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ABSTRACT

Proton exchangmembrane (PEM) fuel cellsrea viable,cleanand efficient power
generationtechnology forthe future.Water management.e., the balance between
membrane drying and liquid water floodingja majortechnical issue in the operation of
these devicedater flooding in particular results intoa gasliquid two-phase flow that
affects the performance, durability and cosfathematical models play and important
role for adeepemunderstandingf the twophase flonphenomenomccurringin a PEM
fuel cell

The main goal ofhis workwasto move one step ahead PEM fuel cells modeling
and simulation. Anumerical modethat couples thevolume of fluid (VOF) methodo
simulate the aiwater twophase flow inthe cathode gas channels (GQgjh the
electrocherital reactions taking place in the catalyst layer (@hdlthe water transport
in the membraneas developedrhe multifluid saturation rethodwas alsomplemented
to describethe water transport in the gas diffusion layer (GDL). A 3D domain was
considerd for the cathode GDL and@3 whereas the remaining componewitshe cell
were simplified talD.

The model wasalidated against the electrochemical performan@nekperimental
fuel cell, considering polarizatiocurves and individual voltagessesA transparent fuel
cell was also employed to visualizbe water distribution in the cathode order to
validate the model twphase flow predictions.

The water dynamics in a singkerpentine channel offael cell with an active area of
25cn? was numecally investigatedWhen decreasing the operating voltageptets
grew larger and suffed more deformation, and the amount of water accumulated in the
channelwashigher. Accordingly, the twephase flow pressure dreypas higher at lower
voltages. Furtermore, it was found that more water accumulatetthe elbove, andat
the topand side walls of the channel. Current density and liquid water generation
distributions weralisplayedand correlated witthewater emergenagarofile through the
GDL into theserpentine channdk was also demonstrated that the model aampute
the effects of flooding in the cadlectrochemical output.

An experimental study on the membrane electrode assembly (MEA) desigilsovas
conducted. Theffects of the microporous lay (MPL), membrane thickness and GDL
hydrophobic treatmenwere investigatedThe MPL was found to improve the cell
performance at low to medium current densities. However, at high cyrter@duced



the cellelectricaloutput. Decreasing the membraneédkness and applying a hydrophobic
treatment to the GDL reselinto significanty better performances.

Further numerical simulations were conducted employi@gtan? cell with single
and multiserpentine chanrglin whichthe influence of the channetlls wettabilityon
the twophase flowwas studiedWater was transported as films attachethtachannel
upper corners when the walls were set hydrophilic, whereas when the walls were
consideredhydrophobic it moved along the channel mostly in the foirdropletsHigher
pressure drops were obtained when considering hydrophobic Wwaltsasing the air
stoichiometry decreased tirdluenceof the channelalls wettability and increased the
pressure dropSetting a different wettability to the elbows othe serpentine did not
provide more beneficial flow patternsHowever, setting the top wdllydrophilic while
considering the sidealls hydrophobic appeared to be a better option than having all the
walls hydrophilic or hydrophobi&Similar twophase flov patterns were obtainading
single and multserpentine chanrgl with the same effects of the channel walls
wettability. However, the pressure drop in the ma#rpentine configuration was
significantly lower.

In the model developedh this work important issues on PEM fuel cells modelling
and simulation weraddressa, especiallythoseconcerning coupling théOF technique
with the electrochemical reactions and the prapgrerimentalalidation of the results.
Both the modeland the results of numeal simulationscontribute to a better
understanding of the twphase flow phenomem that occuran PEM fuel cells. Such
knowledge is essential to find suitable strategies to mitigate its negative dtieitisy
contributingfor the developmerdnd opimizationof this technology

Keywords: PEM fuel cellsWater managementwo-phase flowNumerical modelling

and simulationVolume of fluid method



Resumo

As células de combustivel com membralgapermuta protonicéproton exchange
membrane (PEM) fueells) surgem como uma tecnologia viavel, limpa e eficiente para
a geracao de energia hduro. A gestao de agua, ou saabalanco entreomo evitara
secagem da membrana emcharcamentoadcélula, € um aspetmuito importante na
operacdo destes g@issitivos. O encharcamento da célula leva ao aparecimento de um
escoamento bifasico (géisuido) que afeta seudesempenho, durabilidade e cu€bs.
modelos matematicos desempenham um pagétvante na auisicdo de um
conhecimentoaprofundadoacerca dosfenémenos relacionados com o escoamento
bifasico que ocorre numa célula de combustivel do tipo .PEM

O principal objetivo deste trabalho favancar na area amodelacédo e simulagcéo de
células de combustivel do tipo PEBesenvolvetse ummodelomatematicacoplando
o métodoVolume 6 Fluid (VOF), que simula o escoamento bifasicéagua nos canais
do cétodo, com as reacdes eletroquimicasapoeremna camada catalitica @m o
transporte de agua na membrana. O mékéditi-Fluid foi também implementado pa
descrever o transporte de dgua na camada difuGonsiderotse um domini@D para
0S canais @araa camada difusora do catodqaraos restantes componentes da célula
considerotse um dominio simplificado em 1D. Esta estrat@gianitiu adiminui¢cé do
tempo de calculo numérico.

O modelo foi validadoatravés dos valores experimentais desempenho
eletroquimico de uma célula de combustigel tipo PEM considerando curvas de
polarizacéce os valores individuais dos varios tipos de perdatedsdo Foi também
usada ma célula de combustivel transparente de modo a visualizar a distribuicdo de agua
no catodo e validar as previsfes do modelo relativamente ao escoamento bifasico.

Analisouse numericamente a formacéo e escoandadgua num canal eforma de
serpentina de uma célula de combustivel com uma area ativacie. Para valores
decrescenteda tensaale operagdo, as gotas de dgua aumentaram de tamanho, sofreram
uma maior deformacdo a quantidade de &aguacumulada no canal aumentou.
Corsequergmente a queda de presséo escoamento bifasicaumentou também para
menores valoresle tensao Verificou-se igualmente a ocorréncia de uma maior
acumul a-«o0o de 8gua nos MNAcot kterédestwpodo can
Correlacionotse a distrinicdo espacial da corrente especifica e da geracdo de agua
liguida com o perfil de aparecimento de agua no canal, através da camada difusora.



também demonstrado que o modelo desenvolvido € cdpaprever oefeito do
encharcamentda célulano seudesenpenho eletroquima:

Realizouse igualmente um estudo experimentakobre o design do conjunto
membraneaelétrodos ihembrane electrode assemfWEA)), onde foram analisados os
efeitos da camada microporosaicroporous laye(MPL)), da espessura da memlaan
do tratamento hidrofébico da camada difusaralesempenho da céluléerificou-se que
a MPL melhoou o desempenho da célula quarekh operoua correntes especificas
baixas e médias. No entanto, a MPL levou a wesucdo do desgmenho da célula
aquamlo do funcionament@ correntes elevada¥erificou-se ainda que, ugr uma
diminuicdoda espessura da membrana, quaplicacdo dam tratamento hidrofébico a
camada difusoranelhorou significativamente desempenho da célula.

Efetuouse um conjunto adicnal desimulac6es numéricas considerando uma célula
com 2.4cn? de area ativa @laca distribuidora de fluxo com um Unico caeah
serpentinae com VAarios canaisambém comuma geometriaem serpentina.Nestes
estudos, analisese ainfluéncia da molhahiflade no escoamento bifasid®ara paredes
do canalhidrofilicas, formaramse filmes de agua que sEumularam nos cantos
superiores do canal, enquanto que quando as paredes foram consideradas higeofébicas
agua movimentoseao longo do canal principaknte sob a forma de got&btiveram
se raiores quedas de pressdo com paredes hidrofébicas. Aumeantardesso de ar,
diminuiu a influéncia da molhabilidade das paredes do canal e aumentou a queda de
pressaoA aplicacdo de umdiferente molhabilidadem Aicosovedh serpentin
geroupadrdes de escoamento mi@goraveis No entantoconsiderar a parede do topo
do canal comaidrofilicae as paredes laterais hidrofébicas rewsleuma melhor op&o
do que ter todas as paredasrofilicas ou hidrobbicas Obtiveramse @adrées de
escoamento bifasico semelhantes em canais com serpentina Unica e com multiplas
serpentinas, com 0os mesmos efeitos da molhabilidade das paredes dos canais. No entanto,
a queda de pressao na configuracaorertti-serpentindoi significativamente menor.

No modelo desenvolvido neste trabalho foram abordadpet@s importantes na
modelacdo e simulacdo de células de combustivel do tipo PEM, especiabmente
relativos ao acoplamento da técnica VOF com as reacdes eletroquimicasm& a
validacdoadequadalo mesmo conmesultadosxperimentaisQuer o modelo, quer os
resultados das simulagcdes numeéricas contribuem paramatier compreensédo do

escoamento bifasicque ocorreneste tipo de células. Tal conhecimento é essenaial



conce@o de estratégias adequadas para mitigar os seus efeitos negativos, contribuindo

assim para o desenvolvimer@®timizagaalesta tecnologia.

Palavras-chave: Células de combustivel com membraleapermuta protoni¢c&sestao
de 4guaEscoamento bifasicaModelacdo e simulacdo numérjddétodo Volume of
Fluid
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1. INTRODUCTION

1.1.Background

Global energy supply systeand associateg@roblems

Fossil fuels, including coal, oil and natural gas, nad®iut80 % of theworld total
primary energy supplyl]. However, hey arefinite and eventuallyare going to be
depleted. Moreovettheir u® releases greenhouse gases #rateadingto the global
warming of theplanet[2]. Climate changehave had widespread impacts on human and
natural systemf2]. The atmosphere and ocean have warmedqulaatityof snow and
ice havedecreasedandthesea levehasincreased2]. Continued emission of sugfases
will cause further warming and logsting changes in the climate system, increasing the
probability of severe, pervasiandirreversible impacts for people aedosystem§?].

A largeand sustained reduction of fossil fuels burningrgently requiredo limit climate
change and its consequencBsecurrentglobalenergy supply system neetierefore to
suffer major transformatianin order tobe basedn renewable energy sourcegth

minimal environmental impact.

1.2.Fuel cellstechnology
Fuel cellsand howthey can ben alternative for energgeneration Hydrogen energgconomy / Tges

of fuel cells / Applications

A fuel cell, first demonstrated by Sir Willian Grove in 183, is an electrochemical
energyconversiondevice that directly transforns the chemical energy of a fuel into
electricity. A brief history of fuel celt developmentsincetheir discoveryto the present
days,can be found in Ref4, 5].

Fuel cells are a central part the so calledhydrogen energy economwhere
hydrogen the lightest, most efficiereind cleanest fuel, is used as the primary energy
vector[6, 7]. Mostof thehydrogenproduced today stitlerivesfrom fossil raw materials
However,it can alsobe obtained throughwater electrolysis using electricity generated
from renewablegesourcessuch as solar or winth a fuel cell, hydrogen can be converted
into electricityvery efficiently andwith virtually no harmful greenhouse gases emissions.
Fuel cellsthusappearasa sustainablalternativetechnology to generate power for the

future.
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There are several types of fuetlls. They are generally classified based on the
electrolyte employed. Accordingly to such classification, there are 5 major groups of fuel
cells: alkaline fuel cells (AFCs) proton exchange membrane (PEM) fuel cells
phosphoric acid fuel cel[® AFCs) molten carbonate fuel ceMCFCs) andsolid oxide
fuel cells(SOFCs) These fuel cells diffefrom each otheaccording to their operating
temperatureefficiency, applications and cost. A comparative study of design, working
principle, applications, advantages and disadvantages of the various fuel cell technologies
can be found elsewhef@]. These technologies are alredmbingcommercializedr are
near commercializatiorAfter the installation of its firstunb n Googl eés mai n ¢
in 2008 Bloom Energy haverovidedSOFCs systems for many companies, including
Walmart, Bank of America, Apple, Hondahe Coca Cola CompanyA$A, etc.ACFs
have beemsedin the Unites States space programce 196(J4]. PAFCssystems are
being commercialized by Doosen Corporatfftoxmer UTC Pwer) for several yearfn
2013,FuelCell Energy Solutions delivered its first ACs power plant to th&erman
federal ministry of educatioand research office complelwcated inBerlin. Examples
of applicationsof PEM fuel cels systems, those with the broadest range of applicability,

arepresentedn a separate section.

1.3.PEM fuel cells

PBEM fuel cellsin particularhave highly desirablefeatures They operate at low
temperaturerenderingthem easier to handleeduéng thermal lossesnd allowng a
rapid startup.They are alsogenerally thesmallest and lightest fuel cellsSuch
characteristicenakesthem suitabldor almost everypplication That is why mosbf the
fuel cell research and development activities involve PEM fuel eallsthe case of the

presenthesis This sectionis dedicated ta brief overview of PEM fuel cells technology.

1.3.1. Basic principle of operation

Reactions / Theoretical efficiency and voltagéefnst equation Comparison with heat enginefficiency

In a PEM fuel cell, hydrogen is fed on the anode side (negative electrode) where it is
split into its primary constituents: protons “jHand electrons (8. This reaction is
designated as hydrogen oxidation reaction (H@Eguation(1.1)). Protons travel ttough

the electrolyteowards the cathod&hereas the electrons are forced to travel through an
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external electrical circuit, where they perform useful work. At the cathiolge(positive
electrode), protons and electrons coming from the anode react with ofgayesrally
from air) that is introducednthisside From the oxygen reduction reaction (ORR), water
is produced and heat is releagBduation(1.2)). The operating principle of a PEM fuel

cell is schematizeoh Figure 1.1.

Anode Electrolyte  Cathode

Figure 1.1. Operating principle of a PEM fuel cell.
PEM fuel cell reactions include, at the anode:
O Q0 ¢0 wn ¢Q (1.1
and at the cathode:
gﬁ Q ¢O0O O ¢QO°0UvL a VQwoO (12

The overall reaction can be written as follows:
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gﬁ Qo006 a VaQdol WRODG (13

0 "0
The theoretical efficiency of this reactior
is about 834, atstandard temperature and presg@t”C and latm). The corresponding

potential w, is close to 1.2¥, and represents the theoretical maximum voltage that can

be delivered by the fuel cell at such conditions. The theoretmi#hge at different
temperatur@nd pressurey j, , can be obtaied through the Nernst equation:

YY .. .
d) A (b T |U U 8 1-4
A z &) (1.4)

where'Y is the universal ideal gas constavis the temperature, = 2 is the number of
electrons pefO molecule, Ois the Farada® constant, and is the partial pressuref
each specieEquation(1.4) considersthat the water produced is in the liquid state
(therefored  =1).

The fuel cell efficiency at low temperatures is significantly highanthat of heat
engines such abeinternal combustion motarsvhich are limited by Carnot efficiency.
For example, a PEM fuel cell operated af8)andreleasingheat into the environmental
at 25°C, has a maximum theoretical efficiency of about?80whereas at the same

conditions a hdaengine presentn efficiency ofaround16 %.

1.3.2. Components and materials
Fuelcell maincomponents functions and materialsPolymeric membraneQatalyst layers Gas diffusion

layers/ Microporous layes/ Bipolar plates

A scheme of a PEM fuel cedhowing its mairconstituentss depicted irFigure 1.2.
The heart of a PEM fuel cell igs electrolyte, a polymeric membrane. It is often
designated as proton exchange membrane or polymer electrolyte membrangivasd
the namedo this type of fuel cellThe catalyst layers (CLs), where the electrochemical
reactionsoccur, are placed at botidss of the membranélext to each CL, are the gas
diffusion layers (GDLs)which uniformlydistribute the reactants ovélre CL surface.
The multilayer structure that comprisesedsk componentsis commonly refaed as

membrane electrode assembly (MEA)Microporous layer (MPL) ialso usuallyapplied
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between the CL and the GOb improve water managemeifithe MEA is sandwiched
betweenwo bipolar plates, whergas channsl(GCs) are machined provide pathways
for reactantdlow. They also physicallgonnect the cathode of one cell to the anode of

an adjacent unignd viceversa, inthe case of multicell configurationcalledstack.

Catalyst
layer

Bipolar Gas Polymeric Gas diffusion
plate channel membrane layer

Cathode of
adjacent cell

Anode of
adjacent cell

Single cell

Figure 1.2. Scheme of ainglePEM fuel cellwithin a staclkandidentification of itscomponents

1.3.2.1. Polymeric membrane

The membrane must present high proton conductivity, needs to be impermeable to gas,
and must be chemically and mechanically stable in the fuel cell oppcainditions.
They are typically made of peufbrocarbon sulfonic aciPFSA) ionomer. Nafion is at
thepresentlaysthe best knowmembranenaterial. The most recent Nafion membranes
being commercializedor this type of fuel cellarethe NR211 and NR2129], with
thickness of25.4¢ mand 508¢ m, r e s preecprotorncendugtivity of Nafion
membranesdepend heavily on their water content.Such feature creates a water
management issue, which is desadibbedetail inSectionl.3.6 that influences PEM fuel

cells performance and durabilitfherefore, finding better alternatives for PEM fuel cells
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membranes is an active field of research. Reviasdressing thenain challenges and

developmentsn PEM fuel celllectrolytescan be found in Ref10-13].

