presents the matiamatodel of the mass transport
inside a free-swelling membrane in both vapour kopad phases. It also describes
the relevant importance of the membrane transpapesties in the mathematical
model and the impact of constraining the membravedling on its conductivity. The
computational algorithm for solving the model issc@ed in Chapter four. The

preliminary results of the simulation model, prasdnin Chapter four, attempt to
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validate the computational procedure developedirtmilate the membrane model.
Chapter four also discusses an overview of comipuiat aspects and limitations
associated with the computational algorithm. Chafive addresses the key issues
relating the model results showing the effect aéainopic boundary conditions on the
performance of the membrane. It mainly identifib® membrane performance
affecting factors influenced by the cathode sideditions and external flow field plate
design aspects. It also presents a parametrigy sawealing the effect of membrane
physical properties on the conductive losses. whéur part of the chapter includes
discussion on the effect of constraining the memdwelling on water retention and
ionic conductivity. Chapter six concludes the theBy summarizing the main
observations based on the results discussed irdingc chapters and recommending

critical development issues for enhancing the appllity of the mathematical model.
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2. LITERATURE REVIEW

2.1 Introduction

The technology of proton exchange membrane fuld (REMFCs) has taken
several strides towards achieving the performanicat tmatches the power
requirements of commercial applications. The aaltiaspect restraining the PEMFC
from being used widely in commercial applicatiossits cost; improving the cell
performance reduces the number of fuel cells redquin a stack and thereby cuts
down the costs. Several theories (Sprirejeal, 1991; Bernardet al, 1992; Fulleret
al., 1993; Westt al, 1996; Webeet al, 2004a-c) have indicated that the performance
of the cell depends on numerous factors such asiesff water and thermal
management in the PEM, reaction kinetics and thectstre and durability of the
MEA. Considering the importance of the PEM in alfaell, an extensive literature
survey was done to understand the principles irtbin the transport of protons and
water across the membrane from both physical artlematical point of views. The
influence of the external design factors (such l@nnel-land configurations of the
flow field plates) on the anisotropy in the massgport has also been reviewed. The
purpose of this chapter is to present the undeglyimysical concepts that are
associated with the conductivity of protons througk ionic conducting pathways
across the PEM and to discuss the mathematical Imoded to compute the mass

transport.
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2.2 Structure and lon Conducting Nature of a Polymer Electrolyte Membrane
Nafion® membranes are commercially produced by DuPand are generally
used as ion conducting PEMs in fuel cells. OtHeNB that are popular and available
commercially are Aciplex by Asahi Chemical and FlemiBrby Asahi Glass (Smitha
et al, 2005). These membranes differ in their physiclahracteristics such as
equivalent weights§W) and thicknesses. Equivalent weight of a PEMlmaxefined
as the mass of membrane in grams per equivalesulédnic acid groups. The
physical properties such as PEM equivalent weigilt thickness affect the transport
of protons and water. Hydrated Naffod100 EW membranes (acid and expanded
form) are known to show better ionic conductingunatand mechanical stability at
fuel cell operating temperatures (Costamagmhaal, 2001). Also, their physical
characteristic data and transport parameters atelywiesearched and available in the
literature. Hence, these membranes have been rctavgk are studied here from a

modelling perspective.

2.2.1 Structure of a Polymer Electrolyte Membrane

A Nafion® membrane is a perfluorosulfonic-acid (PFSA) polyrsgucture,
made up of polytretrafluoroethylene (PTFE) groupsitg oxygen atoms, GFand
SO;H groups linked as side chains. Figure 2.1 ilatsis the structure of a Nafion
membrane. The sulfonic acid (84 groups terminating the side chains are the
hydrophilic regions in which the protons are coewdly bonded to the sulfonate
groups. Nafiofi exhibits a hydrophilic nature near to the sulfoadids in side chains
and a hydrophobic nature near to the PTFE in thia ofains. The charge conduction

capability of the PEM depends on its hydration estatHydrophilic regions of the
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sulfonic acid groups allow Nafion to absorb wated séexhibit an ion conducting

property.

/ (CF2)w-CF~(CF2)n

(CFZ)n'CF‘(CFz)n

(CF2)n-CF-(CF2)n
(CF2)n-CF-(CF2)n

é_/ (CF2)-CF-(CFa)n /

Figure 2.1: Structure of a Nafior® Membrane (Carrette et al., 2001)

Apart from the hydration state, the structure #mel conductivity of Nafion
also depend on the glass transition temperatur@&syond the glass transition
temperature, the structure of Naffono longer remains but becomes viscous and is
not favourable for protonic transport. The glaassition temperature of dry Nafion in

the acid form isT, =383K (Yeo et al, 1977). The glass transition temperature

increases with the number of ions present in thecstre. Yeoet al. (1977) have
shown that the glass transition temperature ineseagth the presence of charged sites
in the molecule. It has been shown by Bogteal. (1983) that the fluorocarbon
backbone (PTFE) rearranges itself at temperatutesvea the glass transition
(T =393K) and its motion is constrained in the presencthefionic clusters in the

vicinity.
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As illustrated in Figure 2.2, during the operatafra PEMFC, the hydrophilic
areas of the Nafidhattract water molecules along with protons thatenfsom one
negatively charged site (sulfonate groups) to argpinogressing towards the cathode.
The potential gradient across the membrane becdineeprimary driving force for
protonic flux through the PEM that has been hydtatéh water (Verbrugget al,
1990). Figure 2.2 presents a general illustradibionic transport from a macroscopic
point of view and does not necessarily represenatiiual proton transport with water

complexes.

PTFE - Matrix

Figure 2.2: Movement of protons and water molecules in a Nafirmembrane

2.2.2 lon Conductivity across the PEM: A Physicatdpective

The micro structure and hydration state of a PEM important factors that
affect its ion conducting nature (H&t al, 1980). It has to be mentioned that the
mechanism of proton transport in the vapour phadandamentally not the same as
that in the liquid saturated PEM. Several studi¥éso et al, 1977; Yeageet al,
1981; Hsuet al, 1982; Yeo, 1983; Webat al, 2003) have aimed at understanding
the actual mode of proton transport through iordoating (Nafion) membranesyeo

et al. (1977) have identified, using small angle x-raptgring (SAXS), that ions
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cluster inside the NafiShmembranes. Falk (1980) has shown that hydratdibmiNa
membrane structure has two phases: one with hybtlraméc clusters and another with

a fluorocarbon backbone.

5.0nm

Figure 2.3: Cluster-Network Model (Hsuet al., 1983)

Hsu and Gierke (1982) first set the physical frawork for the PEM phase ion
clustering and motion. They explained the peromagbrocess of ion transport using a
(spherical) cluster-network model. The clustemmek model, based on elastic
theory, describes the cluster diameter as a fumaifacation form, equivalent weight
and water uptake by electrolyte. Figure 2.3 iHaigts the cluster network model,
according to which a spherical cluster 4.0 nm iantkter is connected by an ion
conductive channel 1.0 nm in thickness. The desdretween two adjacent clusters in
an ion conductive domain is 5.0 nm. According ¢ocplation theory, at the threshold
volume fraction of water, the formation of suffioteaon conducting pathways allows
Nafion to inhibit its insulating properties and daoiet ions. Conductivity beyond the
percolation threshold depends on the extent oh#teork of the ionic pathways (or

channels) that connect the hydrophilic ionic clusteThis network of ionic pathways
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helps ionic movement from one cluster to the oth&elow the threshold water

content, ionic pathways cease to exist and Nafarabes as an insulator.

[ | | [ Empty Portions
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X Dry Link Sites
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: - ":F

(b) (d)

Figure 2.4: Two-dimensional illustration of percolation theory (Hsuet al., 1983)

Figure 2.4 illustrates the theory of percolationgosed by Hset al. (1980).
The gray boxes in Figure 2.4(a) indicate the chssté hydrophilic sulfonic acid sites
that are located randomly across the PEM and amewwed by the hydrophobic
PTFE back bone. As the water uptake by the PENeases, these clusters absorb
water molecules and expand. At this stage, thsteluiameter of each site tends to
grow and the clusters adopt a shape of inverteetllmic These are represented by
black boxes in Figure 2.4(b). Simultaneously, so@ely wetted sites are formed that
are represented by grey boxes. The clusters ameected to each other by narrow
channels, which act as ionic pathways for condactigVhile in this state, there will
also be some dry regions between the clusters,hwhiubit the ionic flow across the

PEM. These regions are represented by hatcheidmsrt
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Figure 2.4(c) shows the membrane where water aptaétiches the threshold
volume fraction. The dry portions become wet dradionic pathways tend to connect
the clusters that are wetted by water, but thetlesii be some isolated regions that
hamper the ionic conductivity. Finally, as watgstake by membrane increases
beyond the threshold volume fraction, all the hypthibic regions of the membrane
become wet and are connected by interfacial charthal are collapsed (narrow ion
conducting pathways). These channels allow foicitlansport across the PEM that is
equilibrated with water vapour. This phase of thembrane is shown in Figure
2.4(d). A percolation type mechanism explains ¥apour phase membrane ionic
conductivity but it does not support the liquid plaonic transport, where proton-
water complexes permeate through the channelsatteatsufficiently expanded to

accommodate the liquid water (Weletral, 2004).

Weber et al. (2003) addressed both vapour and liquid phasespah
mechanisms in the PEM. Though the underlying jgrias of vapour phase ionic
transport remain the same as the one by étsal. (1983), it has been shown that
vapour phase ionic transport occurs through thiagsed channels (ionic pathways)
that resist the predominant hydrophobic nature wfosinding PTFE matrix. The
proton conductivity and the proton drag inducededegb-osmotic drag) water
movement in the vapour phase occur in the formyafdnium ion complex. Protons
of this complex diffuse by hopping from one chargéte to the other and proceed
towards the cathode side (Thammral, 2000). The ionic transport may also occur
by the Grotthussmechanism in which protons of the hydronium iomptex move

with covalently bonded water molecules from onergéd site to the other (Rex al,
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2001). These proton transport mechanisms are hgpoal. In the vapour hydrated
PEM, the chemical potential gradient of the watecdmes a fundamental driving

force behind non electro-osmotic drag of water.

In the case of the PEM that is equilibrated witjuid water, the hydraulic
forces exceed the elastic forces of PTFE and explamdollapsed channels. Thus,
water flow occurs because of the hydraulic permigaland through the expanded
channels that connect the clusters and form thémumus pathways for both ionic and
water transport. The ionic conductivity in liquséturated membranes occurs with
proton hopping and electro-osmotic drag of watetuee in the form of a/ehicle
mechanism, which can be described as bulk phaserpi@nsport (rather than surface
hopping from one site to the other) along with watelecules through the liquid
infiltrated pores or channels. The proton transpaechanisms also depend on the
surrounding temperatures. At high temperatures, liljuid phase proton transport
occurs predominantly by th&ehicle mechanisnfRen et al, 2001; Weberet al,

2004a).

Figure 2.5shows Weber’'s (2003) approach of classifying thelesoof mass
transport across the PEM. The dry membrane witbai@r contentd =0 (Ais the
ratio of number of water molecules to the sulfosmoad sites), corresponds to the dark
spots in Figure 2.5. The hydrophilic sulfonic addes are located randomly
throughout the PEM and are surrounded by the hyariop PTFE back bone (grey
background). The state of the PEM below the patmmi threshold atd <2 shows
that hydrated clusters of charged sites are digetbrandomly but are not connected

with the surrounding sites to conduct ions. Néx4 illustration atd =14 in Figure
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2.5 shows that the water uptake has increased Hethenthreshold volume fraction
and the membrane has been saturated completelyvattr vapour. At this stage, all
the hydrophilic regions of the membrane become edlettnd are connected by

interfacial channels that are collapsed (ionic watys). The network of ion

conducting pathways between the clusters can ek

Jn Co Q- "Q:féig:o-o o= oWk
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Figure 2.5: Schematic of mass transport in the PEM (Webeat al., 2003)

When the PEM is completely hydrated with liquidtevaat A =22, the
hydraulic pressure of liquid water expands thedgrathways that are suppressed by
hydrophobic PTFE backbone. In this phase, the mewt of protons occurs mainly
through the channels that are filled with bulk mghad liquid water (theVehicle
mechanism). For a situation where both vapourligiit phases exist simultaneously
across the membrane, the mass transport occursegsaeate process in both vapour
and liquid equilibrated portions of the PEM andcéin be calculated based on the
fraction of expanded channels and the fractionabfapsed channels. This concept

explains the PEM water uptake ranging betwkeri4and/ = 22.

In summary, the physical framework describes hatpour and liquid phase
transport across the PEM. Percolation theory siggexpressing the PEM proton

conductivity based on the amount of water vapouna$ absorbed. The capillary
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concept by Webegt al. (2003) suggests that the proton conduction irlithed phase
occurs through the channels that are expanded by hidraulic flux. More
importantly, the concept of the capillary phenonreno liquid equilibrated PEM
explains Schroeder’s paradox, a behaviour exhiltjedolymers that can be described
as a difference in the amount of water uptake ley REM equilibrated with water
vapour to that of a membrane saturated with liquader (Zawodzinsket al, 1993b;
Futerkoet al, 1999; Choiet al, 2003; Webert al, 2003). This has long been a
mystifying behaviour shown by polymers, which waiginally coined by Schroeder

(1903).

2.2.3 Swelling of a Nafion Membrane

Another phenomenon that can be observed in annstrained membrane is
that it swells upon absorbing water. Hence, trengk in the PEM dimensions has to
be accounted for when modelling. Swelling in balle in-plane thickness and
transverse directions can be considered to be egaalding to the experimental work
of Gebelet al. (1987). The volume of a fully swollen membrandhwivater uptake
of, A =22, increases by 74% of above that of a dry membr&ebelet al. (1987) and
Hsuet al. (2003) showed that the swelling along the manufact length of Nafiofi
117 (110CEWand 7 mils thickness) is more than that in theaions of thickness and
width, and the experimental evidence showed thatllsw\g was isotropic in the
directions other than the manufactured directidon@the length). Figure 2.6 shows
the length, width and thickness of the membrand, the aspect ratio of channel to
land is 2:1. The increase of the membrane voluauses variations in the geometry

and dimensions of the PEM which affect the driviogces of the mass transport.
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PEM swelling increases the water uptake but intsetile PEM is constrained by the
mechanical forces exerted on the MEA by flow figdtes. Therefore the mass
transport inside a free-swelling PEM does not resndy represent the realistic

phenomena.

In-plane Width [x] D PTL

Through-plane [ Nafion

Thickness [z]
Il Catalyst Active Laye
Manufactured

Length [y] [ Flow Field Plat

Figure 2.6: A schematic of a Nafiofi embedded in the MEA

2.3 Mass Transport across a Polymer Electrolyte Membrane in the MEA
2.3.1 Phase Potential Distribution across a PEM

Proton migration across the PEM depends upon tlieatign state of the
charged sites. Improper humidification of thedesscan lead to significant voltage
losses. Protons are produced by hydrogen oxidatiaction at the anode active layer,
driven across the PEM by a protonic potential gratliand consumed at the cathode
active layer by oxygen reduction reaction. Theage drop across the membrane can
be measured with impedance measurements (Staale 2002) and can be determined
with numerical modelling also (Webet al, 2004c). The resistance of the membrane

remains constant under well humidified conditiomgng a linear potential drop but
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the resistance can increase when the membrane bsadehydrated (Springet al,
1991; Bernardiet al, 1992) or is not sufficiently humidified. At high current
densities, the chances of the membrane becominglddeld are more, the reason for
which can be attributed to an imbalance betweerreater proton driven electro-
osmotic drag flux of water from anode to cathodellé et al, 1993) and a slower
back diffusion of water from cathode to anode. Pph&onic potential drop across the
membrane can be used to calculate its resistarttéh@nrelation for which can be
expressed using Ohm’s law as given by equation.(2.1

AD =iR_, (2.1)
where

@ = protonic potential in the PEM phase [V],

i = ionic current density [A/cfil, and
R, = resistance of the ion conducting membra@édm?].
Further, in a fuel cell with insignificant condive losses at electrodes, the

ohmic drop across the membrane can be expressed asfuel cell polarization

eguation as following:
EceII = Eoc _,7a _”c_iRm’ (22)
where

E.., = operating fuel cell voltage [V],

cell

E.. = the open circuit potential (at zero current),[&fthd

n = activation overpotential [V].
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2.3.2 An Overview of Mass Transport Modelling

Traditionally, PEM fuel cell modelling was based oadentifying and
investigating the critical issues of MEA water atitermal management. The
mathematical models available in the literature oian be classified based on the
approaches followed for describing the intricatggatp-chemical processes across the
layers of the MEA. The models that are based @trdeng the vapour phase mass
transport across the MEA are called diffusion-typedels (Springeet al, 1991;
Fuller et al, 1993), and the ones that are based on liquideptnassport are termed as
hydraulic-type models (Bernardit al, 1992; Gurauet al, 1998). The physical
specifications of the modelling domain are also angnt in evaluating the
dimensional and geometrical factors affecting ted €ell performance. Based on the
computational domains of interest, the macroscomiclels can extend from one to
three dimensions. One-dimensional models alwaydysthe mass transport and
performance issues in the through-plane (z) dwadtiefer to Figure 2.6) of the MEA
sandwich. Two-dimensional models study mass t@msp both through-plane and
along-the-channel (y) or in-plane directions (Xhree dimensional models are usually
complex and involve in computing the transport mmana in all three dimensions of

the MEA.

During the operation of a PEMFC, the mass transpenoss the PEM can be
expressed, in part, in terms of relevant drivingcés that act on hydrogen ions and
water molecules. The significant driving force inehthe protonic flux through a
PEM is the protonic potential gradient across tleniorane. The drag forces arising

out of such a flux will also induce the electro-adim drag of water from the anode to
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the cathode. It can be observed in Figure 2.7ahmirtion of water transport through
the PEM can also occur in the form of diffusionhgdraulic convection, the driving
forces for which are dependent on both the exténtlet gas humidification and the
amount of water produced at the cathode catalystr.la Water vapour diffusion is
based on the gradient in chemical potential adiessnembrane. If pressure gradients

exist across the membrane, a hydraulic flux wdbatontribute to the net water flux.

z Hz, H20 (9) Oz, H20
y +
Hy H" drag force on H.O 0,
_H0 [ 1.0 (g) Diffusive flux H.0
H0 (1) Hydraulic flux_ [ PEM
l ) g i O ooL

Ha, H,0 H,0 B catalyst Active Layer

Figure 2.7: A schematic of driving forces of mass transport aoss the PEM in the
through-plane direction

An effective PEMFC humidification scheme maintambalance between the
electro-osmotic drag and non-electro osmotic floivwater, which is critical to
avoiding ohmic or mass transfer losses. In esseheeslectro-osmotic flux of water
from anode to cathode should be balanced by thie water flux (from diffusion or
convection) from cathode to anode. In a way, thaintaining the net flux of water
near to zero, helps in maintaining the membranedtiyoh and avoiding the excess
water flooding at cathode that blocks the reactiamt towards the active sites of the

catalyst layer (Springeat al, 1991; Webeet al, 2004b).