1.3.2.2. Catalyst layers (CLs)

The CL is a very complex structure. The electrochemical reactions occurring in this
layerinvolve three different kinds of speciagéctangases, electrons and protons), so it
has to provide pathways for all of them. Electrons travel througltatadyst and its
support. The most common catalyst applied in both PEM fuel cell eleci{auade and
cathode)s platinum (Pt). Pt loading rangetigically 0.30.6 mgcm 2. Its particleshave
small size (less thathnm [4]) in order to maximize the surface ar€arbonpowersare
generally usedo support the catalyst. Protons move throtighionomer. To allow the
passage of reactants gases to the reaction sites, tiseal3oporous.Generally, he CL
is not afree-standindayer: t is either depositethto the GDLsurfaceor directy into the

polymeric membrane.

1.3.2.3. Gas diffusion layers (GDLS)

GDLs generally consist on carbon fidesised porous materials, such as papers
(Figure 1.3 A) and cloths (Figure 1.3 B). Typical average pore size of a GDanges
from 20to 100e mlts thicknessvariesfrom 100to 400e m, dependi ng on
used.In order to facilitate water removal, GDLs arsually subjected to a hydrophobic
treatment, using agents such @sytetrafluoroethylene (PTFE or Teflof}4-17] or
fluorinated ethylene propylene (FER)3]. Typical PTFE loadingsange from 3% to
30% [4]. Important functions of &DL include: to distribute the reactant gases uniformly
along the CL surface; to provide a pathway for prosl(veater and heafrom the Clsto
the GCs to electricallyand thermallyconnect the CLs to the bipolar plates; and to give
mechanical suppotb the MEA [4]. Reviews dedicated to the GDIcain befound in
Ref.[19-22].

t

h €
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Figure 1.3. Scanning electron microscop8EM) image of(A) carbon paper(B) carbon cloth
and(C) MPL (adapted from Ref23]).

1.3.2.4. Microporous layers (MPLS)

The MPL (Figure 1.3 C) is a powdery mixture of carbon black aadhydrophobic
agentwhichis often applied to the side of the GDL facing the 8& the name suggests,
it hasa smallermean pore size than the GDL, typicatigt higher tharlOe n{19]. Its
thickness isalsolower, usuallybelow 100e m22]. The addition of MPLis generally
known to be beneficial for the cell performance, butrasons fosuch improvement
arestill not completely understod@4, 25]. It has been shown that the MBeemdo
createa capillary pressure barrier between the CL and the GDL, forcing water to move
from the cathode ttheanode, thus improving tleverallhydration state of the membrane
[14, 23, 26] Moreover, the MPIseems tonodify theliquid water arrangement inside the
cell into a more favorablenefor reactand transport[25, 27] MPL is alsoreferred to
improveelectricalcontactsand to prevent GDL fibers intrusion into the (28].

1.3.2.5. Bipolar plates

The bipolar plates house t&Csfor reactants distribution along the G® Different
flow field designscan be machined to these plates. Some ofthe most adopted
configurationgncludethe single or multiserpentine designs, the parallel desigdthe
interdigitated desigr(Figure 1.4). More on these designsand on other alternative
options can be found in Ref29, 30] In a stack, bipolaplatesacquired additionaand
essential function;mamelyto connectlectricallydifferent cellsandto separate the gases
betweenadjacent cell§4]. Bipolar plates areommonly madef graphite(or graphite
compositespecause oits corrosion resistance and good conductiy#9]. Due to the
high cost of these plates and ttieallenges otheir mass productiorgoatedmetallic
plateshave also been appli¢29].
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Figure 1.4. Schematic representation of (A) singlerpentine, (B) mukserpentine, (C) parallel
and(D) interdigitated flow field designs.

1.3.3. Performance evaluation and diagnostics
Polarization curve / Activation losses / Ohrtosses / Concentration losseElectrodiemical Impedance

Spectroscopy Other electrochemical and physical/chemical diagnostic tools

The standard method for evaluating the performaneefuwél cellis thepolarization
curve (also called-Y curve), which relates the cell voltageth the operating current
density. A typicalPEM fuel cellpolarization curve iglepicted inFigure 1.5. Whena
PEM fuel cell is supplied witlits reactants and no electrical energy is drawn, the cell
potential is expected to be closealietheoreticaloltagefor the correspondingperating
conditions given by Nernst equatiokquation(1.4)). However, in practice, thigoltage
(designate@sopen circuit voltage (OCY)s significantly lower than the theoreticaie
usually less than ¥ [4]. Such decrease is mainly caused by species crossover from one
side of the cell to the other (maink. from the anode to the cathode) and internal
electrical shortcuts. When electrical current is being extracted, the voltage drops even
further due to three loss mechanismstivation losses, ohmic lossasd mass transfer
losses. Thderms polarization andoverpotential can also be used when referring to

voltage losses.
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Theoretical maximum voltage

1.00 _/ Open circuit voltage (OCV) |

0.80 - B¢ Activation losses

Voltage / V

/ Ohmic losses

0.20

Mass transfer losses —»

1 | 1 1 1 1 1 1 1

0.25 0.50 0.75 1.00 1.25

Current density / A cm?

Figure 1.5. Typical PEMfuel cell polarization curve and associated voltage losses.

Activation losses are associated with the energy barrier that needs to be oviercome
order to initiatethe electrochemical reactiofts]. As pointed inFigure 1.5, this type of
polarization dominates losses at low current dassiand measuge the catalyst
effectiveness a given temperaturgs]. Activation polarizations- , is given by Butler

Volmer equation. However, in practice, it is generally approximated by the Tafel equation

[
vy o 1
- 0'o (9

wherel is the transfer coefficienfQs the current density ari@is theexchange current
density.Activation overpotential is the major contributor to the cell voltage drop at any
given current density, as shownhkigure 1.6. Althoughactivation losses occur at both
electrodes, the kinetics of the ORR in the cathode is significantly slower than that of the

HOR in the anode, so the latieroften neglected.



Voltage loss / V

Ohmic losses are caused by the resistance to the flow of charges in fuel cell

componentsOhmic overpotentiak- ,i s descri bef@]: by Ohmos
- ~ (1.6)
whereY is the total cell resistance, which includes ionic, electronic and contact

resistancesElectronic bulk resistance is generally negligible, because all the cell
materials are good conductof$erefore, ohmic polarization is mainly caused by proton
transport resistance and electrical contact resistances. Ohmic losses vary linearly with

current density, as seen kigure 1.6, and are responsible for the linear voltage decrease

0.30

0.25

0.20

0.15

0.10

0.05
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—m— Activation losses
—&A— Ohmic losses
—O— Mass transfer losses

Al 1 |

0.25 0.50 0.75
Current density / A cm™

Figure 1.6. Typical profile of voltage losses in a PEM fuel cell.

atintermediatecurrent densities, as depictedrigure 1.5.

Mass transfer lossg®r concentration losse®ccur whenthe amount ofreactants

reaching the CL reactive sites insufficient therebyaltering their concentration at its

surface. When reactants are consumed at the same rate as they are reachiatyshe

surface, their concentration approaches zero. The current density at which this occurs is

designatedslimiting current density/O, andis given by{4]:

10

aw
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(1.7)

whereO is theeffectivediffusion coefficient,0 is the reactant bulk concentration, and

1 is the diffusion distancéass transfer losses, , can then be obtained B4j:

Y'Y, ©O
- $8% o

(1.8)

Whenthelimiting current densitys reached, the fuel cell cannot produce more energy,
mass transfdosses increase rapidlgigure 1.6) and a sharp drop of the cell potential is
verified (Figure 1.5). Becauseexchange auent densityin Equation(1.5) alsodepends
on reactants concentratipt], activation losses are also affectedlgreduced reactants
concentration. Hydrogen is lighter and has considerably higher molecular diffusivity than
oxygen, so its mass transport overpotential is, in most casglected.

Although polarization curves give useful indicatorsttut overdl performance of a
PEM fuel cell, they fail tosolatethe different phenomena occurring during the cell
operation. For more specific information on the @dictrochemicabehavior other
techniqueSneasurementare requiredCurrent interruption methochnbe employedto
measure ohmic losse1-33]. Cyclic voltammetry (CV) is commonly usetb
characterize the catalyst activity by measuring the electrochemical surface ag#g (EC
[34-36]. The rate of reactants gasgessover through the membrane can be obtained by
linear sweep voltammetry (LSV)[37, 38] This technique also allows to check for
electrical shorts. Electrochemical Impedance Spectroscopy (EIS) in pariccalaery
powerful technique. During EIS, a small AC signal (voltage or current) is applied to the
fuel cell, and changes ats amplitude and phase are measuaedifferentfrequencies
[4]. EIScan be usetb separate the contribution of each voltage joss;ingresults such
as thosedepicted inFigure 1.6, thus giving detailed information orthe fuel cell
operationMoreover, it allows to obtain important kinetic parameters, suchaasl Qin
Equation (1.5), which are essential input parametéss mathematical modsl| More
about the EIS fundamentals and applications in PEM fuel cells research can be found in
Ref.[39-42]. High frequency resistance (HFR) is a subset of the EIS method that allows
to determine the cell ohmic resistance with minimal disturbance. It consists on applying

a single frequency, instead of the broad randesguencies applied in EIS, at which the
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cell is behaving in a purely resistive manrdB]. Typical frequencies of HFR
measurements rge from 1kHz to 10kHz [43].

Apart from the electrochemical techniques referred above, setbaaphysical and
chemicaimethodshave been applied tget more information on PEM fuel cells operation
[44]. Pressure drop is an importatgsignparameter fothe flow field of bipolar plates
[29, 30,45], and a reliable indicator diquid waterflooding [46]. Neutron imaging47-
51], magneticresonancemaging(MRI) [52, 53] X-Ray imaging[54-56], and optical
imaging through transpanefuel cells [23, 57-62] have been employed tocateliquid
waterinside different components of a fuel cell. Temperatlis&ibution along the cell
active areahas been measured employingfiared transparent cellf63-65] and
embedded sensof66, 67] Segmenteduel cells havealso beerdeveloped in ordeto
trackthe current density distributiof68, 69}

1.3.4. Operating conditions
Temperature / Pressure / Flow rate and humidity of reactants dadesir influence on cell performance

andtypical values employed

PEM fuel cellsmost relevanbperating conditions include temperatuyseessureand
reactants flow rateand humidity. Their effects onthe cell performance are briefly

discussed below.ypical valuesappliedarealsoprovided

1.3.4.1. Temperature

A PEM fuel cell can operate at freezing conditioaithoughnot at full powerlt is
one of the features that makes it suitable for automofitesupper limit otemperature
is imposed by the membrane. Because polymeric membranes such as Nafion need to be
hydrated to conduct protons, their temperature needs tbelmsv 100°C. Typical
operatingtemperaturesf a PEM fuel cellare between 50C and 80°C [4]. Increasing
temperature leseveral benefitsThe poton conductivity ofthe Nafion membrane
increass, as well & the exchange current densitjoreover gastransport properties are
improvedwhentemperaturés increasedand liquid water flooding is reduced. However,
the maximum theoretical potential decreases with temperafgeation (1.4)), and
activation losses increase qiiation (1.5)). Generally, there is an optimal operating
temperature for each celesignat a specific operating condition

12
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1.3.4.2. Pressure

PEM fuel cells can be operatedaimospheriqressure or theganbe pressurized.
Increasing pressure geady improves cell performanceThe theoreticalvoltage
(Equation(1.4)) andexchange current densi] are higher whethe pressure is raised
However ,for cells fal with air,it needs to be pressurized and tiegfuires a compressor
that addscomplexityto the system and consumes energy. In such cHseeperating
pressure does not go higher ti&ar[4]. ForH./O: fuel cells,operating pressure can be
upto 10-12 bar[4].

1.3.4.3. Reactants flowrate

In general, higher flow rasgesultin better performaneein particular when reactants
gases are not purgiichaswhen air is used in the cathode suchsituation increasing
the air flow rate facilitates liquid water removal aatlows to keepghe oxygen mass
fraction high. However, air flow rate is controlled by a blower or a compressor whose
energyconsumption increases with the flow rafgplied Reactants flow rate is usually
evaluated bythe stoichiometryratio (the flow rate employeddivided by thereactant
theoreticaconsumption rate). Hydrogen stoichiometry is generally from 1 to 1.2 whereas
for oxygen it is usually between 1.2 and 4h Air stoichiometry often ranges from 2 to
2.5[4].

1.3.4.4. Reactants humidity

The humidification level of reactant gases generally expressed by their relative
humidity (RH), which is the ratio between water vapor partial pressure and saturation
pressure. The latter represents the maximum anauméter vapor that can be present
in a gas for a given temperaturBecausethe membraneeed to havea high water
conent to properly conduct protonseactants gases are often humidified. Most
commonly, both are required to be saturateel, with RHof 100% [4].

1.3.5. Applications

Stationary / Portable / Transportation

Due to their attractive properties, PEM fuel cells are already being commercialized

and/or have been demonstrated in a large numbdifferent applications, including
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stationary, portable and transportationExamples of such applications are provided

below. Some of them are shownFigure 1.7.

1.3.5.1. Stationary

After providing fuel cell modules for the first MW PEM fuel cell power plant
installed at the SolVin plant in Belgium in 2009, Nedstestently announced to have
participated in the delivery of the worl dods
in China, capable of generating®V of electricity. Panasonic and Tokyo Gas have been
installing thousands of PEM fuel cells residentialts in Japan. After staring sales in
2008, Panasonic announced to have reached a cumulative production of 50,000 units in
November 2014.

1.3.5.2. Portable
Horizon and myFQurrently offer solutions for charging electronic mobile devices
such as smartphones and tables. Protonex commercializes PEM fuel cells portable units,

especially for the military sector.

1.3.5.3. Transportation

PEM fuel cells have been demonstratednearly allmeans of transportatiofuel
cell vehicles are currently made available by Toydtaindaiand HondgToyota Mirai,
Hyundai ix35 Fuel Cell anHonda Clarity Fuel Cell, respectivelyh fact, almost every
automobile manufacturer has already presented at least one pratatyjgé Alstom
recentlypresented its PEM fuel cglowereal train that is expected to start opevatin
Germany by the end of 201Ballard has also announcadreementfor applyingtheir
fuel cellmodulesto power trams andbuses to be deploy in ChifgEM fuel cellssystems
have alsobeendemonstratedn motorcycles(Honda Fuel Cell Motorcycle, Suzuki
Burgman Fuel Cell Scooterforklifts (HyLIFT-EUROPE project) golf cars(UKM
Hydrogen Fuel Cell Car)spaceshipgProject Gemini from NASA), boats (Duffy
Herreshoff DH30 watertaki airplanes(Boing Fuel Cell Demonstrator Airplanand

submarine¢German Type 212 submarine)
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Figure 1.7. Examples of PEM fuel cells applicationsi AnyFC PowerTrekKk70]; B Horizon
MiniPak[71]; C1 EneFarmresidential fuel cell unit from Tokyo G§82]; D i Forklift from
the HyLIFT-EUROPE projecf73]; ET Toyota Mirai[74]; FT Alstomtrain[75].

1.3.6. Water management

Membrane dryig vs.liquid water flooding / Twephase flow and its implications

PEM fuel cells posenanyimportantadvantages, namely high efficiency and power
density, zero emissions, quick startup, low size and weighieasyscaleip. However,
some drawbacks still hamptreir widespreaccommercializationThe mostcritical are
the high cost, especially due to the use of Pt as catadystthe lack of a hydrogen
infrastructure. Water management i@erimportanttechnicalissue in the operation of
these devices thatfluencestheir performance, durability and c¢$6-80].
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Theprotonic conductivityof a polymeric membranguch as Nafiostrongly depends
on its water contenfTo achieve proper humidification of the membrane, the reactant
gases argenerallyhumidified. This usually involves the use of external humidifiers that
increase the system complexity and costkeep the membrargdrated along with its
chemical and mechanical stability, thel operating temperature is kept low, usually not
higher than 80C. This makes the appearance of liquid water unavoidable. V\aids
the different components of the cell, the GCs of the bipolar plates and the pores of the
GDLs and CLs, blockinghe reactarstpassageincreasing mass transfegsistanceand
decreamg the cell performancelhis gasliquid two-phase flow also increases pressure
drop along the GCs, creating parasitic energy losses that decreasestaik system
efficiency. A delicate balance betweemembrane drying andjuid water flooding needs
thereforeto be maintaiad during PEM fuel cells operatignn order to guarantee high

performance and durability.