An extensive literature survey was done to undatsthe principles involved

in the transport of hydrogen ions and water throagREM. It is crucial that a
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membrane model for simulating proton and watersgpant should account for both
vapour phase and liquid phase transport, therdbwialg for the observed variations
in the membrane transport properties (such as #rmabrane ionic conductivity) with
the corresponding transport mode (vapour or liquidise). The following review

focuses on some of the recent prominent modelsadiin the literature.

+ Springer, T. E., Zawodzinski, T. A. and Gottesfeld, S., (1991) presented a steady
state, one-dimensional, isothermal, diffusion-typedel of mass transport across
the MEA. Stefan-Maxwell equations (Biet al, 1960) were used to define the
fluxes in the porous transport layers. The gemmaraand consumption terms at
active layers were simplified with Faraday’'s lawthe water vapour transport
inside the membrane was expressed in terms of@lesmotic flux and diffusion.
The membrane water content isotherm at 303 K wtedifivith the experimental
data of Zawodzinsket al (1991) and was assumed to be valid at the cellating
temperature. This assumption did not result imadgrepresentation of variations
in hydration state and the ion conducting naturehef membrane with the cell
temperature. The analysed phenomena includeddg efwariation in membrane
water distribution and resistance with cell curréensity, showing that ohmic

resistances increased with current density.

+ Bernardi, D. M. and Verbrugge, M. W., (1992) developed a steady state, one-
dimensional, isothermal, hydraulic-type model gbadymer electrolyte fuel cell.
The model employed the Stefan-Maxwell equationgys transport in the porous
electrodes, the Butler-Volmer equation for catalgstive layers, the modified

Schlégl’'s equation for calculating liquid water @eity in the membrane, and the
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Nernst-Planck equation for calculating species diuxn the PEM phase. The
framework for the species transport within the meanb is based on the dilute
solution theory of electrolytes (Newmat al, 2004). Investigated phenomena
included the effects of porosity and volume fractimf the electrode on the cell
performance. The model showed that membrane aassstat higher current
densities (> 200 mA/cfp can lead to significant voltage losses across the
membrane. However, being a hydraulic-type modhel,nhodel did not account for
any vapour phase flow and is based on the assumjbgbomembrane was saturated
with liquid water, a condition not suitable for pdkation studies at low

humidification schemes.

Nguyen, T. V. and White, R. E., (1993) developed a steady state, pseudo-(1+1)-
dimensional model (integration of one-dimensionaldei along-the-channel) of a
PEM fuel cell. The model calculates the local current densityriistions in the
gas channel. The generation and consumption tefnspecies were based on
Faraday's law. The membrane layer water transpad described in terms of
electro-osmotic flux and diffusion but is calcuthtbased on the local mass
transport variations in gas channels. Howevatpés not consider the convective
flux of liquid water between the electrodes. Thedel allows for observing the

cell current-voltage relationships under differeamidification schemes.

The model was modified by ét al. (1998) to include liquid water convection
that calculates the hydraulic pressure gradieatsimple linear difference of water
pressure between the electrodes. Thirumataal. (1997) have developed a

PEMFC stack model based on the unit cell model giiyénet al. (1993). They
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studied the effects of pressure drop and temperatigtribution in the flow fields

of a PEMFC stack operation.

Fuller, T. F. and Newman, J. S., (1993) developed a pseudo-(1+1)-dimensional,
diffusion-type mass transport model for the MEAheTregions of the PEMFC
modeled were membrane, anode and cathode. Thetraasport in the MEA of
this model is based on concentrated solution thédegvmanet al, 2004). All
relevant interactions between the individual speciaside the polymeric
membrane were accounted for writing the flux eaqurati This approach is similar
to the one proposed by Pintaugb al. (1984), which expresses thermodynamic
driving forces in terms frictional interactions Ween individual species and
represents the corresponding thermodynamic friatiooefficients in the form of
measurable transport parameters. The effect ah#mabrane hydration on the cell
current densities was analysed and it was showndhiic losses increase at

higher current densities.

Gurau, V., Liu, H. and Kakac, S., (1998) developed a two-dimensional, non-
isothermal transport model for a PEMFC. The maedelsiders the combination of
different layers as a single computational domaihereby avoiding the
complexities of internal boundary conditions at pament interfaces within the
MEA. It employs the generalised forms of Schlégguation for defining the
PEM phase species fluxes, which additionally actéemthe electro-osmotic and
migration terms for water and proton transportspeetvely. Analysed
phenomena include the variations in membrane liguater velocity fields, which

show the balance between the electro-osmotic drdghgdraulic fluxes with cell
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current densities. The model explains the chamgerole fractions of species

based on the limiting current densities at therfates.

Thampan, T., Malhotra, S., Tang, H. and Datta, R. (2000) presented a steady
state model for the PEM layer transport. The ptalsapproach for such a
representation has been based on percolation thelmgnsport of protons in the
presence of water vapour or liquid occurs in thenfof hydronium ion complexes
by diffusion, theGrotthussmechanism, and convection (liquid saturated flow).
Generalised Stefan-Maxwell equations were usedlice Sor mass transport in a
multicomponent membrane. Membrane water contestbegn modeled using a

multiple finite layers BET model with empiricallitted parameters.

Details of variations in the membrane conductiwith water content and
temperature have been presented for both vapouligumd phase flows. The
model shows that membrane ionic conductivity in pinesence of water vapour
increases with an increase in membrane hydratiah tamperature but drops
quickly at low relative humidities (< 20 %). Ingltase of liquid water saturated
Nafion®, the ionic conductivity was found to be greateartithat of the water
vapour saturated one and the reason for which &es httributed to th¥ehicle
mechanism of proton transport at high temperaturéiswas also shown that
conventional PEMs of NafiShare not suitable for operating at high temperature
(> 373 K) with fixed partial pressures of water gap at ambient humidification
temperatures (~333 K). The conductivity of the rbeame in this case drops a

couple of orders of magnitude.
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+ Weber, A. Z. and Newman, J., (2004b-c) developed a steady state, one-
dimensional, isothermal, diffusion-hydraulic comndtion type transport model for
a PEM and have embedded it in a simple pseudo-{dinignsional fuel cell
model investigating the water management aspecthdnthrough-plane MEA
sandwich and that along-the-channel. The pro@msport in the vapour phase has
been described in terms of hydronium ion complexes the Grotthuss
mechanism. The mathematical approach for the maslebased on the
concentrated solution theory. The two mechanismsdiffusion-hydraulic
transport (liquid and vapour phase) in the PEMcamabined by using a capillary
framework that is based on the fraction of expandea@hnels in the two-phase

domain.

By expressing the water content in the membrané hha been saturated
between vapour and liquid phases, the authors hkeseribed the complex
phenomena of Schroeder’'s paradox: The differencevater uptake by a PEM
between the one in vapour saturated state and tthex with liquid saturated
(Weberet al, 2003). The model also shows the temperaturendigpey of water
uptake and the corresponding effects on the PEMsp@t properties such as ionic
conductivity and transport coefficientWeberet al. (2004c) have extended the
model to account for the realistic and complex pineenon such as swelling
constraint on the membrane and simulated the memabeyer mass transport. It
revealed that constrained membrane water uptalseafiadi the corresponding water
balance studies show that swelling constraint tsiadly beneficial for fuel cell

water management, avoiding flooding of the cathode.
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2.4 Influence of External Design Aspects on Anisotropy in Mass Transport
Anisotropy in mass transport significantly affetite cell performance. A vital
factor influencing the cause of anisotropy in maassport across the MEA is the
external design factors such as the aspect ratichafnel to land in the flow field
plate. Westet al. (1996) applied the multicomponent vapour phasaspart
framework of Fulleret al. (1993) to a two-dimensional, cross-the-channembrane-
cathode model and have investigated the influehtand spacing on the performance
of the hypothetical membrane-cathode half celiwds revealed that the anisotropy in
mass transport at the membrane-cathode PTL ing@ateincrease in the land width.
They observed that the membrane water contentasesein the portion of a MEA
under the land (with the increase in the land Widiid the deviations in local current
densities were found to be nearly 20%. A limitatiwith their model is that it is
estimates the membrane water content based on airicah expression and
overestimates the transport properties such ag@lesmotic drag coefficient and the
PEM conductivity. Also the thickness of cathodéwvaclayer was considered to be
zero, which can overestimate the reaction rateses& shortcomings may implicate
misjudging the local current densities and corregptg conductive losses in the

membrane.

Natarajanet al. (2001) developed a two-dimensional, two-phasessztbe-
channel transient model of a PEMFC cathode half délinherited the properties of
the multicomponent transport model of &tial. (1999) and investigated the influence
of land sizing and geometry on the performanceattiade half cell. It was observed

that at higher cathode overpotentials, liquid watkscharge is vital for the
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performance of oxygen reduction reaction. Theyo adudied the effects of
temperature and the gas diffusion layer (or PTigkitess in influencing liquid water
discharge from cathode. It was revealed that #rinporous transport layers (10
microns) showed better current densities at low rmoderate cathode overpotentials
(= 03V -05V). However, a limitation with their model is thiwe catalyst layer is
infinitely-thin, which can over predict local cuntedensities. Also, their modelling
framework did not consider for observing the immineffects of the flow field plate

influenced anisotropy in the membrane layer.

Domain In-plane Width [X]

Figure 2.8: Schematic of a cathode half-cell modelling domain

Sunet al. (2005a) have investigated the effects of issuasieg the anisotropy
in the mass transport. Their model is also a timeedsional, cross-the-channel model
of a catalyst layer bonded to the cathode PTL eigeometry of which is much more
detailed. In essence, the catalyst layer of thdehis an agglomerate structure, which
has a thickness of obm. Figure 2.8 illustrates the geometry and the maational
domain of Suret al. (2005a) model. They have shown that local curdamsities
depend on the nominal cathode overpotentials (N&1d)the aspect ratios of channel-
to-land. The NCO can be defined as a potentiderdihce between the solid phase

(PTL) electric potentialp, and the protonic potentiatp in the PEM phase (Sust
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al., 2005a). The operating cell voltage can be obthiny subtracting the NCO from

the open circuit cell potential (the cell potentiakzero current).

The results by Sumt al. (2005a) revealed that the maximum in the local
current density shifts from the regions under trallto the regions under the channel
with increase in NCO. At a low NCO of 0.3 V, theaximum in the local current
density was shown to occur in the region under ldmd. The corresponding
phenomenon implies that oxygen diffusion is naata fimiting factor. Although their
model does not include the PEM layer mass transpogilausible reason for the
increase in proton conduction in the regions underland can be the increase in the
membrane water content in the regions under the [&4 moderate and high NCOs of
0.5V and 0.7 V respectively, the maximum in curmensity shifts gradually towards
the regions under the channel. This indicates @ihatigh NCOs oxygen diffusion

affects the reaction rate.

The effect of channel-to-land configurations oa thcal current densities has
been revealed by Swat al. (2005b). A channel-to-land ratio of 2:1 at a NGI@®.6 V
has shown a 7% increase in the average currenitylef®ve that with 1:1 aspect
ratio. The increase in the current density has laibuted to the rapid diffusion of
oxygen towards the regions under the channel.o&tNCOs & 03V ), the increase
in channel to land ratio has no effect on the aye@irrent density but the decrease in
the ratio has affected the average current detwsitiecrease slightly. A reason for the
latter effect can be the decrease in the areaedhtid, which is critical for the electron

conduction.
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Kumaret al. (2003) have investigated the issues relating eédltw field plate
designs at the anode half-cell. They have showantttese factors contribute towards
the anisotropy in the mass transport near the an8itece it is known that the anodic
hydrogen oxidation reaction is much faster when gam®d to the cathodic oxygen
reduction reaction, the issues of the anisotropssriransport in the anode may not

significantly contribute towards the cell perforraan

2.5 Summary

Several mathematical models have been proposettillieg mass transport
across the membrane (Springéral, 1991; Bernardet al, 1992; Fulleret al, 1993)
but none of those have explained both vapour apddiphase mass transport. More
recently, Webeget al. (2004) have developed the PEM mass transport muadéth
described both vapour and liquid phase transpatttéenmembrane and has also taken
into account the geometrical factors such as memabsavelling and the corresponding
mechanical limitations. Their model is very usefulstudying the cell performance
with wide-ranging inlet conditions and analyzinganeealistic situations such as
mechanical effects on the MEA (such as stress tsffes the water swollen PEM).
The model by Webeet al. (2004) is one-dimensional in the PEM, which does n
allow studying the effects of anisotropy in the mdsnsport at membrane-PTL

boundatries.

A two-dimensional cross-the-channel model of ta#nade half-cell by West
al. (1996) investigates the influence of channel talleatios on the cell performance,
but it over estimates the transport properties agklectro-osmotic drag coefficient

and local current densities. Sanhal. (2005a) model is detailed in catalyst layer and
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PTLs but it does not model the mass transport enniembrane layer. Hence, their
framework does not allow for observing the relevaffects of flow field plate

configurations on the mass transport and condudbtigses inside the membrane.
Perhaps it is much more vital to study how the meamé layer mass transport is
influenced by the anisotropic conditions in thequsr transport layers resulting from

flow field plate design limitations.
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3. MODELLING MASS TRANSPORT IN THE MEMBRANE

3.1 Introduction

The purpose of this chapter is to describe the emadttical equations governing
the transport phenomena inside the PEM layer oEBIFRC. The approach adopted
and developed in this chapter is a rigorous matkieatdramework that supports the
computational algorithm for achieving the objecsivéhe current work. The
multicomponent framework of a diffusion-hydrauliodel was set using concentrated
solution theory of Newmaset al. (2004). The frictional coefficients of interaatio
between the individual species in the PEM phase heen expressed in terms of
transport properties. This approach is the sinidawne given by Fulleet al. (1992).
The capillary equations of Webet al. (2004) have been utilised for explaining the
governing equations of the combination type diffmshydraulic model. This sort of
framework allows for analysing the PEM phase mumiponent system and the
corresponding transport parameters with wide-rapgiomidification schemes. The
physical approach described in section 2.2 provikdesypothetical explanation of the
proton-water transport modes in vapour and liquausted phases of PEM and
supports expressing membrane transport parametensas PEM ionic conductivity

based on the membrane water content.

It is crucial that PEM phase mass transport madeluld also account for

realistic situations such as mechanical stresstsffan the PEM that are influenced by
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the architecture the fuel cell. The approach ob#/et al. (2004c) will be followed
for to account for such effects when calculating tiembrane transport properties and

analysing the relevant implications on membraneendistribution.

3.2 Multicomponent Transport in the PEM
3.2.1 Vapour Phase Transport Modelling
According to Newmaret al. (2004), mass transport in a concentrated system

(such as polymer electrolytes) occurs because efdtiiving forces acting on the
individual species. The relevant interactions leetvthe individual species of such
system play a vital role in balancing these forcéstransport framework based on
concentrated solution theory considers the relewvdatactions between the species in
the PEM phase and accounts for all the significaiving forces that are responsible

for transport of hydrogen ions and water acros$tai!.

In multicomponent solutions such as the one inRE#M, the movement of
hydrogen ions and water molecules is relative ¢éostlationary sulfonate groups (§O
of the PEM. The membrane has to be assumed asial#tg neutral where the
number of protons equals the number of sulfoniagdth sites and the interactions
between the components (hydrogen ion, water, andbrane charged sites) become
important for calculating the driving forces of masansport. All driving forces of
mass transport are highly dependent on the trangpoperties of the PEM. The
primary driving force causing protonic transporttige protonic potential gradient
across the membrane and the secondary cause fimnjordlux is the proton-water
interactions in the electro-osmotic drag of watesleoules. These driving forces

increasingly depend on factors such as membraneoaducting ability, the PEM
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hydration state, and electro-osmotic drag coefficaf water molecules. On the other
hand, water transport occurs in the form of eleosmotic flow with the proton
migration from anode to cathode. If there are ahgnucal potential or pressure

gradients between the electrodes, it also occutiseiriorm of diffusion or convection,

respectively.

The general form of the multicomponent diffusion uatipn within
concentrated solution theory expresses the drifdragges for mass transport in terms of

species velocities, given by Newmeainal. (2004) as

C.C;

c Uy, ZZn:Kij (Vj -V)) :RTi (Vj -V;) (3.1)

J#i j#i ]
where
¢, = the concentration of specieBnol/cnt],

K, = the frictional coefficient of interaction betwespecies andj [J-s/cm],

J

7; = the binary diffusion interaction coefficienttimle PEM phase [cfts),

L. = the electrochemical potential of spedi¢¥mol],

R = universal gas constant [J/mol-K],
T =temperature [K],

v, = the velocity of speciascm/s],

and where

B RT(;cj

i coa (3.2)
i
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=X (3.3)

According to Newton’s third law, for every actiohete is an equal and opposite

reaction, =2, andK; =K, (Onsager, 1931, Newma al, 2004).

Equation (3.1) can be modified so that speciescitgds can be expressed in

terms of driving forces:

O =RTY_ M, (v, -Vv,), (3.4)
j=1

where

M; = the modified friction coefficient of specieandj, [J-s/cm], and

v, = the reference velocity, the velocity of sulfagtoupsy,, = 0

and where
My =Ky, (12 ), (3.5)
M; =K; _ZKik . (3.6)
K

Applying equation (3.4) to the system of hydrogens, water vapour and
charged sites in a PEM gives the equations foridnell driving forces acting on

individual species in terms of the species velesiti

c,0u, =RT[M., (v, =V, )+ M (vo = V,)], (3.7)
COD:uO = RT[M OO(VO _Vm) + Iv|0+ (V+ _Vm)]! (38)
CmD:um = RT[M m+ (V+ - Vm) + M mO(VO - Vm)]’ (39)

where subscriptst, 0, m represent protons, water, and membrane charged sit

respectively.
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Given a system ofn equations in the form of equation (3.4), onh~1
equations andl/2n(n-1) transport coefficients are needed to fully descrihe
multicomponent transport (Newmah al, 2004). Hence, in equations (3.7) and (3.8)
there are two independent velocity differences, tmdependent gradients of
electrochemical potentials and three transport fimbefts that describe the mass
transport equations in a PEM. Using the membraiecig as a reference, equation
(3.7) and (3.8) can be expressed in terms of timelgendent variables. Using vector-

matrix notation, the velocity differences are gilsn
V, -V c.0 M M, 1"
+ m | _ i + :u+ ++ +0 ] (310)
Vo~V RT | ¢ Ui, Mo, Mg
In general, equation (3.6) can be expressed as,

Vi=Vn = _Z Ly D (3.11)

k#m

where, the inverted frictional coefficients, 's are given by

L=-(M)",
L L - M -M

or,| 7 = 1 % o, (3.12)
Lo.  Loo M. Mg =M Mg, [-Mo. M,

Since the reference velocity (membrane velooity)equals zero, equation (3.11)

can be used to determine the molar fluxes of spedie a PEM. Consequently, the

molar fluxes of protons and water can be expreased
N, =c,v, =—c2L,,0u, —c,c,L,,0x, (3.13)
and N, =c,Vv, =—C,C, Lo, O, —c2Ly0x, (3.14)

respectively.
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Fuller (1992) explained the methodology for caltaig the inverted frictional
coefficients shown in equation (3.13) and (3.14)terms of measurable transport
properties. Consider a case where a PEM has hlmpelbeated with water and has
uniform water concentration throughout. For tlyiget of flow, the protonic flux can

be expressed as,

N+ :C+V+ :_C3L++|:|/u+’ (315)
giving -L,, = N, (3.16)
o0, '

For this system of uniform compositions, the eledtemical potential gradient of all
species reduces to a function of the potentialigrad

Oy, =z, FOD, (3.17)

where® = potential [V]. By substituting equation (3.1&0)d protonic flux,N, ZIE’

into equation (3.16), one gets the following expias.