1.3.7. Modeling and simulation

Importanceand categorizatior Brief histoiical overview/ Two-phase flommodeling approachesThe
VOF methodand major challenges

Modeling and simulation play a significant role FEM fuel cells design and
development. Mathematical moddislpto further downselectdesigns to fabricate and
test,reducingoptimizationtime and costfs]. Moreover,theycan be used for diagnostic
purposes, iddifying faults and their causeas well asdefining and improving suited
control strategie$81]. Models can be categorizedtcording to different key features,
such asthe approach (analytical, empiri¢caémitempirical, or mechanistic}he state
(stead or transient); theystem boundary (single cell componexamplete fuel cellpr
entire stacks with auxiliary equipmégntaind the spatial dimension (zerdimensional
(OD), 1D, 2D and 3D). More abontodels characterizatiazan be found in Ref82-84].
Recent reviews addressing the main progresseswuanehtchallenges oPEMfuel cells
modelingand simulation are availablelsewhere81, 8588]. Here, a brietistoiical
overviewon PEM fuel cells modeling is presentealith focus on the incorporation of
two-phase flonphenomenon, thpic addressed in this thesis.

PEM fuel cells modeling can be traced back to the early nineties when pioneers 1D
studies where published Bpringeret al.[89] andBernardiand Verbrugg¢d0, 91] The

modelingstrategyto account fowater transport in the membrapessented bySpringer
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et al.[89], together withrelatedempirical equationbased on measurememiside with
Nafion 117 became populandremainghe classical approach¢ompute thenembrane
water balanceGurauet al.[92] were the first taconsidera 2D domainfor all the main
components of a fuel celum et al.[93] reported the firstnodel based ocomputational
fluid dynamics (CFD. The abovanentioned works intratted fundamental
understanding othe transport phenomenaPEM fuel cellsand laidthe foundatiorfor
modelingthese devicesHowever theygenerallyassumed that water only exasts vapor.
Since 2000,attempts to incorporatéiquid water transportbegan to be reported
employingmostlytwo differenttwo-phase flonapproaches: the multiphase mixture? M
[94-97] and the multfluid (or two-fluid) [98-102] models. The theory applied in such
studies to account faiquid water transport in the porous media of a PEM fuelwad
clarified and systematized the works ofNam and Kaviany [103ndPasaogullari and
Wang [104] In this theory, gas pressure is assumed to be undohgravity effects
neglected resulting in liquid water transport driven by capillary pressuhech is
described y D a r cThi$ gprobhch became populandhas beetargely used105-
114]. It was also implemented ia 1D model developed durintpe execuion of the
present worf115]. Moreover, it isadoptedn thewidely usedFuel Cell and Electrolysis
addon modulg116] availablewith thecommercialCFD package ANSYS Fluent

In theM? and multifluid schemesthe inclusiorof capillary flow allows taeasonably
predictliquid waterdistributioninside the porous medias liquid water saturatioand
to compute its effects on the cell performangewever,such models haveeveral
limitations.Because th&DL is an inherenthheterogeneoustructure liquid water is not
uniformly distributedand preferential flow patrereformed As macroscopic continuum
models the porous media microstructure cannot be properly incorporattree M and
multi-fluid approachessothis phenomenomannot be captureéor these reasgnpore
scale models, mainly Lattice Boltzmann (LB)L7-121] and porenetwork (PN)[122-
129]approachesave beeappliedin orderto better describe anchderstandiquid water
transport in the porous media. Another limitation of motleds apply the M or multi-
fluid approachess that, in the GCs, liquid water velocity is assumed to be equal to the
gas velocity fine mist).Such assumption makes it impossible to idenhf/presence of
water droplets and films that accumulate in the Q@srefore, the twqgphase flow in the
GCscannotbe properly describedlo betteraddress thisinterface trackinglgorithms
are essential. Ithis respect, the volume of fluid (VOF) methodslbecome largely
popular.This technique is able to simulate immiscible fluids by solving a single set of
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momentum equations artd trackthe volume fraction of each fluid throughout the
domain. Moreover, it is capable of considering surfacsitenand wall adhesion effects.

A detailed review on numerical simulations employing the VOF methathtalate
the twophase flow in PEM fuel cells was published under the executing of the present
work [130], and & upto-date version of it is included in @pter2. From such revievit
wasfoundthat one of the major challenges of applyihg VOF methods to couplehis
techniquewith the electrochemical reactiotisat occur in a PEM fuel cell, due to the
different length and time scales betwabhnse phenomenaAlthough somemportant
advancementbavebeenreportedin this aregd131-133], there are stilfelevantaspects
that need to be properly addressed. Those inchodgdequatelycorrelate liquid water
generation rate in the VOF method with the electrical current being produced by the cell;
to validate the cell electrochemical performance predicted by-M&3d models against
experimental -V curves; and to include wat@ransportin the membrane, so the effect
of strategies dealing with twpohase flow issues on the membrane hydration can be
accounted for. Moreover, because the VOF meiboa very computatiwal intensive
numerical toolgfforts should benadeto develop models thaat the same timepnsider
computational domains large enough to be representative of a real PEM fartdedive

reasonablsimulationtimes.

1.4.0Objectives

1D + 3D modeldevelopment / Experimental validation / Numerical simulations

The goal of the present work is to movesstep forward on PEM fuel cells modeling
and simulationmore specifically on coupling the VOF methodtitack the twephase
flow with the electrochemical reactions occurring in the cell. A numerical model is
presented thatimulateghe airwater flowin the cathodsidetogether with the electrical
current being produced arnde water transport in the membrandoreover, ahybrid
1D + 3D computationaldomain is implemented that allows to capture the relevant
physical detail®f acompletefuel cell with acceptable simulation times.

A PEM fuel cell test station is developed, afnd telectrochemical performance
calculated by the modek validated against amxperimental polarizatiorcurve
Furthermorea transparent fuel cell ismployedto visualize liquid water distribution

insidethe cathode GC#n order to validate the model twahase flowpredictions
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Numerical simulations arethen conducted with the aim ofather a better
understanding on the twghase flow and its implicationg he effects of operating

conditions, GCs walls wettability and ¥lofield designare investigated.

1.5.Thesis structure

This thesis has six main chapters. The subjects addressed in each chapter are
summarizedelow.

Chapterl containsan introduction to the present woihe mainissues of the current
energy supply systeandthe reasons whigel cells in particular PEM fuel cells, can be
an alternativéor power generatioareinitially presentedA brief overview of PEM fuel
cells is then provided addressingheir operating principlecomponents and materials,
performance evaluation and diagnostics, operating conditioreggtidationsThe water
manaement issuss also describe@ndthemainchallenges of twgphase flow modeling
andsimulation are identifiedrinally, the objectives and structure of the present thesis
are presented.

Chapter2 encloses a literature reviawlated withnumerical simulations of the two
phase flow in PEM fuel cedlemploying the VOF method.

In Chapter3, the test station and the fuel cellsedare described, along with the
experimental procedures adopted.

Chapter4 presentdhe experimental results obtained, namely on the effects of MEA
design and on liquid water distribution ins@&ansparent fuel cell.

In Chapte5, the 1D+ 3D model is describednd experimentally validateiloreover,
its main outputs are analyzed.

Chapter6 showstheresults of numerical simulations employing the mquatesented
and validatedn Chaptel5, with focus on the twghase flow phenomenon in the cathode
GCs.Theeffectsof thewalls wettability operating conditiongnd flow field desigrare
investigated.

The major conclusiondrawnfrom the presentesearchareincludedin Chapter7.

Moreover,recommendationfor future worls are presented.
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2. REVIEW ON NUMERICAL S TUDIES EMPLOYING THE VOF METHOD

In the present chapter, the numerical studies on PEM fuel cellphease flow
applying the VOF approacare revieved A first version ofthis review was already
published130], covering the papepublished until the end of 2014. Here, such reviewed
is updated byncludingthe research articles reported in the last two y@&k5 and 2016
A shortpresentation of the VOF method is first providaddressingts history, typical
applicationsand generalmathematical formulatioriThen, the literature review itself is
conducted, where the focus, the numerical details and the main results of each research
work are discussed. Finally, the main conclusimesdrawrandthemajorchallenges are
identified.

2.1.The VOF method

2.1.1. History and applications

The historical development of the VOF formulation can be presented considering the
numerical methods farapturingthe interface between fluids. The VOF method is based
on earlier MarketAnd-Cell (MAC) methodg134]. First reports of what is noveferred
as theVOF method were given byoh and Woodward [135who presented the simple
line interface calculation (SLIC) algorithm. However, the first publication of the VOF
method in ascientific journal was made biirt and Nichols [136]and to whom the
authorship of the method adtengiven. In these two early approachi interface was
represented by a piecewisenstant line in each twituid cell, either vertically or
horizontally[137]. However,the first implementations of the VOF method using this
methodologyshowed eme imperfections in the interface description. This was overcome
by Youngs [138]who introduced the piecewidmear interface calculation (PLIC)
scheme. The method ¥bungs [138)was shown to be very robust and effi¢jeand the
use of the VOF method with PLIC schemeurrently widely applied.

Early applications of the VOF method include those from Toetey.[139, 140] who
performed simulations for NASA. Nowadays, typical applications of the VOF method
include the prediction of a jet breakup, the motion of bubbles in a liquidndvement
of a liquid after a danbreak and the steady or transient tracking of any liegag
interface[141].
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2.1.2. Mathematical formulation

In this section,ltegeneraimathematicatormulation of the VOF method @esented
Most of the nformation hereprovidedis taken from the ANSYS Fluent theory guide
[141].

The VOF formulation assumes that two or more phases (fluids) are not
interpenetrating. For each additional phase that is addeakiable is introduced: the
volume fraction of tht phase in the computational domain. In each control volume, the
sum of the volume fractions of all phases is equal to one. The fields for all the variables
and properties are shared by the phases andsegpireolumeaveraged values, as long as
the volume fraction of each phase is known at each location, THeusariables and
properties in any given cell are either purely representative of one of the phases, or
representative of a mixture of the phasespehding pon the volume fraction values.

This means that, if theolume fraction of thdluid r} in the cell iS'Q the three following

situations are possible:

1 "Q T the cell is empty of the fluig;
1 "Q p, the cell is full with the fluidj;

T T "Q p,the cell contains the flui§ and one or more other fluids.

Based on the local value @, the properties and variables are assigned to each control
volume within the domain.

In order to track the interface(s) between the phase®ntinuity eqation for the
volume fraction of one (or more) of the phases is solved. Fgtthsa), the continuity

equation is given by:

P T—b"Q’ Fe Y 6 @1

—a

where” is the density of the phasg o is the velocity of the phasg Y is the mass

source term for phasg & is the massransferredrom phase) to phase), anda  is

the mass transferd from phase) to phase).
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The properties presem the transport equations are determined by the presence of the
component phases in each control volume. For example, forpinase system, the
volumefractionaveraged density is given by:

” Q (2.2)

All other properties€.g, viscosity ()) are calculated in the same way. In the specific
case of a twgphase system (case of PEM fuel cells), for example, if the phases are
represented by the subscrifflandQand if the volume fraction of the pha§ks being

tracked, the density and viscosity in each cell are calculated by:

o p Q" (2.3)

©Q p Q° (2.9)

A single momentum equation is solved throughout the domain, and the resulting
velocity field is shared among the phases. The momentum equation is dependent on the

volume fractions of all phases through the propeftiaad* :

b "R D  (2H

|
&
g
C
&

where "R corresponds to the gravitational acceleration 8id a source term which
accounts for surface tension effects. The calculation of the ®isrexplained further
ahead in this section.

The energy equation, which is also shaastngthe phases, is given by:

—a

— O nt®" 0 6 niQ vy vy (2.6)

where the energyQ, and temperatur€y are treated as maaseraged/ariables:
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(0 — (2.7)

where'O for each phase is based on the specific heat of that phase and the shared
temperature. The propertiesand’Q  (effective thermal conductivity) are sharedthg
phases. The source term igu&tion(2.6), “Y, contains contributions from radiation as

well as any other volumetric heat sources.

A key feature of the VOF method is the ability to capture the effects of surface tension,
which is animportant and sometimethe dominant force in microflowsTwo main
surface tension models are used in the VOF method: the continuum surface force (CSF)
model and the continuum surface stress (CSS) model.

The CSF model, proposed Byackbill et al.[142], includes the surface tension effects

in the VOFcalculation by adding a source term in the momentum equation &@mm
Equation (2.5)). Surface tension can be written in terms of pressure jump across the
surface. The force at the surface can be expressed as a volume fortkeeudingrgence

theorem, and iis given by:

Q[ @ [0
. . (2.8)
C

Vo6 YO

¢

wheret stands for the surface tension between ph#@ses'Qands is the curvature

define in terms of divergence of unit normel,

[ nte (2.9

where
3 £ 2.10
35 (2.10

and¢ corresponds to the surface normal, defined as the gradient of the volume fraction

of the phase:
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g 10 (2.12)

Equation(2.8) allows for a smooth superposition of forces near cells where more than
two-phases are present. If only two phases are present in a cel, then[ andn™Q

n"Q and Ejuation(2.8) takes the following form:

NI "L nQ
®o YO T 0. .

C

(2.12)

The CSS method modetsirface tension in a conservative manner, contrarily to the
nonconservative formulation of the CSF model. CSS avoids the explicit calculation of
curvature, and could be represented as an anisotropic variant of modeling capillary forces

based on surfacerssses. In this scheme, the surfasesion force is represented as:

00 "Y'Ynt T QY @ (2.13)
where"Yis the unit tensor andél is the tensor product of two vectors (the original normal
and the transformed normal).

The CSS method has few added advantages over the CSF method, especially for cases
involving variable solution surface tension. For variable surface tension, the C®F mod
requires modeling an additional term in the tangential direction to the interface based on
the surface tension gradient whereas the CSS model does not require any additional term
due to its conservative formulation. Moreover, the CSS method does naeraqy
explicit calculation for the curvature. Therefore, it performs physically in urededved
regions, such as sharp corners.

Wall adhesion effects are also taken into account in the VOF method. This is
accomplished by using the contact angle thatftuid is assumed to make with the wall
to adjust the surface normal in cells near the wall. Thisaled dynamic boundary
condition results in the adjustment of the curvature of the surface near the wall.
Considering— as the contact angle¢ the wall, then the surface normal at the cell next

to the wall can be obtained by:
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¢ ¢ AI-S U OEF (2.14)

where¢ anddU are the unit vectors normal and tangential to the wall, respectively.

2.2.Literature review

Table 2.1 presents the numerical studies in which the VOF method was employed to
investigate the twghase flow in PEM fuel cells, sorted by publication date. It
summarizes the main focus and the numerical details (computational dsofaiare,
surface tension mad and spatial dimension) of each research work. Each study is

discussedn detail below in this section.
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Table 2.1. Numericalstudies on twephase flow in PEM fuel cells using the VOF method.