=N -1 (3.18)
CCO(FP)  cF200

++

According to Ohm’s law, for a solution of unifornoraposition, current in the
solution is directly proportional to the negatividloe potential gradient.

i=-k 00, (3.19)
where k = the conductivity of the PEM [S/cm]. Substitgfiequation (3.19) into

equation (3.18) gives

L,, = . (3.20)
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In the case where minute current is passed thraugiembrane that has been
saturated with a uniform concentration of watee, ¢ékectro-osmotic drag flow of water
can be expressed as

Ny =CoVo = —CoC, Lo, Uit , (3.21)

N

iving L, =———2
g g ° CO(::+|:|,u+

(3.22)

The electro-osmotic drag coefficient is defined the number of water
molecules induced (dragged) by each proton movangsa a membrane (from anode
to cathode) that has no concentration gradientaiemw The electro-osmotic drag of

water in the membrane occurs in the direction ofgric flux and can be expressed as
i=-2 (3.23)

where & = electro-osmotic drag coefficient. Substitutinguation (3.23) and (3.19)

into equation (3.22) gives

Ly, =-——S1 =K | (3.24)
c,c.,F°U®d F-cye,

When no current flows, the protonic flux becomesozbut the gradient in
chemical potential of water still promotes the flamk water from regions of high
concentration to regions of low concentration i ttmembrane. Settitg, = ,0

equations (3.20), (3.24) and equation (3.13) give

Oy, = €04, (3.25)
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The flux of water is governed by Fick's Law of difion which relates water

flux to the chemical potential gradieN, = -a,[y,, which when substituted into
equation (3.14) gives

a, Oy —CoC, Lo, O, = 2Ly, (3.26)
a, is the transport coefficient [nfdd-cm-s] of water vapour. Substituting equations

(3.24) and (3.25) into equation (3.26) gives

Loy :i(a N J (3.27)

Thus, equations (3.20), (3.24) and (3.27) relateLif's to transport properties:
the membrane conductivify), the electro-osmotic drag coefficient of wa{é) and
the transport (diffusion) coefficient of wat@r). Substituting equations (3.20), (3.24)

and (3.27) into equations (3.13) and (3.14), théamitux of hydrogen ions and water

vapour can be calculated as

i =k, 00— 54 0 and (3.28)
Kk, &, 00 K, &2
N, = —%—(av + ;2" ]D,uo, (3.29)

where transport propertiesy,, ,¢,,anda, are for the gaseous phase. A material

balance on specié®ver a control volumaV in the PEM gives

%:_DmiJrR _ (3.30)

where R is the rate of generation of spediés the PEM phase.
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As the flow is steady-state, and there are no manaphase reactions, water
in the membrane phase remains conserved. Equ@&tidn) applied for water balance

becomes:

OIN, = 0. (3.31)

Since the membrane must remain electrically newarent in the membrane
is conserved and is constrained by

Oli =0. (3.32)

Equations (3.28), (3.29), (3.31) and (3.32) déscmulticomponent transport
in a PEM that is equilibrated with water vapour lolat not account for any mass
transport that occurs in the form of bulk phaseraytic flux. Hence, these equations

are valid only for a PEM where there are water vamhemical potential gradients.

3.2.2 Liquid Phase Transport Modelling

In the case of a PEM that has been saturatedligitid water, the hydraulic
flux of liquid water can be calculated using Dascylaw which expresses the
convective flux of water in terms of liquid pressradient and absolute permeability.
This approach is similar to the one given in thenbene transport model by Weber
et al. (2004). In this case, the gradient in chemicakptal for water in equations

(3.28) and (3.29) can be written as
O, = RTOIna, +V,0Op, , (3.33)
where

a, = activity of water vapour,

— . — M
V, = the partial molar volume of water [étmol],vO =2

0

, and
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p, = pressure of liquid water [bar].
When the membrane is equilibrated with saturatguaidi water @, = ) and equation
(3.33) reduces to that of pressure gradient term:

O, =V,0p, . (3.34)

Darcy’s Law relates the hydraulic flux of liquidater to the pressure gradient
and is expressed as

N, =-a,V,0p,, (3.35)

wherea, is the transport coefficient of liquid water [rfidkcm-s].

The liquid phase water transport in the membraae be described by
substituting equations (3.34) and (3.35) into eigua(3.14), which lead to a set of

equations similar to equations (3.28) and (3.29):

i = -k OO —KLT{L\TODpL (3.36)

2

NO = —@_(GL + KLiL }Z)DPL (337)
F F

where the subscript ™ indicates the liquid phase. The systems of eqnat(3.36) and

(3.37) are valid for the membrane that has beeoraad with liquid water of

pressures greater than 0.75 bar, that which isnetjto expand all the ionic pathways

channels for liquid water flow.

3.2.3 Simultaneous Vapour and Liquid Phase Trartddodelling
For the case where the PEM is in transition betvesgpour and fully liquid
saturated states, the component fluxes are cadcutatsed on the capillary framework

of Weberet al. (2004). This methodology uses the critical radiighe expanded
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channels (pores) for calculating the fraction opaxded channels that have radii
greater than the critical radius. The channelssghadii are less than that of critical
radius are denoted as the collapsed channels (hydlbocc PTFE surrounded ionic
pathways of less concentrated sulfonic acid sitbspugh which vapour phase
transport occurs.

The capillary equation given by Websdral. (2004) is used for calculating the

critical radius €,) of the channel and is expressed in terms ofdiguater pressure and

the surface tension of water:

r, = -2/ 0. (3.38)

P

where

y = the surface tension of water [N/cm],
6 = the channel contact angle [degrees], and

r. = the critical radius of the channel [nm].

Ascertaining a value for the channel contact aighery complicated and an
exact value is not readily available in the litarat Following Webeet al. (2004a), a
value of 6 =9002° was used in this work. This value represents amwvalue of the
ones deduced by Webet al. (2004a) from the PEM water uptake experimentah dat

of Meyers (1998) and Cappadomiaal. (1995).

The expression for calculating the fraction of &xged channels given by
Weberet al. (2004a) was found by integrating the channel dig&ibution from the
critical radius to infinity. It is to be noted thancertainty involved in modelling the

fraction of expanded channels involving nanostmaguin macroscopic membrane
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domain has not been accounted. The equation foulaéing the fraction of expanded

channels is given as

_1 Inr, —In(1.25)
S—E[l erf(—o.?’\/E ﬂ (3.39)

where
S = fraction of expanded channels, and

erf = error function.

1.0

0.8 |-

0.6 |-

04 |-

Fraction of Expanded ChannelsS

0.2 |-

0.0 1 1 | 1 | 1 | 1
0.0 0.2 0.4 0.6 0.8 1.0

Liquid Water Pressure, p, [bar]

Figure 3.1: Fraction of expanded channels versugjuid water pressure
Figure 3.1, generated using equations (3.38) &) shows the fraction of
expanded channels calculated as a function ofdiguater pressures and temperature
(T =35315K). It has been found in the present work thatqaidi pressure of

p, = 015 bar will not have enough hydraulic force to expati@ channels.

Consequently, the transport through these collapsadnels occurs in a vapour phase.
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When liquid pressures reach approximatelp, = Orar, liquid transport
completely dominates. The same was also obsenrv®ddberet al. (2004). When the
mass transport inside the PEM is dominated by digoihase, the PEM transport
properties change due to their functional depergl@mcthe membrane water content

(A) and temperature.

Equation (3.39), the fraction of expanded chanr{&3 at a given critical

radius (.) allows to compute the component of molar fluxtriisited in the liquid

phase. The remaining portion of the molar fluxriisited in the in the vapour phase
occurs through the collapsed channels. The expresdor calculating the species

fluxes are as follows:

vav
e D,UOJ (3.40)

i = S(—KLD(D - KLF‘rL \TODpL] + (- S)(— K, 00 -

2
N, = S(——KL{ED(D —(O'L + K;C,:L }Z}DpLJ

+(1—S)(— KV‘?:DCD (a SRS ]D,uOJ

(3.41)

The multicomponent transport inside a PEM can hewdescribed for wide-
ranging humidifying conditions where water mightsexither in vapour and/or liquid
phases. For the vapour saturated PEM, the fractioexpanded channels becomes
zero and equations (3.40) and (3.41) reduce totiemsa(3.28) and (3.29). In the case
of the PEM which is saturated with liquid waterahghout, the fraction of expanded
channels is unity and equations (3.40) and (3.£&Lpime that of only liquid phase

transport. For a PEM that is equilibrated with tbatapour and liquid phases,
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equations (3.40) and (3.41) remain the same andréicon of expanded channels
becomes vital in calculating the molar fluxes a# tomponents. In this case, it has to

be noted that the number of unknown dependenthlesg®, 1/, andp, ) exceed the

number of given equations (3.40) and (3.41) andisglsuch a system is not possible.

Hence, the driving forcel{x,) within the vapour phase has been assumed to be

balanced by the one of liquid phasé,{p, ), which is similar to equation (3.34).

Equations (3.40) and (3.41) are valid for all theases in the PEM and the transport

properties are calculated with respect to theiividdal phases.

3.3 Calculation of the Membrane Water Content

It is necessary to understand how the membranerwantent varies between
the PEM equilibrated with water vapour and liquictar. It is known from the
physical explanation provided in chapter 2 thatsrtesnsport through the PEM phase
is strongly based on its hydration state. The spart properties such as ionic
conductivity («), electro-osmotic drag coefficien¥ | and the transport coefficient
(a) appearing in equations (3.40) and (3.41) varphie amount of water uptake by

the PEM.

3.3.1 Water Vapour Uptake by a PEM System

The membrane water conteht,is the ratio of the number of moles of water
molecules to that of sulfonic acid sites. Zawodkiret al. (1991) measured the
membrane vapour water contefjt, at T =303K and showed that it has a strong
functional dependence on the water vapour activitheir water content data varied

little between water activities of 0.15 and 0.7%l ahe corresponding values df
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were between 2 and 6. The maximum valuedpfin a vapour saturated PEM was

found to be 14. Springet al. (1991) fitted Zawodzinski's (1991) data &t= 303K

to a polynomial to give an isotherm Ay as a function of activityd,). In Springer’s
correlation, the hydration state of the membraneaesafrom A, = O for a dry
membrane tod, =14 03or a vapour saturated membran& &30315K . However,
the membrane water uptake isotherm by Sprirgex. (1991) atT =30315K might

not actually represent the water vapour uptake Hey REM at fuel cell operating

temperatureT <373K).

It is not realistic to approximate water conteatsvater activities lower than
required for ion conduction. Also the physical aggzh of percolation theory
described in the previous chapter does not allancédculating the membrane ionic
conductivities in sub-percolation threshold watelvated PEMs. Furthermore, in an
ion conducting membrane, charged sites are alwayadto a fixed amount of water

that allows proton transfer (Hst al, 1980; Futerket al, 1999).

Calculation of the membrane water content basedthen cell operating
temperature is also very vital for estimating thensport properties. Experimental

data by Hinatswet al. (1994) revealed that in the vapour pha&g,decreases with an
increase in temperature. Thus, a model is requepredict A, based on the cell

temperature and the membrane water activity.

The thermodynamic model by Futerko al. (1999) calculates the membrane
water content as a function of activity and tempera It assumes that protons are in

equilibrium with the water in the hydronium ion cplex. The principal basis for this
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model is that the transfer of protons in a watgroua solvated PEM occurs in the form
of H,0"complexes. The same has been shown by lwagetab (2002) through their
experimental investigations. The proton-transéaction given by Futerko is shown
by equation (3.42),

~SO,H +H,0(m) - [-SO, IMH,0]. (3.42)

The model by Futerket al. (1999) uses the Flory-Huggins thermodynamic
solution theory for calculating the water vapoutake by Nafioff 117 at various fuel
cell temperatures. According to the Flory-Huggmedel, the activity of water
vapour, calculated as a function of membrane wadstent is given as

a, = (1—@)%;{[1—%]@ +XF¢122} (3.43)

\%

where

r, = the ratio of molar volumes of the membrane atdest, r, = VT‘“
(o]
: ry + A,
@, = the volume fraction of membrane-water sysigns PSR
r.V
Xe = the Flory interaction parameter,
A. = the bound water content in the hydronium ion plax, and

V_ = the partial molar volume of a dry membrane jenol], vV, = ﬂ

m,0

Following the analysis of Futerlet al. (1999), the bound water content in the

hydronium ion complex}., can be obtained by finding the equilibrium constir
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the proton-transfer reaction given by equation4B.4The equilibrium constank, is
related to water activity as follows:

K= le (3.44)

T -Aag

The temperature dependence of the equilibriumtaobhfas been given as,

22400} | (3.45)

K,(T)= (0.0256 ex;{ —

where the proton-transfer enthalpy of 22.4 kJ/msolor the reaction in a mixture of
H,SO, and HO (Futerkoet al, 1999).

The Flory interaction parameter, calculated asftimetion of temperature, is
expressed as:

1056 [ 2180
x-(T)=1.936 ( = ) (3.46)

Using equations (3.43) and (3.44) with the equilim constant given in
equation (3.45) and the Flory interaction paramefigen in equation (3.46), the
membrane water content can be expressed as adiumdtiemperature and computed

using a Newton-Raphson method.

Figure 3.2 shows the experimental and compute@nwapour uptake by a
PEM at two different operating temperatures. it ba observed that the water content
in the membrane at a fixed activity decreases teithperature. The calculated data of
the water vapour uptake by the PEM has been vatidaith the experimental data of
Hinatsuet al. (1994) at 80°C. It also matches closely with daga of Zawodzinsket

al. (1991) at 30°C.
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Figure 3.2: Plot of activity as a function of the rmbrane water content obtained
using Flory-Huggins thermodynamic model.

The water uptake by a PEM equilibrated with watgsour differs from that of
liquid saturated one. According to the Flory-Hugggimodel, the decrease in water
content with increasing temperature can be ascribelde exothermic heat of mixing
(= 2kJ/mol) from the weaker interactions between sulfoniadagioups and water
molecules. Conversely, the endothermic heat ofrgik2 kJ/mol) for the interactions
between liquid water and sulfonic acid groups exglavhy liquid water uptake
increases at high temperatures (Futexkal, 1999). Perhaps this can give a possible

explanation to Schroeder’s paradox shown by PEMs.
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3.3.2 Simultaneous Vapour and Liquid Water Uptake PEM System

In the case of a PEM that is saturated with liqwater throughout, the water
content, A, , has been assumed to remain constant at a vak (@awodzinsket al,
1993a; Zawodzinsket al, 1993b). For the case where a membrane is neither
completely vapour nor fully liquid saturated, watentent is calculated based on the
concept of the fraction of expanded channels asudged previously (Webet al,
2004). The equation for calculatiny in this state is as follows:

A=A| L +(A -A)S, (3.47)

a=1
where

)I\,|a:l = water content in the PEM at unit activity, and

A, = water content in liquid saturated membrahes . 22

3.4 Calculation of the PEM Transport Properties

The membrane transport properties such as elestrmtic drag coefficient
(), ionic conductivity ¢ ) and transport coefficienta() found in proton and water
flux equations (3.35) and (3.36) play a significasie in determining the PEM phase
transport by balancing the individual driving foscef transport. These transport
properties are calculated based on the membraner wahten{1) and temperature,
and are mechanism dependent. Further, these weuldeful in analysing the effects

of anisotropy in mass transport at the PEM-cath®be interface.

3.4.1 Electro-Osmotic Drag Coefficient
The electro-osmotic drag coefficient signifiesratpn induced water flux from

anode to cathode. Estimation of this parametenportant because, in a good water
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management scheme, electro-osmotic flux is oughtbdatance the diffusive or
hydraulic water flux occurring from cathode to aeod The electro-osmotic drag
coefficient differs considerably for liquid and \ap water. Thus two correlations are

used from literature, both founded upon experinientaences.

3.4.1.1 Vapour Phase Drag Coefficient

The experimental data of Zawodzinski al. (1995) show that the drag
coefficient for vapour phase protonic transportNafion 117 remains constant at
¢, =1 with water content4, ) ranging between 1.4 and 14Tt 303K . It has also
been suggested that the drag coefficient is ndtoag function of membrane micro-
structure. The temperature dependence of dradiadeat is not available in the

literature. Thus, in this work, The electro-osmotirag coefficient, , of water

vapour in the PEM has been fixed to a value ofyuanitd remains constant throughout.

3.4.1.2 Liquid Phase Drag Coefficient

In the case of liquid phase transport, Zawodzieshkil. (1995) have shown that
the drag coefficieng, , for a liquid saturated PEM is 2.55. Okaefaal. (1998)
experimentally measured liquid water drag with gieeaming potential method and
showed that it increases frodp = 24 298 K toé, = 32at 353 K. The reason for

the increase in drag coefficient for liquid phasevfcan be attributed to the bulk phase
convection of liquid water through the expandedncieds (Renet al, 2001). The
increase may also be due to the stronger interecbetween protons and liquid water
molecules than the ones between protons and waj@ouv. Ren and Gottesfeld
(2001) have ascribed the temperature dependencéheofelectro-osmotic drag

coefficient to the change in proton transfer mearan which shifts with from the
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Grotthuss mechanism at low temperatures to tWehicle mechanism at high

temperatures. The effect of equivalent weight lo& ¢lectro-osmotic drag is also
evident from their experimental investigations, ethshow that the drag coefficient
increases with decrease in equivalent weight. dpmeling reason for this can be the
increase in the size of water solvated ionic chssite PEMs of low equivalent weights,

which favours proton movements (Hsual, 1982).

The temperature dependent electro-osmotic drafficeat of liquid water has
been calculated using the correlation proposed bhéhét al. (2004a) which is based
on the above mentioned experimental results argivisn in equation (3.48). The
temperature dependence is based on Arrhenius exkpmeshere the activation energy
of 4 kJ is the amount of energy needed to breakhydrogen bond in a water

equilibrated PEM (Webeat al, 2004a).

_ 40000 1 1
& = 255ex;{ S ( » TH (3.48)

Note that equation (3.48) suggests that the valuéh® drag coefficient remains
constant at a given temperature and was correfated experimental data for the

1100 equivalent weight NafiSrseries membrane.

3.4.2 Conductivity of a Nafion Membrane

As described earlier in the physical approach efcplation theory, the
conductivity of the Nafiofi is a strong function of water volume fraction desithe
PEM. According to the percolation theory by Hsual. (1980), the ion conducting
nature of Nafiofi can be evident when it absorbs certain amountrwestpour that

helps in solvating the charged sites and settiegiritial ion conducting pathways.
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This threshold volume fraction of water for the niame ionic conductivity is 0.06
for the vapour solvated membrane and correspondls*®. This amount of water
remains fixed throughout the PEM and is sometineesiéd as immobile or bound
water (Futerkeet al, 1999). Hence, the conductivity of the PEM caalistically be
computable once the membrane attains the percoltdtieshold. The expression for

calculating ionic conductivity, given by Hst al. (1980) is,

K=K,(f-"1)", (3.49)
where
K, = prefactor constant (for Nafiok, = 05
_ | AV,
f = volume fraction of water in the PEM, = ———,
V. + AV,

f, = threshold volume fraction of water, and

n = critical exponent for percolative systemyz 15.

Equation (3.50) is a generalised form that cateslahe ionic conductivity
through both collapsed and expanded channels d?EM (vapour and liquid phases).
This expression for calculating the PEM ionic coctdaty given by Weberet al.
(20044a) holds good for both vapour and liquid phasé& conductivities. In the case
of liquid phase membrane conductivity, the watdunw fraction varies to the power
of 1.5 (Weberet al, 2004a) and the expression for which is analogmughe
percolation model equation (3.49). Equation (3&®ws that the activation energy of
15 kJ is for botlGrotthussandVehiclemechanisms, which are predominant modes of

proton-water transport through vapour and liquidg®s of the PEM respectively.
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The reason why equation (3.50) shows a constantiuobivity beyond at fixed

temperature beyond = 045 can be explained based on the experimental stigies

Gebel et al. (1993), which say that the conductivity of Naffonemains constant

between water volume fractions éf= 045 and f = 0.8, and that the PEM dissolves

in water thereafter.

As the conductivity is a strong function of wateintent (through water volume
fraction), it is higher in the PEM saturated withulid water than in the one saturated
with water vapour. Also, the membrane conductiinitypoth vapour and liquid phases
increases with increasing temperature and decigpasjnivalent weights. The reason
for increasing conductivity with increase in tengiare is somewhat similar to the
explanation provided for the electro-osmotic dragfficient: when the temperature
increases, th&ehiclemechanism of proton-water transport through thi& phase of
liquid becomes a dominant mode of proton-waterspan (Thamparet al, 2000;

Weberet al, 2003).

3.4.3 Transport Coefficient

The transport coefficient differs considerablywapour and liquid phase flows.
It is mechanism dependent, which obeys Fick’s lamwfater vapour through the ionic
pathways (or collapsed channels) and Darcy’s law signifying the bulk phase

hydraulic convection through the expanded channels.
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3.4.3.1 Vapour Phase Transport Coefficient

For the vapour phase diffusion through the mendyrtire transport coefficient

in Fick's Law becomes a crucial parameter in deteimg the diffusion of water

across the PEM. The transport coefficientgiven by Weberet al. (2004a) is a

function of the diffusion coefficient, concentratiand mole fraction of water vapour:

c,y D
a, =Wk (3.51)
RTAL- X,y )

where

C,v = the concentration of water [mol/&n

D,, = the diffusion coefficient of water vapour [hs,

Xov = the mole fraction of water vapour,

and where
Coy = # (3.52)
D, =18x107f, ex;{%o[i —%H , and (3.53)
Xov = /]j\il-l' (3.54)

3.4.3.2 Liquid Phase Transport Coefficient

For the bulk phase hydraulic flux through the exged channels, the transport

coefficient in equation (3.35) for Darcy’s Law isfunction of absolute permeability

and temperature. The equation given by Weber'§4ap model for calculating the

liquid phase membrane transport coefficient isoiews:
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ke (£
a, _W(hj , (3.55)

where

k.., = absolute permeability [cTh
U = viscosity of water [bar-s], and

f_ = volume fraction of water at = 22

The absolute permeabilityk. ., of this expression becomes an important

sat?

parameter governing the back water hydraulic flasoss the PEM (from cathode to

anode). The value ok_, in the literature (Verbrugget al, 1990; Bernardet al,

sat

1992; Weberet al, 2004) varies by several of orders of magnitudrairther, it has

been assumed that the value lQf,can be fitted in the range between a maximum

value of Verbruggeet al. (1990): 158x10**cn? and a minimum of Webeet al.

(2004b):4.7x10%cnf. A value ofk_, = 1.8x10™ cn¥ by Bernardi has been chosen

for modelling. The value ok_, strongly affects the back water convection of iliqu

sat
water. In order to maintain the net water fluxe@to-osmotic drag + water back
diffusion or convection) across the PEM near tmzarmodification of this parameter
(governing the liquid phase transport coefficiangy be required to manage a balance
between the individual driving forces of water spart. A table summarising the
membrane layer physico-chemical properties appgarinthe membrane transport

parameter equations is given in Appendix A.

In summary, the transport properties that aretfans of the membrane water

content seem to be very important for understanthegeffect of individual driving
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forces and their contribution towards the net fhixd species (protons and water).
Further, the variable membrane transport paramet@ght give an insight in
understanding the influence of external design tmms$ on the mass transport within

the membrane layer of a fuel cell.

3.5 PEM Swelling and Constraints

The architecture of the MEA has to ensure propeitacts between the PEM
and porous transport layers, such a design isarfmi avoiding the mass transport
and ohmic losses at active layers. A PEM is tlueechot pressed on either side with
PTLs, but this type of design constrains the PEdMfrswelling by water uptake. A
constrained PEM absorbs less water than a fredisgeine. As a result, the overall
PEM volume decreases in comparison with a freetswebne. The reduce in
dimensions of a PEM increases the gradient in medeéations (3.35) and (3.36) and
the change in the membrane water content affeetediresponding water dependent
transport properties. Hence, it is clear thataksumption of free-swelling membrane
in a mathematical model can give a general undedstg of mass transport but it does

not represent the realistic situation inside a PEMF

The volume of a free-swelling membrane has beesumasd to be a
combination of constant additive molar volumes (8eft al, 1993) and can be

written as (Webeet al, 2004c)

AV,
Vi =V LF (3.56)

m

where

V, = volume of a free-swelling membrane fm
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V. = volume of a dry membrane [émand

A

A; =average membrane water content of a free-swatliembrane.

The volume of a constrained PEM depends on theninatg of the constraint
factor, y, the value of which shows the extent to whichRiEM is constrained inside
the MEA and ranges between 0 (unconstrained) anully constrained). The
magnitude of constrainty() on a PEM depends on the mechanical properti¢beof
materials of the MEA and the extent to which thevPE hydrated. It can be assessed
by observing how the dimensions of the individuamponents of the MEA change
with the impending stresses of the mechanical caim$t Weberet al. (2004c)
showed that the constraint factgr, can be approximated by performing stress
balances between the PEM and the PTLs. Their sthhdywed that with a compressed
PTL thickness of approximatel@250um (300umof uncompressed PTL thickness) in
an MEA, the magnitude of constraint on Nafiall OOEW series membranes was well
below 50% (with different membrane thicknesses d&muonidification schemes).
Introducing the constraint factgy, into equation (3.56) gives an expression for

computing the volume of a constrained membrane.

A

AV,
Vcon :Vo{l"' \f7 ° (1_)()} ! (357)

m

where

V., = constrained membrane volume fm

X = magnitude of constraint factor, and

A

A, =the average water content of a free-swelling brame (unconstrained).
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An approach set forth by Webet al. (2004c) calculates the effect of swelling
constraint on the PEM water content by stating thatchemical potential of water
inside a free-swelling or constrained membrane Isqtteat of surrounding water

reservoir, this can be expressed as

ext

My = Hg* = 15, (3.58)
where subscriptsf, ext, and con represent free-swelling, external and constrained

respectively.

Based on the multicomponent thermodynamic framkewadr Meyerset al.
(2002b), the water chemical potentials for freedBmg and constrained membranes

can be written as (Webet al, 2004c)

4 =y +RTINA,EW+2RT> Ej, m, (3.59)
k=1
L™ =y + RTINA EW +2RTY Ey m, +V7 (3.60)
k=1

where

U, =a combination of reference states and constants,
m, = molality of specie& in the membrane [mol/g],
E;,k = the binary interaction parameter between watdrspecie& [g/mol],

and
r = dilatation stress parameter [bar].

The dilatation stress parametey,can be expressed as

- _ Vcon
r= Kln(v ] (3.61)

f
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whereK is the bulk modulus (bar) of the membrane-watstesy (Hsuet al, 1982;

Weberet al, 2004c), and is given as

T Y _
K=i=2_75 e lexn - 0.165 AM°+1200 EW x10 (3.62)
EW 100

where
Y = Young’s modulus of Nafion [bar], and

M, = molecular weight of water [g/mol].

This expression for bulk modulus of the membranéewasystem is valid for

temperatures below the glass transition tempemstofdNafior? (T, =110C) but at

higher temperatured (>110°C) it does not hold good and has to be modified.

The expressions of the water chemical potentiais ffee-swelling and
constrained membranes (3.59) and (3.60) respegtarel based on the assumptions
that stress acts uniformly on the membrane, maaliof charged sites and protons,
and binary interaction parameters are constante chfange in chemical potential of

water from swollen to constrained states can btemrby using these equations:
A, = RTAINA+V,7 =0, (3.63)
From equation (3.63), the average water conterd obnstrained membrane can be

written as

A=A, ex;{—ﬂ] , (3.64)
RT

Using equations (3.56), (3.57) and (3.64), theoraif the constrained
membrane average water content to the free-swetlimg can be obtained and is

expressed as
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i Vv a-a, 1
con :[ m 0 X f :| . (365)
f

/,1\ \7m +\70jf
To utilise equation (3.65) in the swelling consttanodel, the average water
content of a free-swelling membrane must first benguted. The average water
content value obtained by simulating the free-awglmembrane model can then be
used in equation (3.65) for calculating the coroesling average water content value

of a constrained membrane of voluMg,.

Finally, it has to be noted that the change indheensions along the PEM
thickness and transversal width also affect theimlyi forces (chemical potential or
pressure gradient terms) in the governing equat{80) and (3.41). Hence, it is
necessary to properly account for the variatiothie dimensions of the membrane.
The assumption of isotropic membrane swelling (m@amé width in cross-the-
channel direction) directions supports having alsirexpression for calculating the
variation in the dimensions with membrane swell{ing thickness and transversal
directions). Equation (3.66) is common for caltig swelling in PEM thickness or

transversal width and can be used in the membramein

| o =1 1+jf\7°(1— ) 3.66
con ~ ‘o \7 X\ ( )

m

where

|, = constrained membrane thickness or width [cm{d, an

[, = dry membrane thickness or width [cm].
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3.6 Summary

The mathematical framework described explaingPB® layer mass transport
with wide-ranging humidification schemes. The meanle transport properties
dependent on the membrane water content and th@atmgetemperature provide a
useful insight in explaining how the mass transporffected by the PEM hydration
state. Also, expressions used for calculating e¢hbave been based on strong
experimental evidences. Further, as these propetevariable across the membrane,
they are expected to provide good insight intoahalysis for showing the anisotropic
mass transport effects across the membrane. Tuotigal aspects such as the PEM
swelling and the corresponding limitations arismg of the membrane adjacent stress
effects can now be effectively evaluated usingderoach described in the preceding

section.
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4. ALGORITHM TO SIMULATE THE MEMBRANE MODEL

4.1 Introduction

The mathematical model described in the previdwapter must be simulated
for observing the influence of the cathode halfi @& the membrane layer mass
transport. The computational algorithm developedehbased on a finite volume

method is a rigorous approach for solving the ddpetivariables @, 1, or p, ) and

bounding with the conservation laws in the PEM phasA computer generated
numerical model from this work is expected to beaady tool for investigating the
variation in the membrane transport properties walnydration state and studying the
anisotropic mass transport issues arising at ttexfate near the membrane-cathode
half cell. The purpose of the current chapter asdescribe the computational
framework that simulates the membrane layer diffiogiydraulic model bonded to a
cathode half cell. The current chapter also aimskdating the transport model with
the data available in the literature. Althoughdaiing a stand-alone membrane model
is difficult unless it is embedded in a completelfcell model, the effort here tries to
observe the variation in the PEM phase transpapgaties with assumed isotropic
boundary conditions that result in a desired valuighe net water flux per proton flux

(p)value seen in literature.
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4.2 Geometry of the Computational Domain

The computational domain framed in the current @hagl a cross-the channel
slice of the PEM taken from a virtual MEA, Figurel 4hows the top view of the
MEA, the gases (Hand O/air) flow perpendicular to the page. Since Figdré
shows symmetry in flow field plates, only a halfripan of the PEM was considered
for studying the model (West al, 1996). The cross-the-channel domain in Figure
4.1 shows the channel to land variations of the ffield plates. As a result of this
architecture, the anisotropic conditions would e the interfaces between various
layers of the MEA. The motivation for choosingsthivo-dimensional geometrical
framework is to investigate the effect of anisoyrap conditions at membrane-cathode
PTL interface on the membrane water distributiod ere water dependent membrane
transport properties. It also gives a clear urtdaing of the local ionic current
distribution.

From a unit cell modelling perspective, it is raedi that the processes in all
the layers of the MEA must be simulated iterativeis mentioned earlier, this is a
limitation of a decoupled membrane model, whichcapable of simulating the
membrane mass transport based on specified bourdadjtions at the membrane-
electrode interfaces. Nevertheless, it is expetitatl such a framework can provide
useful details of the variation in the membran@gport properties and related ohmic

losses influenced by the specified boundary comtialong the catalyst layers.
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B Flow Field Plate:
[ ] Gas Channel

] PTL

I Catalyst Layers

Through-plane
thicknes: z

In-plane width: x

Figure 4.1: Schematic of a PEM fuel cell cross séah

4.3 Boundary Conditions

The transport phenomena inside the membrane oélacéll depend on water
and current boundary conditions distributed alohg interfaces of the membrane
modelling domain. The boundary conditions along thembrane-catalyst layer
interface are essential for simulating the membrandel that is in contact with water
vapour alone, or both vapour and liquid water. d8lasn the mode of water transport
assumed, the water flux and the current conservaipations (3.40) and (3.41) are to
be solved for finding the dependant variables (primt potential, the chemical

potential of water vapour or liquid water pressunehe modelling domain.

Figure 4.2 shows the boundaries of the membramepuatational domain.

Although the catalyst and cathode (PTL) layers hastebeen modeled in this work,
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they have been shown in the figure to avoid anyfudon in depicting the cathode
side boundary of the PEM. The potential (protorat)the membrane-anode PTL
interface is set to zero and the conditions at mrand@cathode PTL for ionic current
densities, chemical potential of water vapour quill pressures are specified as

described in the following sub sections.

North Periodic Bounda

I SR b
) : f) : (
AnodecL |+ L L]
Boundary ' T i _________ _E _____
SR SR
K South Periodic Bounda j
V

Camputational Domain of the PE O Dependent Variables
(Unknown Nodes)

B Membrane-Cathode CL Boundary

Figure 4.2: Schematic of a PEM computational grid vwth cathode half cell

4.3.1 Vapour Equilibrated Membrane

In the case of a PEM that is equilibrated withevatapour only, the fraction of
expanded channels in the governing equations (24@)3.41) becomes equal to zero
and the corresponding equations reduce to thagoatens (3.28) and (3.29). The
boundary conditions that are required to simulaig ¢ase with the PEM phase model
are as follows:
» The local ionic current densities )(along the membrane-cathode catalyst layer

interface are required for solving the ionic cutrdensity conservation equation
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(3.32) inside the membrane. These current dessiig be obtained by solving the
ionic current density equation in the cathode gatalayer, which obeys simple
Ohm'’s law (refer to Appendix A.1.3) and neglectstpn-water interactions within
the catalyst layer.

* The protonic potential¢®) at the anode-membrane interface were set equad to
arbitrary zero. This allows for calculating thetgaatial drop across the membrane
with specified ionic current densities along thenmbeane-cathode interface.

» Water flux conservation equation (3.31) (wlBh= 0, vapour equilibrated) inside
the membrane has been solved based on the chepatsitial gradient. The
specified chemical potentials of water vapour & thembrane-catalyst layer
boundaries were assumed to be in equilibrium widtewvapour in the catalyst
layer-electrodes.

» Gradients of dependent variables at the north hadsdouth periodic boundaries in
the in-plane direction of the computational doméhown in Figure 4.2) were

assumed equal to zgfdd = 0andly, =0) . This is because symmetry has been

assumed to be in mass transport between the cotigmaladomain and a similar
portion of it extending under the adjacent channBhe corresponding dependent
variables at the periodic boundaries have beenedolteratively based on the

adjacent interior nodes of the domain.

4.3.2 Membrane Adjacent to Saturated Vapour anditiéeservoirs
For the membrane in contact with both saturatedemvaapour (at anode
interface) and liquid water at cathode PTL, thenaical potential of water vapour at

the liquid water boundary has been set to the eafer chemical potential. In this
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case, the gradient of the chemical potential oewat the membrane is assumed to be
in equilibrium with the gradient of liquid watergssure, as is given in equation (3.34).
The current densities at the cathode interfacet@grotonic potentials at the anode
interface have been set as described for the vaguuilibrated case in the preceding
section. The water flux equation inside the memér@.41) has been solved based on
the specified liquid water pressure gradient betwté® anode and the cathode. In
order to reduce the complexities involved in th@4phase behaviour in the anode
boundary, it has been assumed in this work thatdesmesembrane boundary is
saturated with water vapour. Thus liquid waterspuge at this boundary has been set
equal to zero and the chemical potential of watgrour has been set to the reference
chemical potential. Finally, the gradients of degent variablegJ® andp, )at
both the periodic boundaries at top and bottomhef computational domain were
assumed equal to zero. This was because symmagrybéen assumed in mass
transport at the periodic boundaries and the dependariables at corresponding

control volume faces have been solved iterativalseld on the interior nodes.