Reference and

Numerical simulation details

. Research objective Surface
published year Computational domain Software  tension  Dimension
model

Quanet al.[143] Investigate the twghase flow ang 40mm long Ushagd GCwith round corner anc Fluent CSF 3D
(2005) part of a serpentine GC crosssection of Inmx 1 mm
Golpaygan anc Investigate the deformation anc Fraction of aGC - CSss 2D
Ashgriz  [144] detachment of a water droplet adheri
(2005) to the GDL surface
Cai et al. [145] Study the effects of thesC walls 20 mm long straight GCwith rectangular cross Fluent CSF 3D
(2006) wettability on liquid water removal section of Immx 1 mm
Jiaoet al. [146] Investigate the tw@hase flow in a Three 10mm long parallel serpentin&Cs with Fluent CSF 3D
(2006) PEM fuel cell stack wth parallel round corners ahcrosssections of Inmx 1 mm,

serpentingsCs connected byl2mm long manifolds with cross

sections of Znmx 2 mm

Jiaoet al. [147] Investigatethe twophase flow in a Five 10mm long straight paralle6Cs with cross Fluent CSF 3D
(2006) PEM fuel cell stackwith straight sections of Inmx 1 mm, connected b0 mm long

parallel GG manifolds with crossections of 3nmx 5 mm
Theodorakakos Study the detachment of liquid wat Smal fraction of a GCwith a wate inlet pore with GFS CSF 3D
et al. [148] droplets fromthe GDL surface diameter of 0.0%nm, 0.100mm or0.50mm
(2006)
Zhanet al.[149] Study the motion of liquid water il 11.5mm long straight GCwith crosssection of Fluent CSF 3D

(2006)

straight and serpentine GEansidering
the hydrophilicity of the graphite plat
and the hydrophobicity of the GDL

Immx1mm; 23mm long Ushaped GCwith
round corner and crosection of Immx 1 mm
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Jiao and Zhou
[150] (2007)

Quan and Lai
[151] (2007)

Zhu et al. [152]
(2007)

Zhu et al. [153]
(2007)

Jiao and Zhoi
[154] (2008)

Bazylak et al.
[155] (2008)

Fanget al.[156]
(2008)

Test the effectiveness three proposec
innovative GDLs in solving liquic
water flooding

Study the effects of G&walls surface
hydrophilicity, GCs geometry, and ai
inlet velocity on the twegphase flow

Analyze the effects of the static cont:
angle, pore size, and air and water ir
velocities on liquid water dynamics

Investigate the effects @Cs and pore
sizes and coalescence of droplets
liquid water dynamics

Study how liquid water flows throug
the GDL into theGC

Better understand the changing of 1
preferential water breakthrouc
locations from the GDL oveime

Study the contact angle hystere
effects on the twgphase flow

30mm long Ushaped GGwith round corner anc
crosssection of Immx 1 mm. The proposed GDL
consisted of: 0.nmx0.1mmx 0.1mm cubic
holes; and trapeziform holes with Grim height anc
minimum area of 0.inm x 0.1 mm facing theGCs

or the CL

23 mm long Ushaped G@vith round or rectangula
corners and cross section ofminx 05 mm,
attached to a uniform GD&f 0.2 mm thickness

1 mmx0.25mm straight GC with a poe of
diameter of 0.05nm on the bdom surface

1.00mmx 0.25mm straight GC with a pore of
diameter of 0.0%nm on the bottom surface

30mm long UshapedGC with round corner anc
crosssection of 0.9nmx 1.0mm, attached to
0.1 mm thick GDL representelly small paths of
crosssection of0.2mmx 0.2mm, and a unifornm
0.1 mm thick CL

0.025mmx0.1mm channel linked to
0.060 mmx0.1mm channel by g
0.050mmx0.1mm horizontal channel, both

connected to a 0.3 x 0.1 mm GC

Rectangular parallelepiped cavity
10mmx 10mmx 10 mm (for studying the drople
flow); and a 5mm long straightGC with cross
section of0.5mmx 45mm (for studying the slug
flow)

Fluent

Fluent

Fluent

Fluent

Fluent

Fluent

CSF

CSF

CSF

CSF

CSF

CSF

CSF

3D

3D

2D

2D

3D

2D

3D
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Golpaygan Bmd Investigate the deformation ar Fraction of aGC - CSS 2D
Ashgriz  [157] detachment of a water droplet adheri
(2008) to the GDL surface
Jiao aad Zhou Study the effects of the wettability ¢ 30 mm long UshapedGC with round corner anc Fluent CSF 3D
[158] (2008) the bestinnovative GDL proposedin crosssection of Immx 1 mm, and a GDL havinc

Ref.[150] trapeziform holes with 0.Jmm height and the

0.1mmx 0.1 mm minimum area facing tl@&Cs

Le and Zhou Studythe behavior of liquid water inth Unit PEM fuel cell (membrane, CLs, GDL&Cs Fluent CSF 3D
[133] (2008) GCs and its effects on PEM fuel ce and curent collectors) with a singlserpentinecC

performance
Shirani and Investigate the effects of surroundii Fraction of aGC - CSSs 2D
Masoomi [L59] fluid properties (velocity, density an
(2008) viscosity) on a droplet behavior
Zhu et al. [160] Study the dynamic behavior of ¢ 0.1mm long straightGC with rectangular cross Fluent CSF 3D
(2008) emerging water droplet as a function section of 0.2%nmx 0.25mm having a pore oi

operating and material parameters  diameter of 0.0%n on the bottom surface
Le and Zhou Study the behavior of liquid water in tt Unit PEM fuel cell (membrane, CLs, GDL&Cs Fluent CSF 3D
[161] (2009) GCs and its effects on PEM fuel ce and current collectors) wittmulti-serpentingsCs

performance
Le and Zhou Study the behavior of liquid water intt Unit PEM fuel cell (membrane, CLs, GDL§Cs Fluent CSF 3D
[162] (2009) GCs and its effects on PEM fuel ce and current collectors) with interdigitat&Cs

performance
Le and Zhou Investigate how singteell flooding Threecells PBM fuel cell stack with a single Fluent CSF 3D
[163](2010) affects the stack performance serpenting5C
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Ding et al.[164] Investigate the influence of the GC 1.2mm long straightGC with rectangular cross Fluent CSF 3D
(2010) surface microstructure section of 0.23nmx 0.25 nm having a uniform

inlet, 1-pore inlet, 4pore inlet, 16pore inlet, or 64

pore inlet as the GDL microstructure, all with t

same open area and liquid flow rate

Quan and Lai Study the effects of surface wettabili 12 mm long portion of tw&Cs from a interdigitatec Fluent CSF 3D
[165] (2010) and operating pressure drop in t configuration with Cross section (

transport of liquid water ir 0.5mmx0.5mm, attached to a OrBm thick

interdigitatedGC uniform GDL
Du et al. [166] Analyze the effects of wat 300mmx 1.6 mm straighiGC Fluent CSF 2D
(2010) introduction  configurations, walls

wettability and air flow rate on the twc
phase flow charactestics

He et al. [167] Study the effects of theGC walls 1.05mmx 1 mm straightGC. The roughness dhe Fluent CSF 2D
(2010) roughness on the water behavior bottomwall was represented by rectangles ribs v

height from 0 td.05 mm and width fron0.0025to

0.1mm. The distance between two adjac

rectangles center was varied fr@n@s to 20mm

Suresh anc Investigated the effects of the air cro: 0.196mm x 0.03mm straightGC section connecte: Fluent CSF 2D
Jayanti [168] flow on liquid water transport throug to a 0096 mm thick GDL assumed as a layert
the GDL structure with perfet circular fibers of diamete
0.008mm
Parket al.[169] Investigate liquid water behavior in tt Cubical numerical domain with length 6f15mm Fluent CSF 2D
(2010) GDL plus a 0.15nm long buffer zone for gas flow. Th

GDL was reconstructed using impermea
cylinders with diameter d3.020.05mm
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Le et al. [170] Qualitative and quantitative validatee 180mm long serpentin€Cwith rectangular corner Fluent CSF 3D
(2010) VOF method and cross section of 1mmx 2 mm
Kim et al.[171] Study the effects dBCs geometry anc U-shapedGC with round or rectangular corner Fluent CSF 3D
(2010) surface properties on liquid wat havng a cross section width wang from 1to 2mm

exhaust capability and height fixed td mm
Zhu et al. [172] Investigate the effects o6C cross 1 mm long straightGC having a pore of diameter ¢ Fluent CSF 3D
(2010) section geometry on the dynamr 0.05mm on the bottom surface. Ten different cro

behavior of an emerging water drople section geometries were tested: rectangles of as
ratio (height (H)/width (W)) of 0.1, 0.2%.5, 1 and
2; rectangles of H/W& 1 with a curved bttom wall;
trapezoid of H/ME 1; upside down trapezoid c
H/W =1; triangle of HMWE 1; and semicircle o

H/W =1
Dinget al.[173] Investigate the twghase flow pattern: 100mm long straightGC with rectangular cross Fluent CSF 3D
(2011) section of Immx1 mm havig 320 pores oi

diameter of 0.4nm on the bottom surface (2 por
along theGC width direction)

Kanget al.[174] Analyze liquid water transportnia 4 inlet and 3 outlet parallé6Cs (cross section o Fluent CSF 3D
(2011) PEM fuel cell cathode witl 1.7mmx2mm with 1 mm dtance betweel

interdigitatedGCs adjacentGCg attached to a 0.3 mm GDL wit

2.4mmx 2.4mm area

Wang and Zhou Analyze liquid water transport in = 7 parallelGCs(cross section of 1.ihm x 2 mm with Fluent CSF 3D
[175] (2011) PEM fuel cell cathode with straigh 1 mm distance between adjac&€9 attached to ¢

parallelGCs 0.3 mm GDL 2.4nmx 2.4mm area
Mondal et al. Investigate the effects of the GC 8 mm long straight GC with crosssection of Fluent CSF 3D

[176](2011) hydrophilicity level and air velocitie: 1 mmx 1 mm
on the twephase flow
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Raman et al. Investigate the effects of the GC 8 mm long straight GC with crosssection of Fluent CSF 3D
[177](2011) hydrophobicity level and air velocitie 1 mmx 1 mm
on the twephase flow

Golpaygaret al. Investigate the deformation ar Fraction of aGC - CSF 3D
[178] (2011) detachment of a water droplet adheri
to the GDL surface

Zhu et al. [179] Investigated the effects of pore locati 1 mm long straight GC with rectangular cross Fluent CSF 3D
(2011) on the water droplet dynamics section of 0.25mmx 0.25mm having a pore o

diameter of0.05mm on the bottom surface. Thre

pore distances from trstde wals were employed: 0

1/4 and 1/2 of the pore width.

Cai et al. [180] Investigate the twghase flow alon¢ 4 mm long UshapedGC with round or rectangula Fluent CSF 3D
(2012) part of a serpentin€C corners and cross section ofiin x 1.0 mm, having
5 pores of diameter of Orim on the bottom surfac
Carton et al. Investigate the coalescence of dropl Two 20mm long UshapedsCs with a round corne Fluent - 3D
[181](2012) andmovement of slugs and rectangular crosection of Immx 1 mm
Chenet al.[132] Investigate the effects diquid water 2.4mm long straight GC with crosssection of Fluent CSF 3D
(2012) distribution on pressure drop, react: 0.34mm x 0.28mm, connected to a 0/2m thick
transport and current density two-layer GDL composed by a homogeneous f

layer and a second laye&vith sdid cubes ¢ross
section of 0.04mmx 0.04mm and height ol
0.02mm) dispersed in void spacésr representing
the GDL microstructureWatker was injead by a
larger pore with crossection of
0.06mmx 0.06mm
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Chenet al.[182] Study the effects of GDL roughness
(2012) liquid water transport

Cho et al. [183] Validate analytical solutions for watt
(2012) droplet deformation and detachme
from the GDL surface

Qin et al. [184] Explore the competition between fili
(2012) and droplet flows

Ahmad et al. Study the effects d6DL PTFE loading
[185](2013) on capillary pressure and dropl
detachment velocity

Chenet al.[186] Investigate the effects of the GC
(2013) surface microstructures on the dynar
behavior of a water droplet

1 mm long straight GC with cross section o Fluent
0.3mmx 0.3mm having one square pore (0196

width) for water injection on the GDL surface. Tl
roughness of GDL surface was represeriigdan

array of square holes (0.0dm depth and 0.0&im

width) distributed on the GDL surface. Differe
roughness were considered by varying the
between the holes

40.0mm long straightGC with crosssection of Fluent
1.0mmx 1.6 mm

1mm straight GC with cross section o Fluent
0.20mmx 0.45mm. Water was injected through
cylindrical pipes (diameters 6t04 or 0.05mm), and

the CL was simplified as a water reservoir wh
provided water for the pipes

0.400mm x 0.304mm straight GC connected to ¢ Fluent
0.096mm GDL assumed as a layered structure v
perfect circular fibers of diametér008mm

1.2mm long straight GC with crosssection of Fluent
0.34mm x 0.30um. The carbon fibers of the GD
were represented by rectangles with squaoss
section and three different distributions of the
rectangles were considered to represent C
microstructures: crisscross distribution (rectang
evenly crisscross generating uniformly distribui
square cavities); parallel distribution (rectarsg
only distributed parallel to the flow direction); al
orthogonal  distribution  (rectangles  align
perpendicular to the flow direction)

CSF

CSF

CSF

CSF

CSF

3D

2D and 3D

3D

2D

3D
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Ding et al.[187]
(2013)

Ding et al.[188]
(2013)

Ding et al.[189]
(2013)

Fontana et al.

[190] (2013)

Mancusi et al.

[191] (2013)

Hossain et al.

[192] (2013)

Kim et al.[193]
(2013)

Investigate twephase flow distributior Two parallelGCs each 100nm long with cross
in inter-connected parall€bCs

Investigate the effects of twghase
flow patterns on PEM fuel ce

performance

Investigate the effects of twghase
flow maldistribution on PEM fuel cel

performance

Study the twephase flow inside ¢

taperedsC

Study the twephase flow inside ¢

taperedcC

Find an
arrangement

optimum  water por

that

would  provic

minimum watercoverage on the GDI

surface

Investigate
interactions

the

intedroplet

section of Imm x 1 mm, connected by several (fro
1 to 20) communication chaels (with depth anc
length of Imm and widths from 0.25 to 1rBm).
Waterwasinjected from two pores at the entrance
each branclon theGDL surface (bottom surface)

100mm long straightGC with rectangular cross
section of Immx 1 mm, having equally spaced 2
pores of diameter @i.25mm on theGDL surface

Two parallel GCs, each 56nm long with cross
section 1.0nmx 1.0 mm, having equally sgted 20
pores of diameter of 0.28m on the GDL surface

50mm long taperedsC with 1 mm height at air
inlet, inclination of 0.75°, and approximately 1
pores with diameter of 0.08m for water injection

Last 10mm of a 50mm long tapere@&Cwith 1 mm
height at air inlet, inclination of 0° to 0.75°, and
pores with diameter of 0.0%m for water injection

1 mm long straight GC with rectangular cross
section of 0.25mmx 0.25mm. The water inlet
pores diameters tested w&®5mm and0.02mm,
and the distance amortbe pores employed wa
0.20mm, 0.15mm, 0.10mmor 0.75mm

4mm long straight GC with crosssection of
1mmx 0.25mm, having two rectandar pores
(crosssection of 0.03nmx 0.05mm) for water
injection

Fluent

Fluent

Fluent

Fluent

Fluent

Fluent

Fluent

CSF

CSF

CSF

CSF

CSF

CSF

CSF

3D

3D

3D

2D

2D

3D

3D
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Qin et al. [194]
(2013)

Qin et al. [195]
(2013)

Qin et al. [196]
(2014)

Bao et al. [197]
(2014)

Songet al.[198]
(2014)

Ashrafi and
Shams [199]
(2015)

Ferreira et al.
[200] (2015)

Test the effectiveness of a novelC
with a hydrophilic needle in theiddle
of theGC and to investigate thefetts
of the needle dimensions

Investigate the effects of the GC
surface and the inserted neel
wettability onthe novelGC proposed in
[194]

Test the effectiveness of a noveIC
with a hydrophilic plate in the middle ¢
the GC and to investigate the effects
the plate dimensions and wettability

Study the influence of the GD
deformation on liquid water transport

Analyze the effects o]
hydrophilic/hydrophobic properties ¢
a serpentineGC on liquid water
transport

Investigate the effestof the GDL
surface roughness onagilet transport
in the GCs

Study the effects of ldrogen velocity,
operating temperature and wa
wettability on water dynamics imn
anode GC

50mm long straight GC with crosssection of
1 mmx 1mm, having a small cylindrical needl
placed in the middle of the C with diameter variec
from 0.01mm to 0.1mm and length from 0.4Gm
to 1mm

50mm long straight GC with crosssection of
1 mmx 1mm, having a small gindrical needle
placed in the middle of th&C with diameter of
0.1mm and length of 0.im

50mm long straight GC with crosssection of
1 mmx 1 mm, having a hydrophilic plate placed
the middle of th& Cwith height varied from 0.6hm
to 0.8mm and length from 0.59m to 2mm

10mm long straightGC with crosssection of
1 mmx0.5mm, having one pore of O0Mmm
diameter for water injection

13.1mm long UshapedGC with round corner anc
crosssection of 1.Jnmx0.6mm, having four
rectargular pores (0.05nmx 0.05mm) for water
injection

1.00mm x 0.25mm straightGC

5mm long straight GC with crosssection of
Immx1mm

Fluent

Fluent

Fluent

Fluent

Fluent

Fluent

Fluent

CSF

CSF

CSF

CSF

CSF

CSF

CSF

3D

3D

3D

3D

3D

2D

3D
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Guelli Ulson de Study the two-phase flow inside ¢

Souza et al.
[201] (2015)

Jo and
[202] (2015)

Lorenzink
Gutierrez et al.
[203] (2015)

Niu et al. [204]
(2015)

Ashrafi et al.
[205] (2016)

Cai et al. [206]
(2016)

Hou et al. [207]
(2016)

tapered GC

Kim Investigate liquid water behavior insic

a right angleGC

Understand liquid water removal fro
the GCs in thdorm of films and slugs
and test the effectiveness of sugges
GC crosssection geometries

Study the turbulent twphase flow thal
might occur in the GCs of a PEM fu
cell

Analyze droplets dynamics in simp
and tapered straight GCs and in sim
andfilleted serpentine GCs

Investigate the influence of GC
orientation and walls wettability o

water  droplet emergence ai
movement
Explore the differences of wate

removal between the anode and cath
GCs

10mm long taperedsC with 1 mm height at air
inlet, inclination of0 and 0.75°, and several por
with diameter of 50 unfior water injection

20mm long GC with crosssection of
0.25mmx 0.25mm having a right angleent in the
middle, and a pore with diameter of 01®%n placed
close to the air inlet for water emergence

15 and 30 mm lond5C with rectangular cross
section of 0.fmmx 0.4mm; 30 long GCs with
trapezoidal(with open angles of 49 50° or 60 °)
and circular crossection with fixed height of
0.4mm and area of 0.28n?