4.4 Computational Algorithm

The finite volume method (Patankar, 1980 and ¢exget al, 1995) has been
adopted for solving the set of governing equati#40), (3.41), (3.31) and (3.32) of
the mathematical model. This method conservesnib&ar fluxes in the control
volumes surrounding the grid points in the membrdomain. It also bounds with
overall molar flux conservation across the modglliegion. All nodes are placed at
the centres of the control volumes andlibendary-on-facepproach has been chosen

to discretise the control volumes at the boundarieBhe mass transport model
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described in the previous section has to be sdlwerhlculate the molar fluxes of the
species and to observe the variable entities atoaldl points in the two-dimensional,

cross-the-channel computational domain of the mansr

=
m

Figure 4.3: A one-dimensional control volume scheme

A control volume depicting the computation of $engodal point is shown in
Figure 4.3. The conservation equations (3.31) éh82) of protons and water
molecules in this method are integrated over tbrgrol volume surrounding the nodal
point and solved in a sequential step manner bynaisg that the nodal points
surrounding the control volume as temporarily knoxaniables and calculating for the
dependent variablB. Interfacial transport properties of the membrané&acesv and

e are calculated based on an arithmetic mean odsunding nodes.

A control volume approach for solving a two-dimensl computational grid
has been implemented through a sequential methodasito the one described by
Patankar (1980). As shown in Figure 4.4, the deeenvariables®,andy, or p, ) at
nodal points fromj = 2toN, are assumed to be temporarily known with guessed
values and the fluxes on the north and the sowbsfaf control volumes at =1and
k =1toN,are to be added to the source terms of the respeatntrol volumes. The

resulting set of discretised equations for all oointolumes surrounding the dependent

variables in a row af =1 were solved by a Tri-Diagonal Matrix Algorithm (MIA).

The remaining nodal points (dependent variables) tie subsequent rows
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(j =1toN, ) have been computed by utilising the calculatedakdeis of the previous

row and the guessed (or newly) calculated variablébe subsequent rows. Thereby
all nodal points in the two-dimensional modellingnthin have been solved by
sweeping the row of discretisation (Line-by-line thwel) and implementing the

procedure described above.

| Wes%—East |

< | | |
F1 0 ? : ? : ? Q —+

G R S R ;
F2 Q—O—T—O—T—0—0 —+

e Rt D e REEEE D et 4
=3 O—0———0———0—0 north-
=4 Q Q : Q : Q Q T~ O Boundary
=Ny Q g | g i g O - @ Calculated

Y W DY e W A e WL

O Guessed Node
k=1 k=2 k=N, (Latest Calculated Node)

Figure 4.4: A two-dimensional control volume scheme

A Line-by-line method calculates the dependeniaédes in a row and sweeps
through the remaining rows for calculating the rafsthe dependent variables. This
method of sweeping utilises the calculated vargbkethe previous row and the old or
guessed variables of the subsequent rows and &dds tb the source terms. The
Alternate Direction Implicit (ADI) method (Hoffmaat al, 2000) involves sweeping
rows alternatively between east-west direction aodh-south direction. A detailed
overview of finite volume method and the linearisattechniques for non-linear

source terms can be found in Patankar (1980).
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4.4.1 Algorithm to Compute Mass Transport acrossee-Swelling PEM

The computation procedure shown in Table 4.1 iedas a two-dimensional
finite volume method with a line-by-line approaatdas for simulating the transport
inside a free-swelling PEM. In the case of a eelling membrane, it has been
assumed that mechanical stresses acting throughPEM adjacent layers are
negligible. Although this assumption is not trugalistic from the MEA design point
of view, it is required for to simulate the trangpmside a free-swelling membrane
before accounting for the swelling constraint aspéefer to section 3.6).

It should be mentioned that the membrane modelttna&ccount the realistic
design effects of the fuel cell such as pinching rtiembrane from swelling along its
in-plane width. In these circumstances where teenbrane is fully constrained from
swelling along its width, dry in-plane membrane thidshould be used in the
calculation procedure. In this case, the membsiicallowed swelling freely along
the direction of its through-plane thickness ané tomputation of its swollen
thickness is based on equation (3.66). The algaritor solving the mathematical
model of a free-swelling PEM is also shown usirmnflcharts in Figures 4.5a and
4.5b. All source codes developed in C++ were imgleted on Microsoft Visual
Studio .Net. The computational algorithm for siatlg the PEM layer mass

transport model is grid independent, which alloarsrmhesh refinement.
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Table 4.1: Algorithm to compute mass transport acres the PEM

Step 1 The dry dimensions of the PEM thickness and leagthset. Boundary conditions at
the membrane - catalyst layer (electrode) integfare specified. Average water
content in the PEM is guessed. Run the initiad fuhction that specifies the guessed
values at all nodes inside the PEM (pre-processemired for solving the

conservation equations (3.31) and (3.32).

Step 2 Calculate the swelling in the PEM thickness
Step 3 Calculate all the source terms and the PEM trangpoperties at all nodes
Step 4 Run PEMsolve function, which uses FVGrid and TDM#dtions for calculating the

dependent variableéi?,,uO or p, ) in equations (3.40) and (3.41) in the row.

Step 5 Sweep to the next royy£ 1 toN,) in the 2D computational domain and rep®seps2

to 5till all nodes in the Grid are calculated (line-laye approach).

Step 6 Calculate the mean of the Error in all calculatadables in the Grid, use a relaxation
scheme to accelerate the convergence, updateesitgd variables with the calculated

ones.

Step 7 Check the convergence criterion for calculatedaldeis (16 < Err< 109, if the
convergence criterion is not met, then ref&taps 3 to 7 (inclusive) Else if the

convergence criterion is met, then continuStep 8.

Step 8 Calculate the average water content in the membkandeheck for the Error between

the calculated water content and the guessed one.

Step 9 Check for the convergence criterion of calculateerage water content in the PEM. If
the criterion is not met, repeat frddteps 2 to 9 (inclusive).If the criterion is met,

continue taStep 10

Step 10 Calculate PEM swelling along the across-the-chamticth. Except for calculating
thickness swelling again, perform the entire siriafato check for the change in
dependent variables of the Grid, repeat fi&t@ps 3 to 8 (inclusive) If the PEM is

pinched along it in-plane width, skip this step @edform post processing analysis.

Step 11 Check for the convergence criterion of calculateerage water content. If the
criterion is not met, repeat fro8teps 10 to 11Else, continue t&tep 12

Step 12 Check the convergence criteria for PEM swellinglirdirections. If the criteria are
not met, perform the entire simulation fr@&tep 2with updated average water
content. If the criteria are met, processing ispleted. Run the Outdata for post-

processing analysis.
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C START )
A\ 4
Set PEM Dimensions & B.C.s
Guesslnitial Variables & A

Calculate Swelling in PEM Thickness

v

) 4

Compute Transport Properties and Solve
for Dependent Variables

\ 4

Err = |Calc. Variable — Guessed Variable|
Update the Guessed Variables
Use Relaxation Scheme

Err < Tol

If PEM is pinched (x)*

y

C STOP )

" from swelling along in-plane width; Tol: £&< Err< 10%2

Figure 4.5a: Computational algorithm to simulate ma&s transport across the PEM
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Use Relaxation Scheme
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Figure 4.5b: Computational algorithm to simulate mas transport across the
PEM (contd. from Figure 4.5a)
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4.4.2 Algorithm to Compute Mass Transport acro€astrained PEM
Figure 4.6 shows the algorithm for computing tffea of swelling constraint

on the PEM phase mass transport can be impleméntedilising the average water

content value of a free-swelling membrane. This can bdempnted by simulating

the free-swelling membrane model.

( START )

Compute free-swelling PEM model
Utilise A and set y - factor to calculate

VCOFI and Acon

) 4

A

UseV,, A, X and

con?
Compute the membrane model that
updates water content values at all grid

points using the fraction A/ A,

v

con

v

Compute )Alconfrom the converged membrane model

Aar < ToOI

Calculate theError in PEM Swelling

Error < Tol

( STOP )

Figure 4.6: Algorithm to simulate the effect of costraint on the PEM
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Equations (3.56), (3.57) and (3.65) given in sett{3.5) can be used in the
algorithm to compute the change in PEM dimensiomswaater content at a specified

magnitude of constraint () imposed on a free-swelling membrane. The model

converges when the inner-loop’s (membrane modebeni@ent variables and the

outer-loop’s swelling calculations both converge.

4.5 Computational Model Verification
Measuring the membrane water profile inside a PEMKith lab scale

techniques is practically not realistic. Hencesidifficult to validate the computed
membrane distribution. The results of the membfager mass transport model can
be validated, in-part, if the simulations are parfed with ideal conditions along the
membrane-electrode boundaries. The required boymadaditions of the membrane
model can be obtained either by simulating the ggses in the porous transport and
catalyst layers or by assuming values that areistealand comparable with the
experimental membrane conductivity data availabléhe literature. For the current
portion of work, main aim has been set on desagibine membrane transport

properties at a desired water net water flux petgor flux (£) across the membrane.

The functional dependence of the membrane condtyctind the electro-osmotic drag
coefficient, based on the literature experimentaldences, were already been
discussed in the chapter on modelling. As mentaalier, the results obtained from
the computational model bound with the current dgremd water flux conservation
equations (3.31) and (3.32). Hence, it can be nstoled that the computational
procedure adopted in this work to simulate the nramd model is validated

numerically. In essence, the purpose of this mekry analysis is to illustrate the
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variation in the membrane transport properties sscr@pour and liquid equilibrated

membranes and compare them with the experiment@lsiavailable in the literature.

Available data in the literature suggests that nie¢ water flux per proton

flux (£), which is a combination of all PEM phase watewxds occurring due to

various driving forces (electro-osmotic drag, dsifun or convection) remains close to
zero (Zawodzinsket al, 1993; Janssest al, 2001; Choket al, 2000). Based on this
evidence, water boundary conditions along the mangscatalyst layer boundaries
have been specified and simulations have beenrpstb at a constant cell current.
The results obtained from such simulations withowapand liquid equilibrated cases
showing a desired net water flux per proton flug presented and discussed in the

subsequent sections.

4.5.1 Vapour Equilibrated Membrane

As sufficient hydration of the membrane is necesdsar sustain its ion
conducting properties, it is critical that the medter flux per proton flux(S) from
anode to cathode side be balanced. When thersoapeessure gradients across the
membrane, water movement in the through-plane tibrecoccurs as a result of
electro-osmotic drag from anode to cathode andlzsause of the chemical potential
gradient driven diffusion. In order to maintaith@ance between these driving forces,

all simulations have been performed to result vaitbesiregs, calculated using the

membrane model, given by equation (5.1).
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Zawodzinskiet al, (1993a) showed that the net water flux per prdtar
across a vapour equilibrated Naffoh17 fuel cell membrane lies close to zero. The
observeds = 0.2 from their fuel cell experimental study, 80°C, was obtained at
cell current density of 0.5 A/cmwith saturated conditions at cathode and 1 bar gas
pressure in either flow channels. Perhaps thisdcbe the most compelling piece of
evidence available for running stand alone membraodel simulations using forced

membrane boundary condition data.

4.5.1.1 Membrane Water Content

In the case of a vapour equilibrated membrane p#rgal pressures of water
vapour can be used to calculate the chemical patenof water vapour at the
membrane-electrode boundaries. The model has roeeto observe the variation in
water content between the completely saturatecbdathnd the partially dry anode. In
all simulations, the anode and cathode side memblmundary conditions were
specified to remain above the percolation threshadter content}, = 2 Since the
membrane mass transport model uses the Flory-Hsigtliermodynamic model
(Futerkoet al, 1999), the calculated membrane water contenhénviapour phase

varies between the limits o, = 2and A, = 11saturation). The value of water

content at saturation differs to some extent coeghéw an experimental value reported

in the literature by Hinatset al. (1994), which revealed that at 80A;,= 92
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Nevertheless, Flory-Huggins model is reasonablydgimopredicting the membrane
water content at different temperatures (refer tgufeé 3.2), which unlike most
empirically fitted models (Springest al, 1991), allows for performing isothermal

conductivity studies at different temperatures.

4.5.1.2 Membrane lonic Conductivity

Figure 4.7 illustrates the ionic conductivity witbspect to the position within
the membrane. The water content and temperatyrendency of Nafion 117 (acid
and expanded form) ionic conductivity is eviderdnfr Figure 4.7, which shows a
linear variation across the membrane, where condtycincreases from anode side to
saturated cathode side. All simulations of theowapequilibrated membrane were
performed with uniform water boundary conditionssaturated cathode (RH 100 %)
and anode (RH 96 %). The reference chemical patsrait different temperatures
were calculated using the thermodynamic tables luds€et al. (1986). The ionic
current density in all simulations was maintaineshatant at 0.5 A/cfn It can be
observed that the membrane conductivity has ineckagith temperature showing
Arrhenius dependence. The experimental evidencasahle in the literature also
reveal such behaviour (Soaeal, 1996; Lehtineret al, 1998).

It has to be mentioned that membrane conductprityiles shown in Figure 4.7
have been obtained through simulations with isatréyoundaries and the purpose of
which was to validate the conductivity dependentevater sorption and temperature.
In reality, flow field plate design configuratiomeates the anisotropy in the PEM
phase water distribution and leads to distributioiocal ionic conductivity of the

PEM. A detailed overview of such aspects will besented in the next chapter.
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Figure 4.7: Membrane ionic conductivity [S/cm] for vapour equilibrated case
with isotropic boundaries specified with saturatedcathode and the anode RH of
96%, calculatedp = 0.2 at 0.5 A/cmi and [a] 343.15 K, [b] 353.15 K, and [c]
363.15 K.
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4.5.2 Conductivity of a Vapour-Liquid Equilibrat&étembrane

The computational algorithm discussed in the previsection has been
simulated at different inlet relative humiditiesoma the membrane-electrode
interfaces. A preliminary analysis was done bylgitug the variation in the membrane
water distribution and the corresponding effectslmmmembrane transport properties.
It was observed that in the case of a membranehdmtbeen equilibrated with both
vapour and liquid waters, membrane conductivityjesadepending on water content
and a phase transition occurs between the complesglour and liquid saturated
states. Hence, it obeys the capillary framework exyplains Schroeder’s paradox in
polymer electrolyte membranes. In the case of mionane that has been equilibrated
with both vapour and liquid waters, the hydraulgquid pressures along the cathode
boundaries were set above 0.75 bar. Above thisidigpressure, the fraction of
expanded channels will have a value of unity ardntiembrane will be fully saturated
along the cathode side. On the other side, theleaneembrane interface has been
equilibrated with saturated water vapour (watemaical potential at unit activity) and
has no liquid water.

Figure 4.8 illustrates the ionic conductivity distition inside vapour/liquid
equilibrated Nafioff membranes. All simulations were performed at 85X and a
constant current density of 0.5 A/&m It can be observed in Figure 4.8 that the
conductivity varies depending on the portions gboaa or liquid phases within the
PEM. The conductivity of liquid dominated majorifyortions of Nafion 115,

Kk, =0.256 S/cm in Figure 4.8 [b], matches closely with thxperimental evidences

found in the literature (Thampat al, 2000).
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The membrane conductivity increases with the eedn liquid water content,
which dominates the majority of the membrane partioall three membrane cases (N
112, 115 and 117). This is because of the bulls@lmgdraulic convection that occurs
through the expanded channels showing the condliycb¥ 0.256 S/cm in portions

whered, = 22 On the other hand, it is evident that protonduanivity through the

collapsed channels (vapour phase) is less tharothigid phase, which was found to

be 0.112 S/cm in portions wig) = 11

The portions of the membrane showing the condiigtbetween two extremes
of vapour and liquid equilibrated statekl€ A < 22) depend on the aspects such as
the membrane thickness and current density. Angtinmembrane promotes larger
water back convection showing higher water contentee majority of the membrane
portions. This aspect can be observed from Figudga] where the membrane is
completely saturated with liquid water. An advagataf using thinner membranes in
liquid humidified fuel cell system is that it helpsoiding anode drying and cathode
flooding by promoting larger water back convectioom cathode to anode. The ionic
current density also influences the water distidyutin the membrane because it
affects the balance between the electro-osmotig @red water back convection.
Nonetheless, this issue is not elaborated furtkeealise of the current portion of the

work does not model the cathode catalyst layer.

4.6 Overview of Computational Aspects and Limitatios
The main advantage of choosing control volume oektbver general finite
difference approaches is that it conserves theefluxithin the domain. In general,

there are several computational aspects that imfki¢he solution of the model. All
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source terms were linearised using the technigeiefogh by Patankar (1980) in order
to avoid solutions diverging with negative valuew falways positive variables.
Interfacial transport properties were calculatedgis linear interpolation between the
surrounding nodes. Although, this may not be dicieht method of calculating the
interfacial properties (refer to Patankar 1980rimon homogeneous systems, for a
homogeneous PEM system, a linear interpolation ifberfacial properties is a

straightforward approach.

The algorithm for solving the membrane layer maassport works with any
number of arranged control volumes in the componati domain. Further, this issue
becomes important when dealing with anisotropic nolawies, where the fluxes
entering the domain vary along the in-plane width tike membrane-electrode
interfaces. The results shown in the current ardpave been obtained with uniform
grids of 50x50 (x, y) control volumes (CVSs) usirge tisotropic boundary conditions.
The simulations with anisotropic boundaries (a$ beél seen in the next chapter) have
been performed with 40x100 CVs (X, y). The rea®sworchoosing a specified number
of control volumes in the modelling grid is depemidapon both converged solution
and processing time of the computer model. A @ik was chosen such that
increasing the number of control volumes would sighificantly alter the resultant
profiles. The simulation times of the membrane elosith uniform grids increase
significantly with the increase in the number ohtol volumes. Often these would
depend on the specified boundary conditions angbllysical aspects the domain such
as membrane dimensions. All simulations involvengapour equilibrated membrane,

in this work, were performed with uniform grids.hi$ would be appropriate because
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the membrane swelling in the vapour phase is comipaly lesser than that of the
liquid equilibrated membrane. The algorithm fayuiid equilibrated mode is capable

of computing the model with block uniform grids, rigdle, based on the local

membrane water retentiof, ., . )
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5. RESULTS AND DISCUSSION

5.1 Introduction

The purpose of this chapter is to discuss the tesbitained from the study of
anisotropic mass transport issues influenced bydmelitions near the cathode side of
the membrane. West al. (1996) have modeled the mass transport in the merab
cathode half-cell and investigated the influenckantl spacing on the membrane water
content and local current densities. They haveakd that the maximum in local
current density would occur anywhere along the nramdscathode catalyst layer and
the location of which depends on the kinetic patamef oxygen reduction reaction.
However, the catalyst layer considered in their ehad infinitely-thin. This might
have over predicted the local current densitiesutaled in their study. The work by
Sunet al. (2005b-c) has investigated the relevant anisatrsppnsport issues in a much
more detailed way. The framework of Sun (2005&) tsoss-the-channel agglomerate
model of the catalyst layer in the cathode hall.celhey focused their study on
determining the effects of channel-land aspectosaton local current density
distributions in the cathode catalyst and poroasgport layers. However, their
framework did not include modelling membrane lagr@nsport issues. This limits
their model’s applicability in investigating the MHayer mass transport issues, which
are vital for gaining a thorough understanding wélfcell design aspects from a

membrane perspective.
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The current work utilises the available membranbade interfacial boundary
condition data from Suet al. (2005b-c) for simulating the two-dimensional mearis
model and studying the relevant mass transportctsffenfluenced by the external
design factors. In essence, it studies the memblayer variable entities such as
water content, transport properties and local curdensities with different schemes of
flow field plate geometric parameters and NCOs. &klditional part of the study
focuses on investigating the effect of the throptdnre membrane thickness on the
ohmic resistance and also accounts for the reatistsign limitations such as the effect

of mechanical stress constraints on the membrater wptake.

5.2 Simulation Parameters and Conditions for the Bse Case
5.2.1 Geometric and Physical Parameters

A Nafion® 117 membrane has been considered in all basestaséations.
The structure and geometry of the MEA does notwallee membrane to swell in all
directions. In order to simplify this complexitiy,has been assumed that a fuel cell
assembled membrane is pinched from swelling indihection of its in-plane width
but was allowed to swell freely in the directionitsfthrough-plane thickness. The dry
thickness of Nafiofi 117 is 7 mils and the in-plane width has beenesgtal to a
combined value of half the width of a gas channel laalf that of a land. The swelling
of the PEM in the direction of its through-planéckmess is water dependent and the
extent of which varies with simulation. The detadf these have already been
discussed in the chapter on modelling. Table %oViges the geometric and physical
details considered in base case simulations. Thergions of the PEM adjoining the

catalyst and porous transport layers and the field plate have been taken from the
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work of Sunet al. (2005a). Although, these parameters have notttirbeen used in
PEM layer transport model simulations, they havenbacluded in Table 5.1 for
clarity in illustrating the physical parameterslugncing the boundary conditions used

in base case simulations.

Table 5.1: Physical and geometric parameters used base case simulations

Parameter Value Units Reference
Channel width (half) 0.05 cm a
Land width (half) 0.05 cm a
PTL thickness 250 pum

Catalyst layer thickness 15 um

Pt loading in catalyst layer 0.4 mg ém a
Through-plane membrane thickness 0.01778 cm -
In-plane membrane width 0.1 cm -
Membrane length 0.01 cm -
Channel-land aspect ratio 1:1 - -
Number of control volumes in the PEM 4000 - -

a — Suret al, (2005b)

5.2.2 Operation and Transport Parameters

The operating temperature of the fuel cell wase&53.15 K. The boundary
data available at this temperature along the inghlaidth of the membrane-cathode
interface are based on the gas channel inlet ative humidity of 50% and pressure
of 1.519 bar (1.5 atm). The reference temperatun@ pressure of the membrane
model were set equal to 303.15 K and 1 bar. Ailéetaverview of the transport
parameters pertaining to the agglomerate catadystr land cathode PTL can be found
in Sunet al. (2005a). The PEM phase transport parameters aable and are

dependent on the membrane water content and tetapeeralhe details of these can
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be found in Table 3.1. Table 5.2, given below, suanses the operating parameters

considered for simulating the membrane model.

Table 5.2: Operating parameters common for all simlations

Parameter Value Units
Operating temperature 353.15 K
Cathode gas channel pressure 1.519 bar
Reference temperature 303.15 K
Reference pressure 1 bar
Relative humidity of air 50 %
Oxygen/nitrogen ratio 0.79/0.21 -

5.2.3 Nominal Cathode Overpotential

All simulations, including the base case, have nbgeerformed using
appropriate boundary conditions available fromriaelling work of Sun (2005a) at
low, moderate and high nominal cathode overpotisntiCOs). As given in equation
(5.1), NCO is the difference between the solid phatectric potential and the
electrolyte phase protonic potential at the agglateecathode catalyst active layer.
The NCO includes the activation and electrolytesghahmic losses in the cathode
catalyst layer but does not account for Ohmic less®oss the PEM phase (Satral,
2005a).

NCO=d_ -0 (5.1)
where

@, = solid phase electric potential of the cathodalgat layer [V], and

@ = electrolyte phase protonic potential in the odthcatalyst layer [V].
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An operating fuel cell voltage which accounts@mic losses across the PEM
can be expressed by subtracting a specified NCGiamdated ohmic drops across the
PEM from the reversible cell potential.

E.., = E,., ~NCO-iR_ (5.2)

cell

It has to be mentioned that the cell voltage esged using equation (5.2) does
not account for any activation or ohmic lossehmanode. Hence, using it in fuel cell
polarization studies may not be realistic. Howetlee voltage losses in the anode will
be typically much smaller when compared to thathe membrane and cathode.

Nonetheless, polarization studies using a standeatdembrane component model can

give some idea about the imminent membrane conausistances.

5.2.4 Water Balance across a Vapour Equilibratedrdeane

It is critical to account for the effects of arciease in the current density on
the membrane water balance. The experimental \witsems by Choiet al. (2000)
have revealed that, in the presence of concentrgtiadients across the PEM, the net
water flux per proton flux ) across Nafiofi 115 membrane af(°C decreases with
the increase in current density. The reason fsriths been ascribed to the increase in
proton concentration at high current densities Whiampers the net water drag from
anode to cathode. It is also because of the iser@a back water diffusion from
cathode to anode at higher current densities.rdstieagly, the effect of a reduction in
[ with the increase in current density beyond 200/enA has not been observed in
their experimental study. A correlation, accougtahl these factors, developed by Sun

et al. (2005a) is given in equation (5.3).
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[ =46NCO? —-3152NCO+5.7 (0.25V<NCO<0.35V)

£ =03 (NCO>0.35V) (5.3)

LB=1 (NC0O<0.25V)

Equation (5.3) may not be a good correlation &suaning the net water flux
per proton flux across a PEM because the flux dé&gmends on essential factors such

as membrane thickness, humidification of inlet feyases, and the cell operating

temperature. Also, Webet al. (2004b) have shown that is sensitive to all of the

above mentioned factors. Moreover, in the curremrk, the assumption of
electroneutrality in the membrane contradicts whk observations by Chat al.
(2000). Nevertheless, in order to simplify and eyafise the above mentioned
complexities, it has been assumed that equati@) (&valid for a vapour equilibrated
Nafion® 117 membrane. The above assumption can be rddsdnaexamining two-
dimensional mass transport effects near the meralrathode catalyst layer interface.

Moreover, even if a minute deviationfoccurs as a result of an increase or decrease

in PEM phase water flux driving forces (electro-a$imdrag or back water diffusion),
it would not alter the effect of cathode designapaeters on the local current densities
along the in-plane width of the membrane-cathodalyst layer interface. Also, the
fuel cell experimental data by Zawodzingtial. (1993a) showed that net water flux
per proton flux across Nafi8ril17 membrane has a valuefof 02 ati = 05 Alcn?.

Based on which, it can be considered tffiat 0.3 in this work is within reasonable

limits.
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5.3 General Issues Influencing the Anisotropy in Mss Transport
5.3.1 Effect of Channel-Land Ratio on the Membnafager Distribution

It must be obvious that sufficient water uptakenecessary for the PEM to
exhibit its proton conductive properties but itlso crucial that there occurs no excess
water inundation at the membrane-catalyst layeeriate. This is because the
presence of excess stagnant water near the casalfate could adversely affect the
reactant mass transport towards the active sitdshamper the performance of the
electrochemical reaction. Accounting for theseeatp at the cathode side of the
membrane is critical because of the sluggishnesseobxygen reduction reaction. A
factor that could lead to a distribution in the nbeame water content is the external
design aspect of flow field plates. Due to limdas in the design of flow field plates
and the architecture of the MEA in a fuel cell, rakemoval from the regions of MEA
under the land is difficult. In essence, a lontyavelling path between the portion
near the membrane-catalyst layer interface underldhd and the exit of the gas
channel suggests that water discharge through ghte could be slow. As a
consequence, there might be a possibility of baatewdiffusion into the membrane
resulting from the increase in water concentratiothe portions of the PTL under the
land. The amount of water deposited at the menebcathode catalyst layer portion
under the land might have an influence of the cehtmnland ratio. Thus, a good flow
field plate design configuration is expected alldar better membrane water
distribution at the least expense of water blockagar the membrane-catalyst layer

interface.
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Figure 5.1 shows the membrane water uptake frdrasae case simulation at
0.5 V NCO. It can be seen that a maximum in thenbrane water uptake, along the
in-plane width of the membrane-cathode catalys¢éragterface, has occurred in the
portion under the land. The higher water uptakin@se portions can be attributed to a
land width of 0.05 cm and channel to land aspdad od 1:1, which have not favoured

water discharge into the gas channel.
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Figure 5.1: Membrane water contentA, for the base case at 0.5 V NCO
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Details of the membrane water content from base sanulations at 0.3 V, 0.5
V and 0.7 V NCOs are presented in Figure 5.2.hd¢ugd be noted that the extent of
the dimensionless membrane thickness is from Beadhode catalyst layer-membrane

interface to 1 at the membrane-cathode catalyst liayerface.

Under Channel Under Land

Cathode Catalyst Layer
A

Membrane
Thickness

[b]

Anode Catalyst Layer

Dimensionless Membrane Position z

Distance x [cm]

Figure 5.2: Membrane water contentA,, of base case simulations at [a] 0.3 V, [b]

0.5V and [c] 0.7 V of NCOs. The shaded region ued the land in [c] indicates
saturated water vapour (4, =11.0) calculated based on Flory-Huggins model.

It can be observed from Figure 5.2 that the oVenaimbrane water uptake has
increased with NCO, the reason for which can beilzst to the increase in water
production at higher current densities. This effeaxd motivated back water diffusion

from cathode to anode causing an increase in thebmamne water uptake. Further, it
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is evident from the results at low, moderate arghMCOs in Figure 5.2 that water
has collected mainly in the portions under the lamtis was because water discharge
from these portions into the cathode gas channghtrtiave been slower. In these
circumstances, water vapour from a location underland had to travel a longer
distance (covering both half in-plane width and fioickness of PTL) into the cathode
gas channel. Consequently, it can be expectedttisaprocess would be slower than
the discharge of water directly from the portiomgler the channel. Although, these
aspects may create a complex mass transport disbmbin the PTL, they actually
assist in hydrating the membrane. At a high NC©.@fV, Figure 5.2 [c] shows that

water vapour in the membrane is saturated in tieops (4, = 11 under the land and

that in the portions under the channel is unsatdraf his distribution in water content
across the membrane also affects its conductividn the other hand, in the PTL,
complex mass transport processes involving watschdrge from and oxygen
transport towards portions under the land coul@ciffocal current densities. This
latter effect has been observed in the correspgmnelimulation and will be elaborated

further in the section on local current densities.

The impact of changing the channel to land asfaict is shown in Figures 5.3
and 5.4. The nature of the plots in Figure 5.3Witl channel to land ratio is similar
to the ones of 1:1 channel to land aspect ratid-{@ure 5.2), where water uptake is
more under the land regions than that under thengta It should be observed that the
overall membrane water uptake in each of the siaulg at low, moderate and high
NCOs has decreased when compared to corresponaseg of simulations with 1:1

channel to land aspect ratio.
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Figure 5.3 presents the results obtained from lIgitioms with conditions
influenced by 2:1 channel to land ratio. A largkeannel to land aspect ratio of 2:1 has
led to a drop in water collection in the portiomglar the land. It can be expected this
could lead to drop in membrane conductivity as wdlhis in turn implies that in the
case with a 2:1 channel to land aspect ratio, watapval from regions under the land

into the cathode gas channel has been effective wbmpared to the corresponding

cases with 1:1 channel-land ratio.
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Figure 5.4: Membrane water content A, from simulations with channel to land
aspect ratio of 4:1 at [a] 0.3 V, [b] 0.5 V and [cD.7 V of NCOs

Figure 5.4 shows that 4:1 channel to land asiti has favoured decreasing
the anisotropy in water distribution across the feme width. The membrane water
uptake in this case has decreased even further edrapared to that with 2:1 channel
to land aspect ratio. This potentially states th&drger channel to land ratio could be
an option for increasing water discharge from poiunder the land into cathode gas
channel, but, on the other hand, it actually deszeathe overall membrane
conductivity, which is not desired for lessening tistributed PEM phase ohmic

losses.
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Table 5.3 summarises the simulated membrane wptake data from each of
the cases discussed in preceding paragraphsn liecgaeen that the change in channel
to land aspect ratio at 0.3 V NCO from the bases das2:1 and 4:1 has slightly
affected the average membrane water uptake, butoaerate and high NCOs, it

significantly affected the corresponding valueshe observed decrease 4y ,,, for

0.5 V NCO with 2:1 and 4:1 channel-land ratios besn 28 % and 34 % respectively.

At 0.7 V NCO, the decrease i, ,,, With 2:1 and 4:1 channel-land ratios was 35 %

and 43 % respectively. Based on this observatiozgn be inferred that increase in

channel to land ratio has favoured water removal@derate and high NCOs.

Table 5.3; Effect of channel to land ratio on the mmbrane water content

Channel-Land Ratio NCO [V] Membrane Water
Contentd,

Base Case 1:1 0.3 3.76
0.5 5.81

0.7 8.08

2:1 0.3 3.53

0.5 4.18

0.7 5.25

4:1 0.3 3.48

0.5 3.81

0.7 4.56

5.3.2 Effect of Channel-Land Ratio on the Membran€onductivity
Proton conductivity calculated based on the patmol theory exhibits its
strong dependence on the membrane water contehie niembrane conductivity

profile shown in Figure 5.5 is from a base caseutation at 0.5 NCO. It should be
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noted that the shape of this plot is similar tot tbhthe corresponding base case
membrane water distribution shown in Figure 5.1gaifh, due to uneven membrane
hydration, the ionic conductivity of the PEM phasenot uniform along its in-plane
width near the cathode catalyst layer. The portibthe membrane under the land is
more conductive than that under the channel.

The PEM phase conductivity distributions from siations at low, moderate
and high NCOs are shown in Figure 5.6. It candmnghat, in all three cases, the
membrane conductivity in the portion under the lamdyreater than that under the
channel. Further, Figure 5.6 [c] shows that cotiditg of the portion of membrane
saturated with water vapour under the land, netlroda catalyst layer, has a value of
0.11 S/cm. It has to be mentioned that condugtsainnot increase further until liquid

water formation occurs. However, these effectehat been accounted in this study.
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The effects of increasing the channel to landoratn the membrane
conductivity can be seen from Figures 5.7 and 5I8.has to be observed that
conductivity contours, in all three cases, haventmaoothed to a certain extent when
compared with those from the base case simulatidnsteasing the channel to land
ratio to 2:1 and 4:1 has led to the decrease imathigotropy of conductivity but the
overall membrane conductivity has also substagti@tiuced, the reason for which is

the decrease in the membrane water content. Ttee &ffect of the decrease in the
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membrane conductivity with the increase in chanteelland ratio might not be
favourable for the membrane performance at higherent densities. The details of
these can be found from Table 5.4 in the followsggtion analysing current density

distributions.
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Figure 5.8: Membrane conductivity x,, [S/cm] from simulations with 4:1 channel
to land aspect ratio at [a] 0.3 V, [b] 0.5 V and [£0.7 V of NCOs
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5.3.3 Effect of Channel-Land Ratio on the Currean§ity Distribution

The current density deviates along the in-plandiwad the membrane-catalyst
layer, the extent of which depends on the masspi@h effects impacting the oxygen
reduction reaction. The local ionic current denslistribution across the membrane
based on a specified NCO is expected to providéuusdetails for ascertaining the
local ohmic loss distribution. The factors infleerg the local current density
distribution in the two dimensional membrane motieve been examined and

discussed below.

Figure 5.9 shows the through-plane local ionic entrrdensity distribution
inside the membrane from a base case simulati@n5a¥/ NCO. The highest local
current density along the PEM/cathode interface lmarobserved midway along the
membrane-cathode catalyst layer interface. Thisbieen the case because the current
density boundary conditions at these portions i@veured by the efficient transport
of all reacting species (oxygen, protons and edesly of oxygen reduction reaction
(Sunet al, 2005). The reason for the observed greater mgaént densities along the
anode/PEM interface is that the dependent variabfeswo-dimensional control
volumes in those regions are more influenced bysthheounding nodes other than the

ones at the boundary.
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Figure 5.9: Through-plane ionic current density,i [A/cm?] distribution across the
PEM from a base case simulation at 0.5 V NCO

It is interesting to find from Figure 5.6 [b] afm Figure 5.9 (and from the
same plot in Figure 5.10 [b]), that water concdetigoortions of the membrane under
the land have shown higher proton conductivitiesstbe current densities observed in
these portions were not higher. In these circunt&ls, one can expect less ohmic
losses than that occur in the low conductivity/hayhirent portions of the membrane

under the channel.
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The base case simulation at a low NCO of 0.3 V fessilted in showing
interesting current density profiles. Figure 5.[H) shows higher local current
densities in the relatively more conductive porsiaf the membrane under the land.
At the same time, it has to be mentioned that ch@TL) mass transport factors
such as oxygen diffusion towards portions underldéne might not have been a rate
limiting factor for the oxygen reduction reactiddupet al, 2005a). This implies that
the base case flow field design has forced theemnighrrent densities through higher

conductive portions of the membrane under the lanBased on the observed
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phenomena, one can anticipate that the resultingatedn might not significantly
impact creating anisotropy in the membrane perfocea This topic will be

elaborated further in the section on local ohmssés.

The ionic current density distribution does notirety depend on the PEM
phase conductivity but is also governed by masspart effects in the cathode. It can
be seen from Figure 5.2 [c] and from Figure 5.J]GHat these effects become critical
at higher current densities (at 0.7 V NCO) andiafleenced by the design pattern of
channel to land aspect ratio. It can be observatthe maximum local current density
in the membrane has shifted from the portion untbderland towards that under the
channel where the membrane conductivity has bdetivedy lower than that under
the land. This has been the case because theasiomu(with boundary conditions at
high NCO) has forced the ionic current to flow thgb relatively less conductive
portions of the membrane under the channel. Thiddcaggravate the PEM phase
conductive losses. The reason for this forcingurirstance of ionic current density
boundary conditions under the channel is the fastggen reduction reaction (at 0.7 V
NCO). On the other hand, boundary conditions shgwelatively less current density
in the portion under the land might have been bezatf the poorer oxygen reduction
reaction caused by the mass transport limitatidresxggen in the cathode (St al,

2005a).