6.2mm long straightGC with crosssection of
Immx1mm

1 mm long straighGCwith inlet height of 0.250nm
and outlet height (tapergsC) of 0.125mm; 25mm
long (approx.) serpentin€C with main height of
1.5mm

1 mm long straightGC with rectangular cross
section of Immx 1mm, having a pore of diamete
of 0.2mm on the bottom surface.

10mm long straightGC with crosssection of
1 mmx 1 mm; 20 mm long(approx.)U-shapedGC
crosssection of Immx1mm, having round
rectangular corners

Fluent

Fluent

Fluent

Open
FOAM

Fluent

Fluent

Fluent

CSF

CSF

CSF

CSF

CSF

CSF

CSF

2D

3D

3D

3D

2D

3D

3D
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2.2.1. First studiesi water initially placedin the GCs or emerginguniformly from
the GDL

The first study in which the VOF method was dise simulate the twgphase flow in
a PEM fuel cell was published iiuanet al.[143]. The computational domain was a U
shaped channel in order to represent a key component of a ser@@tithe bend area.
Different PEM fuel cell operating conditions were simulated by placing, in the beginning
of eachsimulation, a certain amount of wateroffn a single droplet towater film) in a
certain location of the channel. The results showed that a secondary flow was induced by
the interaction of liquid water aradr flow in the bend areavhich strongly affeed water
behavior in the bend and in the area after the bend. It not only drove water to the
surrounding surfaces, but also affected water distribution inathéow inside the
channel. Fothe cases withthe largesamounts of water, simulations showtbdt water
distribution after the bend might block the reactant supply to the reaction sites (by
covering the GDL surface) and also the reactant transport insidéGhevhich would
decrease the fuel cell performan@éith the aim of identifying design gielines for the
GCs, Kim et al.[171] employed a similar numerical setup to study the effectsed&C
geometry and surface properties. The results showed that hydrophobic surfaces, round
corne, and smaller chanrelvidth leadto a faster exhaust of liquid water with a smaller
stagnant volme.

Jiaoet al.[146, 147]numerically investigated the aivater flow in the cathode side of
PEM fuel cells stacks with parallel serpentjfid6] andstraight paralle[147] GCs. For
both channels designs, the flow could be severely blocked even if there was only a
small amount of water in the channels, thus causingathdlow to be unevenly
distributed. The serpentine design, however, could provide a powerful water removal
characteristic caused by thetUur ns, whi ch the authors call e
water effecto. I n the fcol |teewas collegtedamdd s ep a
then separated into different parts. Thus, since the water films were separated into small
droplets, it was easier to remove them.

Caiet al.[145] simulate the twgphase flow in a straight channel of a PEM fuel cell in
order to study the effectsf the hydrophilic/hydrophobic properties of the channel walls
on liquid water removal. A volume fraction of liquid water was introduced in the
beginning of the simulations to capture the interface motion. It was found that the

wettability of the channel alls had a great influence on water transport in the channel,
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in bothwater distribution along the channel and the time for water to be disdhauge

of the channel. A hydrophobic GDL surface and hydrophilic channel walls showed to be
the best combination, being beneficial to water removal as well as to gas transportation
from the channel to the GDIIhe motion of liquid water under different aielacities

was studied byhanet al. [149] in straight and serpentine channels considering the
hydrophilicity of the graphite plate and the hydrophobicity of the GDL, which form the
typical walls of a PEM fuel celGC. The results showed that the more hydrophobic the
surfaces of the channel vegithe more easily the water was discharged. Moreover, liquid
water was easier to bemovedunder high air velocity than under lower air velocity, and

in astraight channel than imserpentine channel.

The effects of channel surface hydrophilicity, channel geometry, and air inlet velocity
on water behavior, water content inside the channel, anglhase pressure drop were
numerically investigated bQuan and Lai [151]A U-shapedir flow channel (analyzing
both sharp and round corners) attached to the GDL (modeled as a homogenous porous)
with constant liquid water mass flux was usethazompuational domain. It was found
that a hydrophilic channel surface provided an effective water management strategy
inside theGC but with asignificant increase in pressure drop. A sharp corner channel
design, with negligible increase in pressure drop, wasd to be the best design, leading
to water accumulation in the upper surfaces of the channel, thus leaving more GDL
surface area for reactant transport. It was also observed that the pressure drop in the
channels increased almost linearly with the detinelocity. Ina later study{165], the
authors applied the same approach for an interdigitated configuration. The results showed
that liquid water only accumulated in the oulet channel. Moreover, the mechanisms of
water removal were strongly dependent on the operating pressure drop. With increasing
operating pressure drop, the flow regime gliftom a mixture of corner and slug flow,
to corne flow only, and finally to a regime of shear flow with fast water movement along
theGC.

2.2.2. Dropletsbehaviori emergence, deformation, detachment and movement

In the first studies on twphase flow in PEM fuel cells discussed in the above
subsection, ligu water was placed in tH8Cs in the bginning of each simulation or it
was considered to enter in t&s as a constant liquid water mass flux throughout a
uniform GDL surface. However, as experimental studease show60, 62, 208] water
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emerges from the GDL surface throwggiecificporeswith the formation ofiroplets. The
droplet behavior, including emergence, deformation, detachment and movement in the
GC, including the interaction with other dropletad formation of filmsis thus a very
important aspect that has to be studredrder to fully understand the twahase flow in

the GCs.

Theodorakakot al. [148] focused their work on the detachment of droplets from
GDLs used in PEM fuel cells under the influence of a eflosging air. The simulation
results were compared with those obtaieggerimentallyanda good agreemenvas
found Parametric studies investigating the effects of various parameters showed that: a
droplet wasnore easilyswept away by an uniform air velocity rather thgradeveloping
flow; decreasing surface tension values (which simulated an increase in temperature)
resulted into smaller adhesion forces and easier droplet deformation and thus faster
removal from the GD surface; the effect of gravity was negligible; and the droplets were
removed at lower velocities when in contact with the side or top surfaces of the channel.

Bazylak [155] employed a combination of fluorescence and liquid pressure drop
measurements to investigate the dynamic liquid water transport behavior in a simulated
GC of aPEM fuel cell. It was observed that watkoplets emergéom the surface of
the GDL in preferential locations corresponding to the path of least resistance and that
these preferential water breakthrough locations changedion=rTo help to explain thi
phenomena, the VOF method was used to simulate the filling behavior of liquid water
within two competing pathways of a GDL. The&dgsimulations showed that once a new
preferential pathway was found, less preferable pathways recEdgnie(2.1), which

was in accordance with the experimental observations of receding droplets.
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¥ t=0.0010s v t=0.0030s

t=0.0021s t=0.0035s

t=0.0027 s t=0.0040s

Figure 2.1. Temporalsequence of VOF simulations showing the primary filling of the smaller
channel(0.00100.0030s), followed by the secondary filling of the larger channel with liquid
water receding in the smaller chan(@/00350.0040s) (dark grayrepresents liquid water, and
light gray represents air) (adapted from R&b5]).

A contact angle hysteresis model based on the VOF method wastpdesgiRanget
al. [156] to analyze the influence of the contact angle hysteresis on microchannel flows.
The model was qualitatively validated against experimental data from droplet and slug
dynamics and good agreement was achieved for a wide range of flow conditions. The
results revealed that the contact angle hysteresis was responsible for droplet elongation
and postdetachment instability. Moreover, the authors stated that the model presented
couldbe used to estimate the surface propeftesases wheranin-situ measurement

is difficult to conduct.
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Deformation and detachment conditions for a water droplet adhering to the cathode
GDL surface of a PEM fuel cebC were numerically investigated by Golpaygan and
Ashgriz [144, 157] Through 2D simulations, the effects of droplet and gas properties,
channel geometrgnd flow velocity on the mechem of separation and breaip ofthe
droplet were studiedand surface tension was found to be the most relevant parameter
determining the mobility of the droplet. Later, the same group extended their work to 3D
analysis[178] which further confirmed the determining effect of surface tension forces
on the droplet dynamics.

The effects of the surrounding fluid propertieel¢city, density and viscosity) on a
droplet in a microchannghs well as the flow structures inside and outside the droplet
were studied bghirani and Masoomi [159YOF simulations showed that increasing the
density velocity and viscosity of the surrounding fluid forced the ditapleleform more
rapidly and thasurface tension prevented the droplet deformation.

Zhuet al.[152] presented 2D VOF numerical analysis of the-ptase flow in PEM
fuel cellsGCs thatconsideithe porefirough which water emerges. The complete droplet
emergence and formation process as well as the subsequent detachment and/or film
formation were tracked. The effects of the static contact angle, pore size, and air and water
inlet velocities on the water olplet dynamics were investigated, and the critical air
velocity at which droplet detachment occurred was predicted. It was observed that a
hydrophobic GDL surface resulted in breaking away of the water droplet whereas a
hydrophilic GDL surface resulted spreading of the water droplet on the bottom wall
and the onset of film flow. High air inlet velocity induced the water droplet to collapse
andto adhere to the GDL earlier leading to the formation of film flow prior breaking
away. Moreover, the criticaliravelocity was found to decrease with increasing
hydrophobicity of the surface and with increasing initial dimension of the droplet. In a
later study,Zhu et al. [153] focused on the emergence of water onto the hydrophobic
PTFEtreated GDL typically employed in PEM fuel cells, and investigated the effects of
channel and pore sizes and coalescence of droplets on liquid water dynamidS@ the
The results showed that the downstream deformation of water droplets slowed down in
larger channels (higher height) and that the coalescence of two water droplets accelerated
liquid water motion. In addition, the critical air velocity decreased with decreasing the
pore diameter. In order to obtain a complete representation of the dynaoesses
occurring in the5Cs of PEM fuel cellsZzhuet al.[160] extended their previous 2D works
to threedimensions and analyzed the growth, deformation, detachment, motion,
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coalescence and film formaticeind the associated water coverage and friction factors as
a function of several parametersif operational and material). The results showed that
the emergence of droplets into tAR€ was a highly dynamic and almost a periodic process
with cyclic formation, growth, deformation, detachment, and removal of water droplets.
Moreover, the frequencyf this periodic process increased with decreasing the wettability
of the GDL surface anthcreasingair inlet velocityThe authorsalsoinvestigated the
effects of pore location on the droplet dynanjic&]. Results revealed that the behavior
of the droplet only depended on the wettability of the GDL when it emerges from the
centerline. When the emergence location was closer tonthef the lateral wallgshese
walls wettability significantly affectedhie dynamics of the droplet.

The water droplet motion in a PEM fuel cell straigh€ with a wide range of
hydrophilicity levels and inlet air velocities was investigatedvimndal et al. [176]. It
was found that droplet motion was slow for a channel wall withdontact angles (more
hydrophilic channel) and thathigh air velocity forced water to move faster, especially
for large contact angles. Within the same research group, similar work was performed by
Ramanret al.[177], but focusing on hydrophobic channel walls. The results showed that
a supehydrophobic channel surface was required to decrease the droplet removal time.

Le et al.[170] performed optical visualization of liquid water in a simulated PEM fuel
cell air channel with serpentirenfiguration A number of droplets were injected into
the channel entrece via hypodermic needles. The aim was to compare the results with
those obtained by numerical simulations in order to validate the VOF method. The shapes
and locations of a droplet at a given time in the numerical model and in the experiments
were in god agreement and provided a qualitative validation. A quantitative validation
was achieved by comparing pressure drop in the channel and the pressure rise due to
liquid water in both cases. Later on, a similar numerical setup was employed to investigate
theliquid water flooding process @Cs with interdigitated174] and paralle[175] flow
fields. Simulation results were able to demonstrate the avalanche phenomena created by
the interdigitated design when gas blockage by liquid wateurred as well a the
maldistribution otthegas flow caused by the parallel channel design.

The VOF method was used to simulate water droplet movement and slug formation in
a section of a PEM fuel cell double serpeni®@ by Cartonet al.[181]. In addition,
optical visualization of water droplets and slugs was conductedsitle$Cs to obtain
experimental mdel validation. From the results it was observed ti@excess water in
the channels from the collision and coalescence of droplets could form liquid water slugs.
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Moreover, one channel of the double serpentine flow field design became blocked due to
theredistribution ofair flow and pressure caused by slug formation.

U-shaped GCs with round or sharp corners having five pores designedG@Dithe
bottom wall for water droplets emergence were considere@€dyet al. [180], and
parametric studies varying air and water inketocities andwalls wettability were
conducted. It was observed that waters more easily transported the round corner
channel Moreover,increasing the hydrophobicity of the channel walls reduweater
content in the GCbut increase the portion of the bottom wall (corresponding to the
GDL) coveedby water. Furthermore, as velocity wasncreasegdthe influence of walls
wettability and air and water velocitigsasdiminished.Recently, the authors simulate
theemergence and movemt of oneadroplet from a straight GC with varioosientations
[206], and found thatas previously reported Bheodorakakost al.[148], gravity plays
a minor role in water motion.

Choet al.[209] derived an analytical gxessiorto describeéhe droplet shape change
in a PEM fuel cellGC by examining the forces over the droplet at various conditions and
different locations. In a sequel pap&83], the authors compared the analytical solutions
of the droplet deformation and removal with experimental data and VOF predictions.
Experimental data &re obtained through optical visualization in a simulated PEM fuel
cell GC. A high pressure near the stagnation point and low pressure at the site where the
flow acelerated were observed through the numerical analysis. Furthermore, quantitative
comparisons betweethe developed analytical solution and experimental/numerical
results showed reasonably agreement.

Kim et al. [193] analyzed the intedroplet interactions of water droplets emerging
from two pores into thair flow stream of a PEM fuel cell cathode channel. The effects
of the distance between the pores, distance frone@side walls, contact angle of the
side walls andir flow rate on liquid water removal from ti@&C were investigated. The
results revealed that the coalescence of two droplets enhanced the water removal in
comparison with two separate droplets, the dropéetr the hydrophilic wall improved
reactant transport, and clogging was more likely to occur for a hydrophobic channel wall
surface and low air velocity. la morerecent publicatio198], the authors focused on
the effects of hydrophilic/hydrophobic properties of a serper@i@eA set of 3D VOF
simulations wagondicted for a hybrid case consisting of hydrophilic channel walls at

the straight part but hydrophobic walls at the turning part of the serpentine. The numerical
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results showed that this hybrid case enhances water removal compared with two other
cases in whah the channel wall is homogeneously hydrophilic or hydrophobic.

To ensure proper contact between layers and also to seal a PEM fuel cell, the different
layers are compressed during the assembling process. The flexible, porous microstructure
of the GDL debrms considerably when subjected to compressive loadings. A recent
study conducted bBao et al. [197] investigates how GDL deformation influences the
droplet dynamics in &C of a PEM fuel cell. The results suggested that a more
significantly deformed GDL increases the contact area between the water droplet and the
GDL/channel surfaces, thus leading to a slower water removal.

In typical operating conditions of a PEM fuel célleflow in GCsis generally laminar.
However, when large reactions areas (808) and high load operation 8cnm?) are
considered, turbulent flow may occifiu et al.[204] used a modified VB approach to
capturewater droplet transport in a straight GC at a very high air velamtyesponding
to turbulent regime. Significantly different twghase flow patterns were observed when
comparingto with those obtained under laminaonditions For turbulent flow,the
droplet deformed asymmetricalgnd most of it became a water film spreading in the
GDL surface. When considering laminar regime, the droplet deformed symmetrically and
less watewasaccumulated in the GDL.