It can be determined from Figure 5.2 [c] that dtigher NCO of 0.7 V, the
presence of saturated water vapour along the meplaidth of membrane-cathode
interface under the land has not resulted in imipgpthe local ionic current densities.

This is because the boundary conditions influenth@gcurrent densities are affected
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by the mass transport limitations in the PTL. thrshe discharge of saturated water
vapour into the cathode gas channel will not bedaed by a small channel to land
aspect ratio (1:1). Secondly, oxygen scarcityhese portions could have occurred
because it has to travel a longer distance fromchaanel inlet towards catalyst layer
portions under the land. On the contrary, the éiglurrent densities exhibited in less
conductive portions under the channel is because bibundary conditions are
influenced by the factors of faster oxygen diffusiand water discharge through
shorter paths of transport between gas channetremabrane-catalyst layer interfacial

portions. As a result, one can expect the didiiobun the membrane performance.

As a whole, the results from base case simulatiofdgure 5.10 suggest that
distribution in the ionic current density, influett by the cathode side boundary
conditions, could force the membrane to conductgm®even through less conductive
portions, which could indeed result in uneven phadential losses. At higher current
densities, this issue becomes critical and causge potential drop in less conductive
portions of the membrane under the channel. Hsigd is evident from Figure 5.10a
[c], which illustrates the PEM phase potential friwase case simulations. Though
potential gradient across the membrane causesdhenp to migrate from the regions
of high potential (anode) to the regions of lowgrdial (cathode), it was observed that
the potential drops in the regions of low watera@ntrations where ionic conductivity

becomes difficult.
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Figure 5.12 shows the results obtained from sirmanat using boundary
conditions with a 2:1 channel to land ratio. Itoisserved that at low and moderate
NCOs higher local current densities in the portiohthe membrane near the cathode
catalyst layer interface under the land coincidtéhwhe regions of high conductivity.
This implies a more efficient utilisation of the mbrane and consequently, it can be

expected that ohmic losses in these regions woeldolver than that under the

channel, as will be discussed in section 5.3.4.
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Figure 5.12: Through-plane ionic current densityi [A/cm?] from simulations
with 2:1 channel to land aspect ratio at [a] 0.3 V[b] 0.5 V and [c] 0.7 V of NCOs

Figure 5.13 reveals the results obtained with kdamn conditions in

simulations with a 4:1 channel to land aspect rat@omparing the figure to Figure
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5.8, it can be seen that regions of higher condiigtfunder the land) showed higher
current densities. It is also important to obsetivat the area of the membrane
showing better local conductivities and currentsiees under the land is smaller than
that of the less conductive portions under the seanThis indicates that simulations
with increased channel to land ratios with pargidumidified boundary conditions

may not actually be beneficial to the performanicdhe membrane.
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Figure 5.13: Through-plane ionic current densityi [A/cm? from simulations
with 4:1 channel to land aspect ratio at [a] 0.3 V[b] 0.5 V and [c] 0.7 V of NCOs

Table 5.4 summarises the average membrane contipeind current density

distributions across the two-dimensional membraoenan. It is obvious that
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variations in the average membrane conductivitthwahannel-land ratios directly
correspond to the ones observed in the average rmamkvater content data given in
Table 5.3. The PEM phase conductivity increasels thie increase in water retention
at higher current densities (and thus highefOHoroduction). The decrease in
conductivity with the increase in channel to lasg@ext ratio is because of the increase
in the water removal from the cathode. It can beeoved that at low NCOs, the
increase in the aspect ratio has not resultedsigraficant decrease in conductivity. At
moderate and higher NCOs, a larger channel-lanécas@atio of 2:1 or 4:1 has
significantly affected the conductivity. This ®atthat the flow field plate design that
is beneficial to catalyst layer (refer to curreendity column in Table 5.4) may not

result in improving the overall conductivity of theembrane.

Table 5.4: Effect of flow field parameters on calclated average membrane
conductivity and ionic current density

Channel-land NCO Average membrane Average ionic
aspect ratio [V] ionic conductivity  current density
KV,avg [Slcm] I avg [Alcmz]
Base case 1:1 0.3 0.014 0.128
0.5 0.039 0.647
0.7 0.070 0.988
2:1 0.3 0.011 0.125
0.5 0.019 0.664
0.7 0.032 1.094
4:1 0.3 0.011 0.122
0.5 0.014 0.646
0.7 0.023 1.109

n,

1 & . . 1A,
KV,avg ZVZZKZKV(Jak)dV, Iavg :VZZI(J’k)dV
J J

k
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5.3.4 Factors Influencing the Local Ohmic LossethenMembrane

A factor that influences the local ohmic losseghe hydration state of the
membrane. Ohmic resistances towards current fl@virgdherent in the membrane.
Under fully humidified conditions, they are expett® show little variation across
membrane. This means that if the membrane is hyltirated A, =22 ) ohmic losses
across the membrane would not vary. In contrdug, rhight not be true in the case of

an unsaturated/, <1latT =353K Yapour equilibrated membrane. It is obvious

that this is because the ionic conductivity of thembrane is dependent on the extent
of water humidification. Although initial hydratmoof the membrane is absolutely
necessary for attaining the threshold volume foactf water required for proton
conductivity, a further increase (or decrease imim@ne resistivity, =1/ k) depends
on the amount of water absorbed. It is apparemh fearlier discussions that flow field
plate design significantly alters the membrane wadlistribution and local current
densities. In order to investigate the impacthi$ flow field plate design on losses,

ohmic loss (r) plots have been generated.
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Figure 5.14: Membrane (ir ) distribution from base case simulation ati,, = 0.128
Alcm? (0.3 V NCO).

Figure 5.14 shows the local ohmic distributionnfra base case simulation at
an average current density of 0.128 AlcmAs expected, thér distribution is
influenced by the membrane water profile. The mumn local ohmic drop has
occurred in the region under the land where theimiaix water content was observed
(refer to water content profile from the correspogdcase in Figure 5.2 [a]). It can

also be found from Figure 5.10 [a] and 5.14 thakimam current density along the

124



in-plane width of membrane-cathode CL occurredhi@ tegion of minimum ohmic
drop. Thus, at lower current densities and witle thase case channel-land
configuration, circumstances forcing protonic catriarough the membrane might not
adversely result with the ohmic losses. A bettgdration option, improving the
membrane water distribution could indeed lessenathisotropy in the ohmic loss

distribution and improve the membrane performance.

It has to be mentioned that the study of PEM pltaseluctivity related ohmic
losses evaluated in this work explains the infl@eotcathode side mass transport and
design aspects but does not predict the relevéattefarising from the conditions at
the anode. This is because water (chemical patettbundary conditions along the
anode-membrane interface have been assumed to iftgmun Nevertheless, the
emphasis here is laid on showing the impact oflthve field plate design and cathode

mass transport factors on the ohmic losses in gralmane.

Figure 5.15 shows the ohmic distribution from adaase simulation with an
average current density of 0.647 Afcigat 0.5 V NCO). It is observed that the
portions of the membrane (refer to Figure 5.10 @tj)he channel/land junction which
exhibited higher local current densities had Idasic losses than the observed area of
lower current density under the channel. Althotlghportions showing higher current
densities with low ohmic losses do not hamper tle@mbbrane performance, in this
case, they represent only a small part of the mangbdomain. On the other hand, it
is obvious that the overall performance of the memé will still be influenced by the

portions showing greater ohmic losses under tharaia
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Figure 5.15: Membrane (r ) distribution from base case simulation at 0.5 V €O.

At higher current densities, the local ohmic dmittion from the base case
simulation, shown in Figure 5.16, reveals thatghdormance of the membrane in the
vapour saturated portion under the land is belti@n that under the channel. Although
it is understood that the local ohmic behaviourtltd membrane is based on its
hydration state, it has to be observed that maxinmunrent density along the
membrane-cathode catalyst layer has not occurrdaeimegion of low ohmic profile.
This is because the boundary conditions have fotbedmembrane to conduct the

ionic current through the region under the chanitdnce, the local losses are more
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in these regions where relatively larger local eatrdensities and lesser water content

were observed (refer to Figures 5.10 [c] and 5)2[c]
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Figure 5.16: Membrane (r ) distribution from base case simulation at 0.7 V €O

Based on the above observations of the base ras&sgon, it can be inferred
that, in an unsaturated membrane operating at higreent densities dfyy = 0.988
Alcm? (at 0.7 V NCO) and with uneven water distributitime local ohmic losses in
the regions showing poorer water retention andtgrelcal current densities are

greater and not desirable.
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Figure 5.17: Membrane (r) distribution [V/cm] from simulations with 2:1
channel to land ratio at 0.3 V, 0.5V and 0.7 V NC®

The local ohmic loss profiles from simulations lwihe boundary conditions
influenced by the channel to land aspect ratio:bfe2e shown in Figure 5.17. It can
be observed that contour plots at low, medium aigth lcurrent densities are less
anisotropic than that with base case boundary tiondi This suggests that increasing
the channel-land aspect ratio had reduced the tampgoin ohmic profile. However,
due to lower overall water content of the membrarenic drops are comparatively

more than that observed in the corresponding azdbe base case simulations.
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Figure 5.18 shows

simulations with a 4:1 channel to land aspect raboall three cases, at low, moderate
and high NCOs, it can be observed that overall oHosses have increased. This is
because of decreased water retention resulting freter water mass transport on the
cathode side of the membrane.
beneficial in reducing the anisotropy in the PEMagd ohmic loss profile but

aggravated ohmic losses are not favourable. laerdodgain a clearer understanding of

the effects of the flow field plate design on themfbrane performance, the details of

the local ohmic distributiorthe membrane obtained from
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the PEM phase losses have been outlined in Tabl@rgsented after the following

section on local power consumption.

5.3.5 Factors Influencing Local Power Consumptiothe Membrane

In order to illustrate the local power losses asrthe membrane, local power

consumption {°r ) plots have been utilised. These plots are expeotéttow light on
potential areas of local heat evolution inside thembrane domain. As expected,
relatively less conductive portions of the membraase led to more power losses
than that observed in more water concentratedqmati It has to be noted that these
situations only represent the influence of catheike physical and mass transport
effects but they do not account for the possibpereussions of the hydration state of
the anode. As mentioned earlier, this is one efrttodel’s limitations by its nature.
Nevertheless, the PEM phase power consumptionestiadie aimed at understanding
the potential causes of geometric and mass trangfects of the cathode on the

membrane.

It is quite interesting that power consumptiomaifase case simulation, with
boundary conditions at 0.3 V NCO given in Figuré%.is more in the membrane
region along the anode/membrane interface undetatieg Also, the local power
consumption along the membrane/cathode is moteegtihction between channel and

land. This is because the functional dependeng®ower loss on the square of local

current densityi?) is more than that on the local resistivity)(
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Figure 5.19: Membrane power % [J/s cnt] drop from simulations with the base
case channel to land ratio at 0.3 V NCO.

Figures 5.20 and 5.21 present the local power wopson across the
membrane at moderate and high current densitigpecagely. At moderate NCO of
0.5V, Figure 5.20 shows that larger power drojdmshe membrane has not occurred
in the region of greater local current densitiesfer to Figure 5.10 [b]) along the
cathode catalyst layer/PEM interface at the jumctletween land and channel.
Instead, it can be observed that larger resisiggons of the membrane under the

channel have shown a larger power drop.
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Figure 5.20: Membrane poweri’r [J/s cnt] drop from simulations with the base
case channel to land ratio at 0.5 V NCO

Also from Figure 5.20, it must be obvious that thembrane under the land
with less resistive regions have given relativelweér power consumption along the
cathode side of the domain. On the other handgteater local power losses in the
portions along the anode side of the membrane uhddand have resulted because of

greater local current densities and resistivities.
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Figure 5.21: Membrane poweri’r [J/s cnt] drop from simulations with the base
case channel to land ratio at 0.7 V NCO

By increasing the current flow by using the high NCO boundangitions, the
membrane power drop profile in Figure 5.21 shows that PEM phaserpance was
hindered by lack of sufficient water content in the portions undectiaanel. It can
be observed from Figure 5.10 [c] that higher local current densitiesined with
these more resistive portions under the channel have led to larger gh@ps. At the
same time, the anode side of the membrane under the land showed less pow

consumption, the reason for which can be lesser local current densities.
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Figure 5.22: Membrane poweri’ [J/s cnt] drop from simulations with 2:1
channel to land ratio at 0.3 V, 0.5V and 0.7 V NCOs

Figure 5.22 shows that, with 2:1 channel to land ratio, the overall pvpr
across the membrane has actually increased compared to thahé&r@mresponding
base case simulations. Although power drop at lower current demsitiggure 5.22
[a] has not been significant, at moderate and higher currentidsrsibwn in Figures
5.22 [b] and [c], there has been considerable power consumption alongpiame
width near the cathode side of the membrane. The larger poweralivogsthe anode
side of the membrane, observed in both Figures 5.22 and 5.23, are caused dfecause

the larger local current densities and ionic resistivities.
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Figure 5.23: Membrane poweri’ [J/s cnt] drop from simulations with 4:1
channel to land ratio at 0.3 V, 0.5V and 0.7 V NCOs

Figure 5.23 shows the effect of increasing the channel to laidfuather.
This resulted in reducing the anisotropy of the membrane residivitilas increased
the magnitude of local power consumption in all three cases (atnhmderate and
high NCOs). This is because a majority of protonic current, ippdintons under the
land, flows through relatively less humidified membrane portions. Abtetafluence
of increasing the channel to land ratio is that simulations hestdted in less power
consumption anisotropy along the in-plane width of the membrane. This could

become a positive design aspect if the membrane is fully humidjiedater vapour
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(A, =11 but in the case of an unsaturated membrane, the observed incore¢hse

power consumption is not desirable.

Table 5.5: Ohmic loss and power consumption across the membmanfrom
simulations with different channel-land configurations

Channel-Land NCO | avg (IM) avg (%) g R

Ratio [V] [Alcm?] [Vicm] [W/scmf]  [Qcnf]

0.3 0.128 9.169 1.174 1.330

Base case 0.5 0.647 18.034 11.602 0.530

0.7 0.988 15.576 15.756  0.307

0.3 0.125 10.866 1.368 1.621

2:1 0.5 0.664 39.792  26.390  1.123

0.7 1.094 38.703  42.315  0.663

0.3 0.122 10.990 1.345 1.686

4:1 0.5 0.646 53.729 34770  1.558

0.7 1.109 61.209 67.922  1.034

(D)ag == > Sir(j,K)V (izr)avgzlﬁj:izr(j,k)dv: Ry = S Yir(j, kv

VTR VIR lagAT %

Table 5.5 summarises the results of conductivetgted ohmic losses across
the membrane. It can be observed that ohmic |dspeés increased with the increase
in channel to land ratio. This is because of therall decrease in the membrane water
content with the increase in the flow field plagpect ratio. Fewer ohmic losses have
been observed in the base case results becausdeitea trade-off between water
concentrated portions under the land and that uttteerchannel. The increase in
power consumption with channel-land aspect ratibeisause a larger portion of the
membrane has been forced to conduct protonic duimesugh less conductive regions
under the channel (refer to plots explained earéed that along the anode interface.

Finally, it can be observed that the membrane teesie was lower in the base case
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simulations than that with increased channel-laatior This suggests that with
partially humidified vapour equilibrated membrargserating at moderate and high
current densities, the flow field design that resuh showing improved current
densities may not actually be beneficial for themheane. Also, it should be noted
that the manufacturing difficulties involved in dgsng higher channel to land ratios

such as 4:1 (smaller land width) are greater (Saletlal., 2006).

5.3.6 Effect of Channel-Land Ratio on the Net Water Flux per Proton Flux

A smaller channel to land ratio could promote dardpack water diffusion
across the membrane from cathode to anode. Thiedguse of the increase in the
membrane water content in the portions under thé $&nown in Figure 5.2 [c]. It can
be said that this phenomenon is a consequenceedhdffificient water removal from
regions under the land of the cathode PTL intogdw® channel, which creates a larger
chemical potential gradient across the membranecomtrary, water back diffusion in
the membrane portions under the channel might earbpar with that under the land
(due to less water concentrated portions underchiamnel). As a result, one could
observe varied water flow patterns inside the memdr Figure 5.24 presents these
effects using results obtained with different clelnto land ratios at 0.5 V NCO.
Although net water flux varies across the membré#menet water flux per proton flux

(B) has been maintained according to equation 5.3.
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Figure 5.24: Through-plane net water flux[10°mol/cm?s] distribution across the

membrane from simulations using boundary conditionswith 1:1 [a], 2:1 [b] and
4:1 [c] channel to land aspect ratios at 0.5 V NCO

It can be observed from Figure 5.24 [a] that tgieplane net water flux across
the membrane portions under the land is negaflVes indicates that water movement
in these portions is from cathode to anode, whiddpminantly is induced by the
increase in water retention in the cathode regiodeu the land. Simultaneously, a
positive net water flux across the membrane regioder the channel indicates that
flow is from anode to cathode. It must be obvithat this has been the situation

because of efficient water removal from the cathi®@de under the channel.
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Figures 5.24 [b] and [c] reveal that combinatioh$arger channel to land ratio
have resulted in a less anisotropic net water flistribution, which is positive
throughout the membrane indicating water movemear fanode to cathode. This
observation indicates that water discharge frorhade PTL, in these two cases, has

been better than the base case.

5.4 Effect of Membrane Thickness on Water Balanceral Ohmic Resistance

Water transport across the membrane also depemdsthe physical
characteristics such as the through-plane memhradeness. Essentially, the mass
transport across a thinner membrane is governethiggr driving force gradients
compared to that across a thicker membrane witlsdhge boundary conditions. As a
result, it can be anticipated that under the sapmelitions there would be larger back
water diffusion across the thinner membrane. Theagse of this section is to
demonstrate these aspects and compare the restdtisienl from simulations with
various Nafioff 1100EW membranes. Table 5.6 shows calculated net wiateper

proton flux (B) values from base case simulations with variousdi&fmembranes.

The decrease i with the membrane thickness is evident from T&bé In
the case of simulations with N 118, has been maintained using equation (5.4), and

the corresponding values from simulations with dafil12 or 115 were computed
using the same boundary conditions as that of ithalation with N 117 membrane.

As expected, the reason for observed smallen thinner membranes (N 115 and N

112) is larger water back diffusion from cathodanode.
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Table 5.6: HO/H™ flux, B, current density, i, and membrane resistance,R,,
from base case simulations with Nafion membranes

NCO  Membrane Favg P Ry
[V] Type [A/cm?] e [Q cnT]
N 117 0.385 0.128 3.76 1.330
0.3 N 115 0.139 0.128 3.76 0.950
N 112 -1.151 0.128 3.76 0.380
N 117 0.299 0.647 5.81 0.530
0.5 N 115 0.019 0.647 5.81 0.380
N 112 -1.450 0.647 5.81 0.152
N 117 0.301 0.988 8.08 0.307
0.7 N 115 0.020 0.988 8.07 0.221
N 112 -1.450 0.988 8.06 0.089

T N xxy hasxx00 EW andy mils thickness(Lmil =2.54x10° cm)

It also can be observed from Table 5.6 that angrimembrane, with the same
water content, offers lesser resistance to protansport than a thicker membrane.
This is in accordance with the Ohm’s law for elelytes (Newmanet al, 2004),
which states that thickness of the ionic condueftects the potential gradient across
the membrane. It is interesting to see that, lithate cases, the membrane resistance
has decreased with the increase in current densitg reason for this can be ascribed
to the increase in overall membrane water uptakeghtier current densities. It should
be mentioned that values given in Table 5.6 refteet influence of cathode side
conditions and may not represent that of a compietkcell. In a fuel cell operating
at with partially humidified inlet gases at higheurrent densities and thicker
membrane (N 117), there may be a possibility tinatda side of the membrane may
become dehydrated and influence the membraneaesesin a situation when water

transport driving forces are not balanced. Thus &lso vital to account these aspects
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in the membrane water management of a fuel celto,At has to be mentioned that,
when the membrane is fully humidified with liquichterA, =22, ohmic resistance of

the membrane is expected to remain constant.

5.5 Membrane Swelling Constraint Effects
For investigating the effects of constraining thembrane from swelling along
its through-plane thickness with membrane wateakgtsimulations were performed

by considering a range of constraint facfgrs. This is because there is no

experimental data available in the literature ttadws the magnitude of membrane
swelling constraint. Webaat al. (2004c) have shown these aspects by modelling the
stress balances between the membrane and PTL. Maey predicted that a
membrane is partially constrained inside the fudl and the extent of constraint
depends on the hydration state of the membran¢henohysico-mechanical properties
of the MEA components. Based on Weber's modehai$ been assumed that a
partially hydrated PEM, considered in this workcanstrained to an extent between

30 to 50 % of that of a free-swelling membrane.

Table 5.7 shows the results obtained from sinuiatiaccounting constraint
factor on the membrane swelling in through-planektiess. As mentioned earlier, in
all simulations, the membrane has been fully piddnem swelling along its in-plane
width. It has to be noted that a constraint factigy =0 means that membrane has
been allowed to swell freely in its through-plah&kness. The magnitudes @f> 0
indicate the extent to which PEM is constrainednfrewelling along its through-plane

thickness. The effect of constraining the membiarevident from the decrease in the
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membrane water uptake with the increase in the et of constraint. Upon
constraining, the membrane water uptake decreaBes wompared to that of a free-
swelling membrane. It must be obvious that thisuog as a consequence of the

decrease in its overall volume.

Table 5.7: Effect of constraining PEM swelling on \ater uptake (4, ), ionic

conductivity (. ,,,) and H,O/H" flux ( 8) from base case simulations with Nafion

117 membrane

.avg

Current Density N 117 Constraint 1 Ky avg

i g [AICM?] Factory v.avg [S/cm]

0.128 0 3.76 0.0141 0.385
0.3 3.71 0.0150 0.356
0.35 3.70 0.0152 0.351
0.4 3.69 0.0154 0.346
0.45 3.68 0.0156 0.341
0.5 3.67 0.0157 0.336

0.647 0 5.81 0.0393 0.299
0.3 5.70 0.0426 0.240
0.35 5.68 0.0432 0.229
04 5.66 0.0438 0.219
0.45 5.64 0.0444 0.208
0.5 5.62 0.0450 0.197

0.988 0 8.08 0.0705 0.301
0.3 7.87 0.0777 0.211
0.35 7.83 0.0789 0.195
04 7.80 0.0802 0.179
0.45 7.76 0.0815 0.162
0.5 71.72 0.0828 0.145

It can also be observed from Table 5.7 that tieeelarger decrease in water
uptake due to membrane constraints when the umeamst membrane shows higher

water content. This is because the membrane sgeticreases with water uptake is
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released, and upon constraint, more water tharatiatv water uptakes. Since all the
membrane transport properties are functions of wedatent directly or indirectly
(through water volume fraction), they are also expe to vary with the extent of
constraint. It can be seen that the membrane abindy has actually increased with
constraint. This is because the conductivity & mhembrane is a strong function of
water volume fraction. Although membrane watertenh has reduced with the
constraint, the volume fraction of water has insegabecause of decreased overall
membrane-water volume. Consequently, the condtictf the membrane has

increased when compared to that of a free-swettisghbrane.

Constraining the membrane also affects the watalanibe across the
membrane. This is because of the decrease inéh&bnane thickness with the extent
of constraint. It can be understood that this eispe analogous to what has been
observed with the effect of membrane thickneshemet water flux per proton flyx
in the preceding section. It can be observed ffamle 5.6 that as the constraint factor
increasesf decreases. This has been the case becauseafwatpr back diffusion
from cathode to anode. The reason there was dis@gn decrease i3 ati =0.988
Alcm? is that there was a larger chemical potential igrad It can be found from
Figure 5.2 [c] that the portion of membrane alomg in-plane width under the land at
the cathode/CL interface is saturated, which makedvious that there would be a
larger chemical potential gradient across the mamdar Hence, upon constraint, the

effect of water back diffusion is greater.
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5.6 Summary

This chapter presented and discussed the redulte simulations performed
with anisotropic boundary conditions on the membramnsport properties, ohmic
losses and power consumption under low, medium higth nominal cathode
overpotentials. In general, it is apparent thaivffield plate design and mass transfer
considerations greatly affect the conditions antemkial operability of a fuel cell
membrane. Performance will not only be dictatedHh®y anisotropy in the PTL and
catalyst layer, but the resulting anisotropic ctinds in the membrane also need to be
considered. The study the effect of physical aspsach as the membrane thickness
showed that the ohmic resistance contributed by nigenbrane reduced with its
thickness. The membrane thickness also plays portant role in governing the net
water flux across the membrane. The analysis @fmliembrane swelling constraints
revealed that they alter the membrane water reterand transport properties of a
free-swelling membrane. Further, a detailed surgnudirthe observed results and

conclusions will be presented in the next chapter.
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6. CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

The variation in the local performance of the meank based on its hydration
state has been predicted in the current analysisas been found that the anisotropy
in membrane ionic conductivity, influenced by threthmde side conditions and flow
field plate geometry, decreases with the increasthe channel to land aspect ratio.
Interestingly, it has been observed that the irsana the channel to land ratio with
fixed inlet relative humidities affects the perfante of the membrane by lowering its
average ionic conductivity. This is because ofdberease in the overall membrane
water retention in simulations with boundary comdis influenced by 2:1 or 4:1
channel to land ratios. The membrane-cathode ysatédyer boundary conditions
obtained from Sun (2005a-c) suggest that the isereéa the channel to land ratio
betters the performance of the cathode to a rehfoeatent, but the membrane layer
simulations performed in this work reveal that otihaisses across the membrane will
be aggravated with the increase in channel-landigitmations under low humidified
conditions. The results obtained by using a delesumembrane model in this work
neglect the mutual effects of ohmic losses betvikermembrane and catalyst layers.
Hence, the analyses of ohmic distribution and powensumption across the
membrane with the computer model may not repret@it of a realistic fuel cell

membrane but they does show the potential consegsenf anisotropic boundary
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conditions along membrane-cathode electrode irderém the performance of a fuel
cell membrane.

In simulations of base case, membrane water reteint the portions under the
land had supplemented the overall conductivityhef mnembrane. This has not been
the case in simulations with increased channebltal Iratio, where increased water
removal from cathode has had an impact on the datlside membrane boundary
conditions reducing the overall conductivity of thrembrane. A smaller channel to
land ratio promotes larger back water flux keephmymembrane sufficiently hydrated

reducing the conductive losséis). This can be found from the results presented in

Table 5.5, where base cae)_  value at 0.7 NCO has been found to be considerably

avg
lower than the corresponding values from simulatisith 2:1 and 4:1 channel to land
ratio influenced boundary conditions. These obm@as imply that, with partially
humidified inlet gases, a smaller channel to lasigeat ratio of flow field plate could
keep the membrane better humidified than that witlrger configuration. This aspect
of design has to be carefully dealt for optimisanfiow field plate configuration that is
beneficial for the mass transport in both porowngport/catalyst and membrane

layers.

The physical parameters of the membrane also afaynfluential role in
governing the performance and water balance athessiembrane. It has been found
that with the same boundary conditions, N 112 efletesser resistancéR, tp
protonic current than that by N 117. Also, the neiter flux per proton flux has

decreased with the membrane thickness. This haers the case because of the larger

water back diffusion from cathode to anode, whixteeded the electro-osmotic flux.
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The membrane swelling constraint analysis reve#had ionic conductivity
improves when the membrane is partially constraifredn swelling (< 50 %).
Although, water retention inside a partially coagied membrane is lower compared
to that of a free-swelling membrane, the conduistivihproves because of the increase
in the volume fraction of water inside the membra®®, one can expect the partially
constrained membrane exhibit a better performamae &n unconstrained membrane.
Although, this situation is beneficial from the fmemance perspective, it may also be
possible that expansion-contraction cycles of tleenitrane could affect its durability.
This is because the volume of the membrane varigh s water retention.

Nonetheless, analysing the relevant effects is heyioe scope of this thesis.

6.2 Future Work
The computational framework set for solving the rhesme layer mass

transport model of a PEM fuel cell has to be ex¢ehitd account for the mass transport
equations in both porous transport and agglomestedyst layers. The finite volume
method should be applied to solve the transpom@imena in all layers of a fuel cell,
iteratively. Such a framework is expected to pdeva foundation for performing more
comprehensive analysis of the MEA water and themmahagement aspects between
the flow field plates at either electrode of a foell. In general, the following aspects
could be included in the future work for improvitite applicability of the computer
model in a unit cell design:
= Developing a computer model to simulate the twoatisional, two-phase, mass

and heat transport across a fuel cell MEA sandaiahintegrate the species fluxes

along the length of the channel (pseudo three-dsmeal).
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Analysing the influence of mass transport limitaan either electrode of the fuel

cell on the performance of the membrane.

Extending the membrane constraint model to perfote membrane

durability/failure analysis with alternate MEA cooment parameters.
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APPENDIX A — PARAMETERS AND ADDITIONAL FIGURES

A.1 Physico-Chemical Parameters used in the MembranModel

Parameter Value Reference
Density of waterp, 1.1603- 0.0005371T [g/cnT] W((azbgcr)itb';ll.,
Density of the dry Weberet al,
membrane,o,, , 2.0 [gfem] (2004a)
Weberet al,
Surface Tensiony  (1.1603- 0.0005371T) %107 [N/cm] Incr(sgg:laz)t,al
(2002)
Absolute membrane Bernardiet al.
—14 2 ]
permeability, k., 18x10"" [em7] (1992)
Water vapour _ 381644 Weberet al,
pressure,p,** exp{11.6832 T —46.13} [bar] (2004b)
Channel contact Weberet al,
angle,0 9002 (2004a)
Viscosity of water, _ 11 Weberet al,
L (26953-6.6[T) %10 [bar s] (2004b)
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A.2 Plots of the Vapour Phase Transport Coefficient
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Figure A.1: The vapour phase transport coefficienta,, in a simulation with base
case conditions and parameters at 0.3 V NCO.
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Figure A.2: The vapour phase transport coefficienta,, in a simulation with base
case conditions and parameters at 0.5 V NCO.
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Figure A.3: The vapour phase transport coefficienta,, in a simulation with base
case conditions and parameters at 0.7 V NCO.

159



APPENDIX B — MODELLING MASS TRANSPORT IN THE CATHOD E

B.1 Modelling Mass Transport in Porous Transport amd Catalyst Active Layers

The equations relevant to the mass transportengid porous transport and
cathode catalyst active layers will be presentethis portion of the appendix. As
mentioned earlier, the boundary conditions usetthéncurrent work for analysing the
anisotropic mass transport issues inside the mamatleyer of a fuel cell have been
obtained from the agglomerate model by 8ual, (2005a-b). The equations given in
this appendix represent that of an agglomerateodatinalf-cell model developed by
Sunet al. (2005a-b).

In general, the phenomena that occur in the cattmadf-cell can be described
as follows:

1. Gas diffusion in the porous transport layersais the catalyst layer.

2. Diffusion of oxygen reduction reaction partidipg species from high
concentrated portions of PTL {0 towards the active surface of the
agglomerate catalyst structure.

3. Electron conduction through the PTL and catadlyger towards the reactive
surface of the agglomerate structure.

4. Proton migration on the Nafion film surroundihg agglomerate structure.

5. Oxygen reduction on the active surface of thggagerate catalyst structure.

6. Water production from oxygen reduction reaction.
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B.1.1 Reactant Transport

The Stefan-Maxwell equation (Biet al, 2002) expresses the multicomponent
gas diffusion inside the porous transport layerhe Tmodified form the equation
accounting the effective diffusivities (Bernameli al, 1991) in the PTL and catalyst

layer, given by Suet al, (2005b), is as follows:

M UM
On, = D{— O, Z Di;aff M_(ij +W, Vﬂ (B.1)
i j
DijEﬁ = Dij géﬁi (B.2)
Dil?f,fc =Dy&ci (B.3)

where
n, = Species mass flux vector,
w, = Mass fraction for component
p = Density of gas mixture,
M = Molecular weight of the gas mixture,
D, = Binary diffusivities of specieisandj, and

£ = Porosity.

B.1.2 Electrode Kinetics

The overall oxygen reduction reaction for a folacgon transfer reaction on

the catalyst active layer can be written as,

4H* +0, + 4 = 2H,0
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A material balance of oxygen over a control volumée agglomerate catalyst
active layer relates gives,

O, +R, =0 (B.4)

Expressing the oxygen flux term in equation (Aid)terms local current
density and the oxygen consumption in terms ofr¢faetion rate on the surface of the

agglomerate in the cathode catalyst layer, theoilg equation can be obtained,

(B.5)

-1
1 + (ragg + 5)5
Er kc (1_ ECAT) a r D

P,
00, =4F — [

H agg” agg
where

a,,, = Effective specific surface area of agglomerate,

D = Dissolved oxygen diffusivity in Nafion coating,

E, = The catalyst effectiveness factor,

r

H = Henry’s law constant,

k. = Electrochemical reaction rate constant for oxygluction reaction,

C

o0 = The thickness of electrolyte coating on the aggrate,

l.ee = Adglomerate radius, and

R,, = Oxygen consumption in oxygen reduction reaction,

and where
ON, = -im a,, (Note: In the cathode CILJ [0, =-0J0,,)
2 4F
-1
R, = B, 1 + (ragg *0)9
’ H Er kc (1_ gCAT) aaggraggD
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: ref _ —
kc - gl mPtSac I0 f eXF{ ac F ,7} - ex (1 ac) F ,7)
4Ft, (1-£cxr) ) | CE RT RT

Y R S
" g (tanh@y) 3@

- ; ) — ragg kc
and ¢ = Thiele’s modulusg BER
eff

B.1.3 Charge Transport and Conservation
Electrolyte phase proton migration and solid phalsetron transport in the

cathode, given by a simple Ohm’s law, are as fadtow
i, =400, (B.6)
ioc = —KkS"OD, (B.7)
Conservation of charge in the catalyst layer basedthe assumption of
electroneutrality can be expressed as follows:
00, +00, =0. (B.8)
In the gas diffusion layer, the charge transgodanserved by,
Od,. =0, (A.9)
where subscripts, p, e, cl represent proton, electind catalyst layer respectively and

subscriptd ands represent electrolyte and solid phases respegtivel
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Table B.1: Parameters used in Sust al., (2005b) agglomerate cathode model

Parameter Value Reference
Porosity of PTL,&,;, 0.4 a
Porosity of catalyst layei ., 0.1 a
Radius of agglomerate surface arag, 1.0 [um] a
Conductivity of PTL,«, 1.0 [S/cm] a
Catalyst layer thickness,, 15 [pm] a
0, diffusivity in Nafion (at 80°C) 845x107%° [m?s] a
Henry’s constant 0.3125 [atm rmol] a
;ggcllérrlne:; g electrolyte coating of each 80 [nm] a
Electrolyte fraction in agglomerate,, 0.5 a
Reference @concentrationCy' 0.85 [mol/nf] a
Effective Pt surface ratic, 0.75 a
Binary diffusivities

PDo, 1,0 370%x10° [atm nf/s]

PDo, n, 279x10°°[atm nf/s] b
PDy, 1.0 387x107° [atm nf/s]

a: Suret al. (2005b)
b: Birdet al.(2002)
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APPENDIX C — BLOCK UNIFORM GRIDS FOR DISCRETISATION

Block uniform grids are a set of uniform gridstire domain. This sought of
grid spacing, illustrated in Figure C.1, shows a-tlimensional PEM domain that has
been divided into various sub domains. Each ofé¢hdomains has a uniform set of
control volumes, which are defined based on tharpaters affecting the dimensions

of the PEM. The dimensions of the control volunmesach of these sub domains also
change with the average local water conﬁ%g‘t of the sub domain. Hence, during

simulation, the control volumes in each of the domain adapt the dimensions based
on the local hydration state. The principal reaorarranging this sought of grid is to

investigate the anisotropy in membrane swellingvbyer uptake.
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Figure C.1: Block Uniform Grid Scheme

In the case of uniform computational grids, thiifacial transport properties
can be approximated with arithmetic mean of theasunding nodes in the row. When

block uniform grids are used; the interfacial pnbigs can be computed using a
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scheme given by Patankar (1980). Figure C.2 itss that interfacial membrane

ionic conductivity x,between nodeB andE can be expressed as,

K, = fkp + (- ke (3.61)
where
CON
(X,
f\P E € I\ E
\/ : ./
JCRINCR
(X),

\ 4

A

Figure C.2: Interfacial parameter approximation scheme (Patankar, 1980)

The computational framework discussed in earlggtisns has been set to be
grid-independent. Refining the grid sizing in themputational domain gives better
illustration of the computed dependent variablesl ahe membrane transport
properties. The model can be simulated with a 2dmain of any nxmcontrol
volumes. This can be achieved at the expenseropetation times, which increase

with the model grid sizing.
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