Jo and Kim [202focusedon water behavior in a right gle GC. The aim was to study
how water droplets interact with the bent sediohtypical PEM fuel cells GCSores
for water emergenceere designednot onlyin the middle of théboottomGDL surface
(equally distanced from each side wadly usually considered in VOF simulations, but
also closeto eachsidewall. When increasinghe GDL surface hydrophobicity, droplets
emergingrom pores located closer to te@le wallstendedto move alondhese wallor
alongthe lower edgeswvhereasdropletsemerging from thecenter pore shoad more
compicated flow patterns.Moreover, a thecontact angleof the side and top walls
increased the GDL surface water coveragatio also increasehegative outcome)
whereaghe water volume fraction decreasgubsitive outcome)Based on such results,
the authors emphasizatiat the performance of a PEM fuel cell may be determined by

the balance between water volume fractiothen GCs and GDL surface water coverage
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2.2.3. GDL microstructure i pore arrangement and roughness

In the literature discussed so far, the focus was mainly odyti@mics of a single
droplet or aew droplets emerging from pgi® of auniform and smooth GDL surface.
However, in a PEM fuel cell, many droplets emerge at multiple sites from a GDL that is
porous and rough. To simulate these features of the GDL, detailed consideration of its
microstructue is needed. Td¢he present date, gt a fewstudies employed the VOF
method to investigate the liquid water transport in the GDL with detailed representation
of its fibrous structureSuresh and Jayanti [168pnsidered the GDL microstruture in a
2D computational domain as a layered structure with circular fibers, and investigated the
effect of the air flow on liquid water transport. The results showed the beneficial effects
of air crossflow in removing liquidwater from the GDL which is typically observed
when serpentine and interdigitated flow fields are emplofédiadet al.[185] used a
similar computational domain to stuthe effects of GDL PTFE loading on liquid water
removal from a PEM fuel cell. The PTFE contentha GDL was varied by changing the
surface tension and the contact angle. VO#utationsshowed that increasing the PTFE
content in the GDL decreased the detachment velocity and, thus, facilitated liquid water
removal. However, higher PTFE loading alssed the required capillary pressure for
liquid water to penetrate the GDPRarket al.[169] reconstruted the GDL structure by
3D solid cylinders randomly distributed in theplane directions, and also found that the
amount of pressure gradient caused by the dtogsis sufficient and effective to get rid
of the liquid water accumulated in the GDL.

The VOF porescale simulations above discussed have associated an extremely large
computational time, therefore, they can only be employed efficiently for very small length
scales. For this reason, researchers have been trying to develop more praatecpstr
in order to consider the effects of the GDL microstructure while performing simulations
at larger scales. Two main features of the GDL microstructure are especially important:
(1) the pore arrangement for liquid water emergence and (2) the roagifrtee GDL
surface. The pore arrangement is importemtorder to adequately describveater
emergence processes in (B€s, whereathe GDL roughness affects flow resistance and
cannot be neglected in microflows.

In the study conducted hiiao and Zhou [154]the porous holes on the GDL were
represented by small paths with square cross sectiongced to a kshaped channel.

The aim of the study was to investigate how liquid water flows through the GDL into the
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GC. Simulations were conducted in an accelerated mode in which the theoretical water
velocity from the GDL to thesC was increased 1000nies in order to shorten the
computational time. Since the velocity of water is too small compared to that of air, its
increase only affects the time of water transport but does not change the basic physical
nature of water transport acrdbe GDL. The reslts revealed thaheserpentine design
of theGCscan help water drainage because it facilitated breaking up of water films.

Ding et al.[164] focused their work on the effects of the GDL microstructure on the
two-phase flow patterns in theCs of PEM fuel clis. The microstructure of the GDL
was simplified by creating a number of representative pores on its surface and droplet
formation and movement were simulated using the VOF technique. Five representations
of the GDL microstructureT@able 2.1), with the same open area and liquid water flow
rate, were selected for simulations. Thgote case was found to be the minimum number
of pores to represent theicrostructure of the GDL surface since the {pimse flow
patterns with 4€ores and 64ores were very similaF{gure 2.2). It was thus concluded
tha, in the channel width direction, at least 2 pores are required to represent the
microstructure of the GDL surface. Based on thatg et al.[173] extended the previous
work by implementing the 2 pores in the channel width direction GDL microstructure to
a larger channel with dimensions comparable to those used in real PEM fuel cells. Three
stages of twegphase flow patterns in th@C were identified namely emergence and
merging of liquid water in the GDL surface, accumulation on the side walls and
detachment from the top wakrigure 2.2). Paranetric studies were also conducted and
it was observed that a more hydrophobic GDL surface and/or more hydrophilic channel
walls would be beneficial to liquid water removal. However, a more hydrophobic GDL
surface increased the pressure drop and more Hyilcophannel walls increased the
GDL water coverage ratio as well as the water residence time. Moreover, with increasing
liquid water injection rate, the flow pattern evolved from corner droplet flow to top wall
film flow, annular flow, and finally slugléw. These flow patterns agree reasonably well
with those observed in visualizatierperiment$60], as shown ifrigure 2.3. The same
research group then focused on the-phase flow distribution in intezonnected parallel
flow channelg187]. The aim was to represent and study the communication between
parallelchannels that naturally occurs in a PEM fuel cell through the porous GDL-via in
plane diffusion Figure 2.4). The results showed that the communicatioannels caused

flow maldistribution and increased liquid water residence time, especially for wide
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channels. Furthermore, numerical results were compared with experimental data from

two designs of communicating channels and a quiaktaalidation was btained.

(b)
Figure 2.2. Effects of the GDL microstructure on the twbase flow pattern in théCs: (a) 4
pore, and (b) 64ore (adapted frorRef.[164]). Three stages of twphase flow patterns can be
observed, namely emergence and merging of liquid water in the GDL suefacea¢cumulation

(center) and detachment (right).

Droplet flow stable droplet

liquid film droplet before

Film flow ]
/ _ coalescing

\tin emergin
Slug flow )c’lropletgs ¢ /slug

Figure 2.3. Typical twophase flow patterns in PEM fuel c8Cs (adapted frorRef.[60]).
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*Arrows represent air flow

Gas channels

Water
droplet

GDL

Figure 2.4. lllustration of the communication between adjacent parallel channels created by the

porous GDL via implane diffusion (adapted from R¢187])

Du et al.[166] analyzed the effects of the water injection methods on thehase
flow characteristics in PEM fuel celf5Cs. Side liquid water introduction, continuous
liquid introduction along the channel batt wall with uniform and nomniform flow
rates, and liquid water introduction from the inlet together with the gas phase were the
methods considered. VOF simulations showed that when water was introduced from side
walls along the channel, water accumulatincreased compared to the case with water
injected from the channel inlet. Less possibility for slug formation in the channel was
observed when water was introduced-omiformly along the channel and more near the
outlet. For water feed from the bottonall, water emerged and accumulated, forming
slugs which lead to high pressure drops. Through parametric studies, it was found that the
gas flow rate and walls wettability had significant effects on water behavior and a change
in their values could lead tthe transition between flow patterns. Moreover, increasing
the surface tension led to a small increase of the slug length and a small decrease in slug
frequency.

A novel geometrical setup to conduct a series of direct simulations of the liquid water
dynamics in a PEM fuel cellGC was proposed b@in et al. [184]. The conducting
pathways in the GDL were simplified by three cylindrical pipes connected to a liquid
water reservoir representing the CL. In tetsdy, the competition between film and
droplet flow was investigated. Simulations showed that increasing the gas flow rate could
mitigate the film flooding but with an increase in pressure drop alonGg@&/loreover,

it was found that a proper contactgé of the channdlide walk should be selected to
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balance two requirements: (1) increase the film removal ability (less hydrophilicity) and
(2) fast removal of the water clogging (higher hydrophilicity).

In order to obtain complete information of water dynamics in a PEM fueHiedkain
et al.[192] implemented two different modeling approaches: (1) the Euleriaiphase
mixture, which provided overall information of species distribution inside the whole cell
and (2) the VOF method, which showed the emergence of water draplet the GDL
into the cathode channel and the subsequent water removal from the channel. The main
goal of the study was to find an optimum water pore arrangement that would provide the
minimum water coverage on the GDL surface. The results showed thautface
coverage of the GDL by liquid water could be reduced by reducing the pore diameter, by
placing water inlets near the channel walls and by increasing theporerdistance.
According to the results obtained, the authors suggested a GDL layeraihadolumn
of hydrophilic fibrer arranged inside the randomly distributed hydrophobic fibre matrix
that could lead to the precise control of water path through the GDL into the channel and,
thus, to a better water management inGi@

Heet al.[167] investigated the effects of wall roughness on the water behavior related
to the PEM fuel celGCs by twophase flow VOF simulations. The wettability of the wall
surface, the relative roughness height (ratio between the height of the roughness elements
and height of the channel/{O), the roughness element density, amadghness element
type were considered. The results showed that the roughness of the wall surface affected
the water behavior differently depending on the wettability of the channel wall. The water
behavior was considerably altered when considering a phdiowall even for a low
r/H value (0.2%6) and increasing r/H showed to be positive for water removal. In contrast,
considering a hydrophobic wall, there was nearly no effect for 10t2 % and increasing
r/H was disadvantageous for liquid water remo¥alr both cases, however, the average
pressure drop increased with increasing roughness. Moreover, increasing the roughness
element could help water removal for a hydrophilic surface and the triangle roughness
element was better thathe rectangle elementvith the same heightliquid water
transport in a PEM fuel ce®C with a rough GDL surface was numerically investigated
by Chenet al.[182]. The GDL roughness was described by placing an array of cubic
holes on its surface. The results showed that the GDL roughness acelerated the removal
of a droplet and reduced the water coverage ratio, because the GDL roughness led to

lower retention forcesand higher detachment forces acting on the water droplet.
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However, it was also observed that higher GDL roughness led to higher pressure drop in
theGC.

The effects of the GDL roughness on the dynamic behavior of a water droplet in a
PEM fuel cell was als numerically studied byChen et al. [186]. Three GDL
microstructures were analyzed by representing the carbon fidsergctangles with
different orientations (seEable 2.1). The results showed that the parallel distribution of
the carbon fibers had the best capacity of detacladgereddroplets and reducing
flooding in the channels. In the same paper, theocasithiso presented an analytical force
balance model which accounted for the GDL microstructures and surface tension, and it
could be used to prettithe droplet detachment size.

In a recent 2D simulation work conducted Aghrafi and Shams [199h random
function was usedo generate the GDL surface with various roughness. The GDL
roughness considerably affect@dterdynamics Among other findings, it was observed
that the formation of liquid water filmsttachedo theGDL surfaceanundesirabldlow
patternduring PEM fuel cells operation, was facilitatedhen increasingthe GDL

roughness

2.2.4. Impact of the two-phaseflow in the fuel cell performance

The numerical investigations using the VOF method presented in the previous
subsections only focus on the behaviors of liquid water from a perspective of fluid
dynamics while the reactant transfer and the electrochemical reactions were not
consideredHowever, as discussed in Chaplefsectionl.3.6, the twophase flow has a
significanteffect ona PEMfuel cell performancevhichis important to be quantified.

Le and Zhou [133published one of the most complete models for a PEM fuel cell.
The model was3D, unsteady, mukphase and multicomponent with VOF interface
tracking technique. Moreover, it considered all the necessary components of a PEM fuel
cell (membrane, CLs, GDL$Cs and current collectors) and coupled the fluid flow
(momentum transport), sgies transport, energy transport, electron and proton transport,
with electrochemical reactions. The tpbase flow patterns were analyzed and the
effects of liquid water on velocity field, pressure distribution, reactants concentration,
current density ahtemperature distribution were investigated. In following articles, the
authors applied this general model to study the liquid water flow in serpgatiakel
channelg161] and in interdigitated channdls62]. The results showed that liquid water
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caused high pressure drop, increased mass transfer resistaeaetants and decreased
the local cell temperature. However, it was also observed that the presence of liquid water
increased the ionic conductivity of the CLs and the membrane. In addition, the liquid
water could be easier removed from the serpeiarallel channels, compared with a
singleserpentine channel. Regarding the results with the interdigitated design, it was
found that the reactants transport could be enhanced by the forced convection created by
this kind of flow field. However, the wateapor inside the porous media could also be
taken away which reduced its ionic conductivity. Posteriorly, Zhou anrdotkers
applied their general modé¢o a threecells PEM fuel cell stack163]. Simulations
revealed that the distribution of reactant gases in a flooded cell is loweth#tanthe
other cells containing no liquid water. This not only resulted in a decrease in the overall
current density of the floodexll but also affected the performance of the stack. Despite
the complexity and the new insights given by the model developkd &d Zhou [133]
one important drawback is that simulations were performed by initially locating liquid
water droplets omhe cathode GCénstead of water being continuously emerging from
the GDL, as it occurs in real fuel cells. This feature limits t@ieability of the model.
Chenet al.[132] numerically analyzed the effects of liquid water distribution GG
on pressure drop, reactant transport and current density under different inlet air velocities,
wall wettability and water inlet positions. Electrochemical reactions were considered in
the VOF formulation through user defined functions ($pfer the effetive diffusivity
of oxygen in the GDL and boundary conditions of oxygen massidraon the GDL
bottom surfaceMoreover, a hybrid structural model was adopted to consider the GDL
surface microstructure (sdeable 2.1). Simulation results revealed that the presence of
liquid water in theGCincreased pressure drop, caused local peak region of current density
and led to high nowmniformity of current desity distribution. Furthermore, it was
observed that having larger pores within the GDL near the side wall GGlnather than
at the center of the channel were helpful to form the desirable flow pattern of liquid water,
which was found to be the flowf ater as a film onhte top wall of theGC. Ding et al.
[188] coupled a 3D air channel VOF model with a 1D model for the membrane electrode
assembly (MEA) to investigate the effects of the-phase flow patterns on the PEM
fuel cell performance. By comparing the cell performance predicted by-gihgte and
two-phase simulations, it was found that the presence of slug flow decreased the cell
voltage output in the mass transport region (high current densities). Moreover, increasing
the gas flow rate as well as the MEA contact angle improved cell performance. However
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atoo high gas flow rate aralveryhydrophobic MEA surface also increasbdpressure

drop. In a follow workDing et al.[189] applied the same 1© 3D two-phase flow model

to a PEM fuel cell consisting of two parallel flow channels in order to investigate the
effects of flow maldistribution on the fuel cell performance. The results showed that flow
maldistributionled to slug flow patterns which significantly increased the GDL water
coverage ratio and consequently decreased the cell volthgestudies published by
Chenet al.[132] andDing et al. [131] provide some new insights on how to consider
electrochemicateactions when applying the VOF technique, without the need for the
complexity present in models such as that developddtand Zha [133], which often

limits their practicability due to the large computational times involved. However, some
iIssues can still be addressed in order to obtain a more comprehensive model with a larger
range of applicability. In relation ©Bhenet al.[132], the velocity of liquid water entering

into the GCs was set manually to an arbitrary value, instead of being calculated as
function of the current density produced. Morapweater balance in the membrane was
not consideredDing et al.[131] added the fature of water velocity in each pore being
related with water generation rate nearby. However, although ohmic losses were
considered to better predict the current density, the membrane was considered to be fully
humidified. In both studies, the model applility is limited in the sense that they cannot
predict the influence of strategies dealing with qpl@ase flow issues that might have
negative effects on the hydration state of the membmagar(creasing gas flow rate or

cell temperature). Another @ect that is missing in the studies where electrochemical
reactions are considered along with the VOF methodology is the validation of the cell
performance predicted by the models against experimental polarization curves.

2.2.5. Novel GDL or GC designs

The focus of the numerical simulations addressed along the previous sections was on
understanding the twphase flow in th&GCs and its implications on cell performance
considering the materials and designs normally employed in PEM fuel cells. Some
researbers, however, used VOF simulations in order to test the effectiveness of novel
GDL andGCdesigns.

Jiao and Zhou [15Q)roposed three innovative GDLs containing different geometries
of thar pores (sedable 2.1) in order to mitigate liquid water flooding in PEM fuel cells.

The effectiveness of each GDL was studied through numerical investigationsvateir
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flow across each GDL together with asblaped channel using the VOF method. The
results showed that the trapeziform porous holes with the minimum area fact&a@she
was the best option for water removal due to its ability to enhan@artfiew inside the
CL. The worst condition was achievechen the trapeziform porous holes with the
minimum area facing the CL were employed. In a later pdfd], the authors studied
the wettability of the best GDL by assigning di#nt static contact angles to the
electrode. It was found that a hydrophilic GDL was not beneficial for liquid water
removal, because it retained water formed in the CL and also attracted water from the
GC. Moreover, the results showed that the hydrophobicity of the GDL should be carefully
selected, and the CL should have higher or equal hydrophobic level by comparing to the
GDL, in order to expel liquid water in the right direction (from the CL to the @GBdl
finally to theGC).

Fontanaet al. [190] employed the VOF formulation to investigate the {pase
transport inside a taper€iC. From 2D simulations it was found thatthough causing
an increase in pressure drop, the slug flow acted as the most effective mechanism of water
removal, capturing the growing droplets as they moved toward the channeltbutiet,
reducingthe liquid water content inside the channel. The reghehannel revealed to
favor the slug formation, thus helping the water management insi@Ha following
studieq191, 201] the same researgmnoup employe@d multi-fluid 3D model to describe
the performance of a PEM fuel cell and to calculate the amount of water produced with
different taper angles. The amount of water calculated was thentausddain liquid
water velocityin 2D VOFsimulations From the 3D model simulationiswas found that,
for temperatures greater thanequal ta333K, the channel tapering played a beneficial
role in terms of decreasing the liquid water saturation and increasing the limit current
density value. Regarding the 2D VOF simulations, it wlaseoved that increasing the
taper angle led to the formation of liquid water films and thus faster water removal from
the channel. However, an increase in channel tapering also produced a significant increase
in thepressure drop and an increase in the Gifacewatercoverage. Therefore, it was
concluded that an optimum taper angle has to be found allowing a fast liquid water
removal while causing minimal increase in pressure drop and GDL sunaiss
coverage. The effect of the GDL hydrophobicity wise analyzed and it was found that
the formation of films increased as the contact angle decreaskdfi et al.[205] also
simulatewater dynamics in a tapered GC. Moreover, the authors suggested a serpentine
flow field with filleted corners. Results from 2D calculations showed that both designs
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help to create desirable flow patterns, in which less water accumulates in the GDL
surface. Additionally, the filleed serpentine channeleducedpressure drop.

Qin et al. [194] proposed a novel PEM fuel ceGC design to improve water
management and remahin the channel. The novel channel consisted of a conventional
GC which was modified by inserting a hydrophilic needle (small cylinder) in the middle
of the channel. The effectiveness of the proposed channel was evaluated through
numerical simulations ugg the VOF method and the effects of the needle diameter and
length were studied. The results showed that the needle reduced the water coverage in the
GDL, but also induced an extra pressure drop in the channel. Regarding the needle
dimensions, it was foud that the optimal diameter and length of the needle should
balance the need for water removal from the GDL surface (bigger needle) and the lower
values of the pressure drop (smaller needle). In a later pnlgf al.[195] analyzed the
effects of the surface wettability of the GDL and the inserted needle on the water removal
processes. Simulations revealed that GDLs having a larger contact angle and needles with
a smaller surface contact angle enhanced liquid water rerfiowathe GDL surface. A
drawback of the modified channel with a needle proposégitgt al.[194] was that the
water droplet was suspended in the air for a long period after being removed from the
GDL surface, which resulted in an increased pressureidrbieg channel. To overcome
this disadvantageQin et al.[196] substituted the needle by a thin hydrophilic plate. It
was demonstrated that a water droplet could be removed more effectively from the GDL
surface for the channel with a plate, and was transported along the hydrofattdic p
surface until reaching channel surface, avoiding droplet suspension in the air and, thus,
lowering the resultant pressure drop. Moreover, the contact angle of the inserted plate
should be larger than that of the bottom surface and smaller than that@DL surface
for an effective water removal from the channel.

The GCcrosssection geometry isnatherdesignparameter thahas deservethe
attention from researchedsing the same 3D setup as that of their other st{itiéss
179], Zhuet al.[172] systematically investigated the effects of the channel -@@stson
geometry on the dynamic behavior of an enteggvater droplet, analyzing its effects on
pressure drop, water saturation and water coverage ratio. From 10 channel geometries
analyzed Table 2.1), the rectangular channel with an aspect ratio (height/width) of 0.5
was recommended.orenziniGutierrezet al. [203] also studiedthe effect of cross
section geometrybut focused on film and slugs flows. Aaght GC was considered
where a liquid water slug was placed in the beginning of each simulation. After analyzing
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the effects of air velocity and walls wettability in slug removal frime typically
employedrectangulaiGCs the authors tuedtheir attention to alternative cressctions
with trapezoidal and semicircular geometrieRalfle 2.1). It was found thatthe
trapezoidal shapes witbpen angle of 50° or 60° representattractiveoptions. These
designs promotethe formation of top walls film (decreasingvater coverage of the
bottom GDL surfacg reducel two-phaselow pressure drop fluctuaticend accelerate

water removal.

2.2.6. Two-phase flow in the anode GCs

All the VOF numerical studies on the typbhase flow in PEM fuel cell reviewed so far
focused exclusively on the cathode side. This is reasonable since the cathodetisrthe wa
generating electrode and thwghere flooding ismore prone to occur. However,
visualization experimen{®8, 59, 61]have showrhat, for certain operating conditions,
flooding can also occur in the ano@€s, and itcanbe even more significant than that
on thecathode sideThe process of liquid water appearance in the a@dés also
different from that observed in the cathode side. Liquid water in the anode nessily
from water vapor condensation in tB€stop walls(that opposite to the GDL surfage)
instead of being continuously emerging from the GDL surfadeogsursin the cathode.
Moreover, gas flow rate, density and viscosity of hydrogen in the anode are diffenent
those of air in the cathode. This suggests that liquid water behavidrbeigary different
for the two electrodesvhich might lead to distet water management strategies.

At the time that this review was first publishdgere were no numerical studies on the
anode GCs twqphase flow, and that was one of the recommendafamnfiture work
made back then. The first studw this issuewas published under the execution of the
presentresearctwork [200]. A waterdroplet wagplaced in the top wall of a straight GC
representing water formed by condensation as observed in visualization expe@®ents
61]. Thedroplet movement wakenanalyzed for different hydrogen velaes, operating
tempeatures and GC wallsvettability. It was found that, for hydrophilic walls, the
droplet spread into the top wall aremairedthere in the form of films. For hydrophobic
walls, water move as a droplet, attached to the top wall or freely suspended in the
channel. Moreover, imeasingthe hydrogen velocitythe operating temperatur@ndthe
GC walls wettability led to a faster water removabwever whenthehydrogen velocity
was raised, pressure drop also increased considefaldgent study conducted liiou
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et al.[207] also addressed the tvpthase flow in the anode side. The authors first explored
the differences dhewater removal process betwebeanode and cathodtraight GCs,
founding thatit wasmore difficult to remove a water droplet from the anode thde
from the cathodeyhentypical operating conditions of a PEM fuel cettre considered
The water behavior was é&m studied im U-shaped anode GQgving sharp or round
corners. In the GC with sharp corners, water was found to be stuckGCtt@nersand

that was only avoided when extremely hydrophilic or hydrophwehits were employed.
Whena GC with round cornersvasapplied, water could be removed frdhe channel

without the needf changinghewalls wettability.

2.3.Summary and major challenges

A literature survey orhie numerical studies on twahase flow in PEMuel cells using
the VOF method was here conductddwas found that several research groups have
made VOF simulations for a great variety of purposes, namely: to analyze the liquid wate
flow from the perspective of fluid dynamics identifying flow patterns; to study the
coupled process of liquid water transport and reactant transfer, including the effects of
theliquid water on the cell performance; to investigate the effects of opgratiditions
material propertiesand componentslesign; to help to explain experimental results; to
validate analytical solutions; and to test the effectiveness of novel proposesiaB@L
GCdesigns.

VOF simulations can be categorized based on diffefassification manners. For the
initial water distribution, some researchers started their simulationsligutild water
placed in specifi regions and others considered liquid water gradually emerging from
the GDLor the CL Forthe representation dhe GDL surface some considered it as a
smooth surface while others took into account its microstructure. For the computational
domain, some focused only on {8€s or on the GDLsome further consider¢de GDL
together with GCesr a complete electrodandsome more thoroughly toan entirecell
into account. For the dimension, some perfor@i@dimulations while others considered
the three dimensions. Furthermaiee majority of the VOF simulations were performed
usingthe ANSYS Fluensoftwareandthe CSFsurface tensiomodel.

The results ofVOF simulations have been essential to complement experimental
results by giving more details and quantitative information about thelase flow in
PEM fuel cells and its effect$he large majority of the numeal studies reported focus
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on the cathode twphase flow.Gathering information from both numerical and
experimental results obtained to date, the-pase flow processes in the cathode side of
a PEM fuel cell can be summarized as follows: liquid wdtgmed in the CL, travels
through CL and GDL pores by capillary transport; it emerges intG@sin preferential
areas rather than uniformly along the GDL surface, and forms liquid water droplets; these
liquid water droplets grow until they detach frohetGDL surface; after detachment,
droplets can move downstream in form of singfieplets or they can coalesce with each
other to form films or slugs. These processes of emergence, detachment and motion of
liquid are affected by the operating conditiomg tlesign of the GDL ar@dCs, and their
materialproperties. In general, results revealed that increabmtemperature anthe

gas flow rate is beneficial for water removal. Regardimg materialcharacteristics,
hydrophobic GDL and hydrophiliGCssurfacesas well as a rectangular cressction
geometry for th&Cs, have shown to badequateRegarding the effects of the typhase

flow on the celloutput results showhat liquid water increases pressure drop inGis
andthe transportesistancef reactants to the active sif@ghich consequently decrease
thecell performanceAlthough less frequent thahatin the cathode side, water flooding
can also occuin theanode Experimental data have shown that liquid watppearsn

the anodesideat the top walls of the GCdue towater vapor condensation. Numerical
simulations have shown that, for hydrophilic GCs walls wettability, water stays in top
and/or side walls of th&Cs and it is removed irthe form of films, whereas for
hydrophobicGCswalls it moves along the chanreddroplets. Moreover, liquid water
removal from the anode GCs is much slower than that on the cathode side.

Great contributios for understanding the twphase flow in PEM fuel cell and its
effects on cell performanceVabeen given by VOF simulations. Howewitrere are st
challenges ahead. One issuenith using the VOF method is related with theveral
length scales (from few micrometers to meters) present in a PEM fuel cell. Although the
VOF method can be applidabat these scales, fully considerinige electrods
microstructure is unfeasible due to the high computationastimuelved. For this reason,
researchers have used the homogeneous porous media formulation or have handled the
GDL microstructure in a sinified way. Coupling VOF twephase models with
electrochemical reactions and heat transport is another great challenge due to the different
length and time scales between simulations. One promising strategy to deal with this issue
is to simplify the MEA, ad to couple a simpler model describing the heat, mass and
electrochemical phenomena occurring in the MEA with a VOF model describing the two
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phase flow in th&Cs This scheme was alreadttemptedbut still with a very narrow
range of applicabilityallowing only to study specific phenomena. A more complete
model, but still practical, able to account for water transport from its formation on the CL
to accumulation in the GDL and the subsequent removal fronG@&is needed to

provide a greater understandingREM fuel cellstwo-phase flow and its implications.
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3. TEST STATION, FUEL CELLS AND EXPERIMENTAL PROCEDURES

A PEM fuel cell test station was developed during the present resdafabl cell
with a hardware close to that ahindustrialfuel cell was dsigned, andh transparent
fuel cell was employedlhe main goal was tobtainexperimental data to validate the
1D + 3D model developed in this work (Chap®yincludingrepresentativeolarization
curvesandthe distribution ofiquid waterinside thecathodeside of the transparent fuel
cell. The EIS techniqguewas alsousedto get information about the kinetics of the
electrochemical reaaths, extracting essential inpytarameters for the model.
Additionally, an experimental study on the ME&sign was performedth this chapter,
the features of thegestation, fuel celland MEAsemployedare presented. Furthermore,
the experimental proceduremoptedare describedregarding MEA conditioring,
polarization curves recordindelS measurementglectrical equivalenfitting, kinetic

paameters determinaticand liquid water visualization &nde the transparent fuel cell.

3.1.Test station

A scheme of the PEM fuel cell test facility employed in the preserit is shown in
Figure 3.1. Pictures are displayed iRigure 3.2. Hydrogen and air flow ratewere
regulated byrotameters (Omega FLDH3301&hd FLDA3213ST, respectively. Both
reactangasesverehumidified by bubbling them through heated water. Rireof each
gaswas monitoredby humidity probes (Vaisala HMT337). Stainless steel tubing and
glass vessels from wateumidification to the fuel cell inlst as well as the fuel celiere
surrounded by flexible heaters (80m™) and coveredvith glass wool for temperature
control. At the vessels for RH reading and at the fuel cell, tempevaisaedjusted using
reading from the corresponding typethermocouples and switching on/off the flexible
heaters, both connected to a data acquisifidAQ) systemcontrolled through the
LabVIEW software (National Instrumenghll)). Temperature dihe other pointsof the
setup was controlled by standlone temperature controllers (Osaka Ok31).
Electrochemical measurememtereperformedusing aZahnerZenniumelectrochemical

workstation coupled with an EL300 electronic load.
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Figure 3.1. Scheme of the PEM fuel cell test facilitgedin the present work.
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Figure 3.2. Photos showing théA) entire test stationand (B) some of itscomponents (1)
Nitrogen andhydrogen pressuriggarks; (2) Computer; (3) DAQ; (4) ytirogen presse reducer
and manometers; (5) Hydrogen rotameter; (§didgen humidification; (7) Hydrogen RH
reading; (8) Graphical dplay ofthe RH sensors; (9)iApressue reducer and manometét0)

60



TEST STATION, FUEL CELLS AND EXPERIMENTAL PROCEDURES

Air rotameter; (11)femperature controllers; (12) Air humidification; (13) Air RH reading; (14)
Fuel cell; (15) Zahner workstation (left) and EL300 electronic load (right).

3.2.Fuel cellsand MEAs

3.2.1. Non-transparent fuel cell

A cell with an active area of 2517 (5 cm x 5 cm) was usedlhe design and materials
appliedare close to thosd omdustrialPEM fuel cels. End-plates consigtg on 10.0mm
thick stainless steel plategere employedGold-copper plates with thickness @5 mm
were used as current collectors. Sirggepentine flow fields were machined into B
thick graphite bipolar plates, having GCs with cresstion height and width of 1rim
and 1.4mm, respectivelylrigure 3.3 displays photosf the nontransparent fuel cedind
its components

Four differentMEAs from QuinTechwere testedall containinga catalyst loading of
0.3 and 0.6ng Ptcmi? in the anode and cathodiles respectivelyTable 3.1 displays
the features of the MEAsised concerningthe membrane and GDLs employed.
ConsideringMEA 1 as the base case desidrtan be seen that ME2Ais equal to MEAL
but the latterhas a MPLin both electrodesMEA 3 only differs from MEA1 regarding
the thickness ofthe Nafion membraneApart from a slight deviation in the GDLs
thickness, the only differeebetween MEA4 and MEAL is the PTFE treatment applied
to the GDLsof the latterone Table 3.1 also displayshewaterair staticcontact anglén
one of theGDL surface of each MEA measured with an OCA 15 plus optical contact
angle system from Data Physics Instrumentse ontact angle ira graphite platevas
also measured, obtaining the value86f3° + 0.9°Measurements were conducted with
distilled water atoom temperature and pressufggure 3.4 A andFigure 3.4 B display
pictures of water droplets ia graphiteplate (hydrophilic) and ina GDL of MEA 2
(hydrophobic) during contact angleeasurementgespectively.The MEAs described
abovewereassembled in the naemansparent fuel celapplying 3.0N min eachof the8
screwsof the cellwith a torque wrenchRS stock. 46%481)(Figure 3.3 B (7)).
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Figure 3.3. Photos of the notransparent fuel cell and its components, as well as the torque
wrench A7 Assembled cell; B Disassembled cell. (1) Stainless steelplade; (2) Goldcoated
copper plate; (3) Graphite plate; (4) Singkrpentine flow field; (5) Gasket; (6) MEA,; (7) Torque

wrench.

Table 3.1. Features of the MEAs tested in the rimansparent fuel cell, related with the

membrane and GDLs employed.

Membrane GDL? (Freudenberg carbon papej
Hydrophobic Contact

Material Thickness  Thicknesg’ MPL
treatment® angle!
MEA 1 Nafion212 50. 8 & 250e m Yes 136.6+1.4° Yes
MEA 2 Nafion212 50. 8 € 230 ¢ Yes 138.2+9.1° No
MEA 3 Nafion211 25. 4 €250 ¢1Yes 140.92+ 6.7 Yes
MEA 4 Nafion 212 50.8¢ m 255 €1 No 120.P+ 2.0 Yes

a2Same at the anode and the cathsides

®Internal thickness #@.025MPa. Information provided by the MEAs supplier.

¢ Hydrophobicity conferred with 280wt. % PTFE. Information provided by the MEA
supplier.

d Average between measurements madedifferent locations onhie GDL surface followed
by the standardeviation.
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Figure 3.4. Water droplets placed dw\) graphite bipolar plate of hnontransparent fuel cell,
(B) GDL surface of MEA Znd (C)polycarbonate plate of the transparent fueldeflng contact

angle measurements

3.2.2. Transparent fuel cell

A ClearPak fuel cell from Pragma Industri@ésowith 25cn? of active areawas
employed to visualize liquid water behavior inside the catlsadke Two 20.0mm thick
endplates made dfransparent polycarbonate alledthe optical access to the GCs. A
singleserpentine flow field, also having GCs with l@n height and 1./m width,was
engraved in both polycarbonate plates. A metallic mesemployed between the GDLs
and the engblates to ollect the current produceRictures of the transparent fuel cell and
its components are displayedHrigure 3.5.

The MEA usedn the ClearPakalso provided by Pragma Industribsd a catalyst
loading 0f0.3 and 0.6ng Ptcn? in theanode and cathode, respectively, carbon paper as
GDLs, and Nafion XL (thicknessof 25.4¢ m)as the electrolyteA 100um thick
polyethylene terephthalaté®ET) subgasketwas applied on both sideof the Nafion
membrane to avoithe contact with the metallic meshhecontact angle ithe GDL and
polycarbonate platesurfaces was measuredto be 134.0+ 3.5° and 50.3 0.2°,
respectivelyA picture of a water droplet in a polycarbonate plate of the transparent fuel
cell during contact angle measurement is shovigare 3.4 C. Before eing assembled
in the ClearPak(applying atorque of 1.9\ m in eachof the 8screvs), the MEA was
conditioned employing the nemansparent fuel celldescribed aboveand the
conditioningprocedureprovided below.
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Figure 3.5. Photes of the transparent fuel cell and its componeAtd. Assembled cell; B
Disassembled cell. (1) Singgerpentine flow field; (2) PET suimsket; (3) MEA; (4) Gasket;
(5) Metallic mesh; (6) Polycarbonate epidte.

3.3.Procedures

3.3.1. MEA conditioning

Prior experimentsall MEAs wereconditioned. This procedure, also designated as
activationor breakin, is requiredto stabilize the MEAand ensurés bestperformance
before subsequent testin210]. The conditioning protocol applied this researchs
close tothe onereported in Ref[211]. First, the voltage was pdted to 0.6/ for
30minutes, then cycles of 0 and 0.5V (20 minutes at each voltage) were performed.
After each cyclea polarization curvavas recorded. The conditioning procedure was
finished when no improvement in the cell performance was olitane the average
difference (relative error) between subsequent curves was less tearCbohditioning
was conducted &t fuel cell temperature o40°C (measured by placing a thermocouple
in contact with the MEAat the cathode outlet), atmosphgrressure (considered to be

1 atm), hydrogen stoichiometry_( ) of 1.1 (fixed for a reference current density of
1.0A cm?), hydrogen RH(Y0O) of 50% (referenced for the cell temperature), air
stoichiometry(_ ) of 2.2, andair RH('Y 'O ) of 90%. Both reactants gases were fed to
the cell at 45C.
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3.3.2. Polarization curves

Polarizations curvewereperformed inpotentiostatic mode, starting at the OCV and
decreasing the voltage, waitingrBnutes at each voltageV curveswererepeatedintil
a stabilized performanogasachieved, typically when the average difference between
subsequent curvesasless than 106. Betweereach curvethe cellvoltagewasset to
0.5V for 10 minutes.

I-V graphs as well as EISpectrawererecordedor all MEAs employed in the nen
transparent fuel ce([Table 3.1). Tests were conducted at 40 cell initial temperature

andatmospheric pressure. of 1.1andY"O of 50% were used_ of 1.4, 2.2, 3.2,

4.4 and 6.6 were tested for'0O of 50% and 90%. Reactanigases were fed to the cell
at 45°C.

3.3.3. EIS, electric equivalentfitting and kinetic parameters determination

EIS measurementsvere conductedright after polarization curvesSpectra were
obtained at 0.8¥, 0.75V, 0.70V, 0.60V, 0.50V and 0.40V by superimposing a &V
AC signal over a frequency range from thHz to 100kHz. At each voltage, before
spectrum recording, stabiization time of 3minutes was applied

Impedance spectnaerefitted to an electric equivalent circuit by the complex non
linear regression least squares fitting using the Thales software from Zahner. The electric
analogue employed in thigork, depicted irFigure 3.6, considers a system with two time
constants. lincludestwo resistancé¢R)-constant phase element (CREYuits connected
in series with a resistan@ad an inductance elemdgh). Y , Y ,andyY are the
resistancesssociated witlactivation losses in the cathodenitic losses in the anode
were neglected), ohmic losses and maassfer losses, respectively. The phenomena
behind such losses adescribedn Chapterl (Sectionl1.3.3. The CPEsaccount for the
storage of charges at electreslectrolyte interface taking into account the porous nature
of the PEM fuel cell electrodes, and L considers possible interferences due to wires or

other sources of disturbance.
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Figure 3.6. Electric equivalent circuit used to fite EIS results
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In order to determine thelectrochemicakinetic parameterg, and O, the Tafel

equation Equation(1.5)) wasfirst considered in the following far:

- ® o T0 (3.1
where®andare given by:
vy

A — ] T 3.2
¢ —=LTo (3.2

~ Y'Y
(R 3.3
® =g (3.3

Plotting— againsi TOallows todetermingd(y-axis interceptand®(Tafel slope)
Equations(3.2) and (3.3) werethen used to obtaithe values ofOand| , respectively.

— in Equation(3.1) wascalculatedy:

- 80 Y OY O (3.4)

where @ is the cell operating voltage and and’Y are obtainedthrough EIS

measurements.

3.3.4. Visualization of liquid water distribution inside a transparent fuel cell

For the visualization experiments both gases were fed into the celP@twith RH

of 50% and 90% for hydrogenand air, respectivelyn this case, RKvas referenatto
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the reactarst inlet temperature. Hydrogen stoichiometry was set to 1.1 Air
stoichiometries of 1.4, 2.2 and 3.2 were tesBsfore measurements, the cell was left at

the OCV for 20minutes, therthe current density was set to 0.A cm? or 0.16 A cn

for 5minutes and pictures of the cathod#de were recorded eachs&conds using a
digital camera (Canon EOS 300ne cell voltage, operating temperatarelHFR were
monitoredduring the visualization periotHFR wasrecordedat 3kHz. Suchfrequency

was selected based on preliminary EIS measurements with the same MEA employed in
the nontransparentuel cell. It corresponds to the value obtained when the imaginary
component ofheimpedance was close to zero at the high frequencymreayial thus the

cellis expected tbehawin a purely resistive manngt3].
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In thischapter, the experimental results obtained in this work are preskmtieel first
part,published in Ref[212], the results obtained when investigatingitifeienceof the
MEA designon cell performancare shownTheMEAs described in the previsichaper
wereusedn the nontransparent fuel cell, aneM and EIS measurements were conducted
undervarious air stoichiometries and humiditi@he EIS results are first interpreted and
the quality of the electric analogue fitting is shown. Then, the effettthe MPL,
membrane thickness and GDL hydrophobic treatment are discussed. In the second part,
the results obtained when employing the transparent fuel cell are addressed. Its
performance is first compared withe one obtained with th@ontransparent fuel cell,
and then liquid water distribution inside the cathode is analyzed under different current

densities and air stoichiometries.

4.1.MEA design

4.1.1. EIS fitting

Figure 4.1 depicts a Nyquist plot (reald} versus imaginary dfge part of the
impedance) of EIS spectra for MEXA measured at an air stoichiometry of 1.4 and RH of
90 %. It may be seen that at high voltages (/8nd 0.75V), the spectrum consists of
a single semicircle, with high frequency interceyt and diameter’Y . With
decreasing voltagéy first decreased quite rapidly from 0.8Qto 0.60V, it remained
almost constant at 0.30 and then increased at 0.0 The increase ofY at low
voltages occurs when the time scale of the activgtimcesses is close to that of the
diffusion processes, s6 may not reflect a pure kinetic control over the low potential
range, and it might contain some contributions from other processes such as slow
reactants transpof13]. Impedance plots from medium to low voltages (0/7t
0.40V) contained a second loop at the low frequency region¢hwtiameter Y )
increasedvhenthe voltagewas decreaseSince water production rate increases \aith
decrease of/oltage, the appearance of and its relation with the cell voltage is
associated with liquid water flooding. Frafigure 4.1 it can also be observed a good
agreement between the fittings using the equivalent circuit model described in Ghapter

(Section3.3.3 and the experimental results. Impedance spectra with the same general
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patterns were obtained for the atloperating conditions and MEAsnmployed, with the

same level of similarity for thdectric analogue fitting.

High frequency Low frequency
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Figure 4.1. Nyquist plot of EIS spectra obtained various voltagefor MEA 2 (Nafion 212
membrane, treated GDL, without MPL).

4.1.2. Effect of MPL

Results obtained fahe study ofthe effect of the MPL are shown Kigure 4.2. It
includes the cell performance in terms of polarization and power density curves as well
as activation, ohmic and mass transfer losses, for a MEAW®iIh(MEA 1) and without
it (MEA 2). Although five air stoichiometries were tested (1.4, 2.2, 3.2, 4.4 and 6.6), only
the results for three of them (1.4, 3.2 and 6.6) are here presented. Since the general trend
of the effects of air stoichiometry is kept, this does not affect the discussiom relsults

and facilitates their graphical interpretation.
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Figure 4.2. Results obtained when investigating the effeadhefMPL on the cell performance
including polarization (A and B) and power dengi@yand D) curves as well as activation (E and
F), ohmic (G and H) and mass transfer (I and J) losdesrious air stoichiometriggsr) and
relative humidities RHair).
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Before analyzing the effects of the MPL, the influence of operating conditiomstis f
discussed. Starting by the effectgledair RH, one can observe that the cell performance
wasimproved whentheair RHwasincreasd, independently of the air stoichiometry and
MEA employed Figure 4.2 A-D). Contributing to such resultsasa better hydration
state of the membrane at higher air RH, as shown by the lower ohmic dbsseedat
an air RH of 90% (Figure 4.2 H) in comparison to those observed for an air RH d¥60
(Figure 4.2 G), especially at high air stoichiometries. Moreover, activation losses
increasd when air RH decreadéFigure 4.2 E and F), de to the dehydration of the CL
ionomer that reduces proton activity. The effects of air stoichiometry, on the other hand,
weredependent on air RH. For an air RH of %0 cell performance teed to increase
with increasing air stoichiometry, especially for high current densities and when air
stoichiometrywasincreased from 1.4 to 3.Figure 4.2 B and D). Thisvasverified for
both MEAs, andcan beexplainedthrough the analysis dfie mass transfer losses, which
decrease significantly when air stoichiometwasincreasd (Figure 4.2 J). Higher air
stoichiometries lead to higher air velocities in the catlsudie, facilitatingwvater removal
and the access of oxygen te tleaction sites of the CL. Moreover, because ohmic losses
at an air RH of 906 just slightly increask with increasing air stoichiometry
(Figure 4.2 H), the membraneaskept reasonably humidified everhenthe highestair
stoichiometrywasapplied. Different resultwereobserved when the RH of auasset to
50%, where the best performaneeas obtained for the middle value dhe air
stoichiometry Figure 4.2 A and C).Underthis less humidified condition, ohmic losses
(Figure 4.2 G) weremore sensitive to air stoichiometry, and at an air stoichiometry of
6.6 membrane dryingvas observed. This caudea decrease of the cell performance,
particulaty for middle values of current density where such losses dominate. Moreover,
contrarily to that observed at an air RH of@@(QFigure 4.2 F), activation losses at an air
RH of 50% (Figure 4.2 E) showved significant variation with air stoichiometry. As
explained above, thisias caused by a decrea in proton activity in the ClLdue to
dehydration of the ionomewhich in thiscasewasintensified by an increase in the air
stoichiometry.

Investigating the effect of the MPIt, can be observe that, for lower to medium
current densities, the cell perforntan increaseé when the MPLwas employed
(Figure 4.2 A-D). However, for high currents, better performaneesre generally
obtained for a MEA without MPL. Ohmic lossesere found to be lower for the cell
having MPL Figure 4.2 G and H), which justifies the better performances at low to
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medium current densities, where this type of voltage loss is dominant. Such improvement
was expectethking into account previous studidgl, 23, 26]reportingthat, by creating

a pressure barrier for the water produced at the cathode CL, the MPL pushes water across
the membrane from the cathode to the anode side, hence increasiagitsontent and
proton conductivity. Lower performances at highreat densities for the MEA with

MPL, however, were somehow unexpected. Because the MPL causes water to move to
the anode side, less water would remain in the cathode porous media, hence liquid water
flooding should be reduced. Moreover, according to s¢wevestigationg25, 27} the

MPL should have facilitated liquid water removal from the cath@te.results obtained

in the present studyo notseento support such facbecause a decrease in mass transfer
losses for the MEA with MPwasnot observed. In fact, mass transfer losseseidtal
increase when adding the MPEidure 4.2 | and J). To explain such resuliisshouldbe
consideedthe possibility of liquid water flooding at the anode side of the cell, caused or
intensified by the presence of the MPL. Such possible explanation comes from the results
obtained bySpernjaket al.[23], who visualized liquid water accumulationthe anode

GCs only when adding a MPL to the cathode GDL. Although less frequent than that on
the cathode, flooding at the anode side can occur under certain operating cof#fitions

58, 59, 61, 214]being in some situatior{$8, 59] even more severe than that on the
cathode. In the present studi,was not possible talistinguish between anode and
cathode floodig through the EIS measuremeritowever, during experiments it was
possible to visualize liquid water being flushed out not only at the cathode outlet, but also
at the anode outlébdr low voltagevalues, clearly indicating that anode flooding occurred.
This was observed for alieMEAs tested. The low hydrogen flow rate and cell operating
temperature employed in thssudyare likely to have contributed to such outcome. The
inclusion of a MPL would have intensified anode flooding by bringing more water from
the cathode, causing the obssl increase in the total mass transfer losses and the
decrease in cell performance at high current densities. The results from the present study
are relevant because they show what was previously anticipatepgeogjaket al.[23],

i.e, under ertain operating conditions, the presence of a MPL may lead to a reduction of
the cell performance due to an extended blockage of the a@GdeTherefore, the
application of a MPL should be careful evaluatend operating conditions and/or cell

designghat would potentiate water accumulation in the anode should be avoided.
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4.1.3. Effect of PEM thickness

Figure 4.3 contains the results obtained when analyzing the influenceéhef
membrane thickness. It is clearly observed that the performance of the MEA having a
thinner Nafion 211 membrane (MEA @)asconsiderably higher than that of the MEA
containing a thicker Nadn 212 membrane (MEA 1){gure 4.3 A-D). Of the four MEA
designs considered in the presstudy(Table 3.1), MEA 3 wasthe one thaprovided
the highest maximum power densi®y/32W cm?). Analyzing the voltage losses for each
case Figure 4.3 E-J), it can be seen that the results obtawere mainly caused by
significantly lower ohmic losses observed when applying the thinner memibignes(

6.G and H). Since Nafion 211 haslf of Nafion 212 thicknessTéble 3.1), it imposes

less resistance for proton transpo#, protons have to travel a shorter distance to reach
the cathode. Moreover, Nafion 211 gets humidified more easily, bedheseater
produced in the cathode reaches the anode side faster due to its lower thickness. This
effect can be observed when analyzing the rapid recovery from dehydration for the MEA
with Nafion 211 membrane during polarization curves obtained at an air RH%f 50
(Figure 4.3 A). At low to medium current densities (up to 0.3@wW?), adecrease in
performance for both MEAsasobserved when increasing the air stoichiometry. At such
low current operation, little watevasproduced at the cathodehich wasnot enough to
counteract the large amounts of water being extracted from the w@meenby the air
stream with increasing velocity. Thus, the membranee@ita dehydrate. However,
when current densitwasabout 0.40A cm? and higher, the relation of the cell voltage
output with the air stoichiometmyasinverted for the MEA with Nafior211,i.e, higher
performancesvere achieved when increasing the air stoichiometry. At higharent
densities more water wasoduced at the cathode thaas rapidly transported to the
anode side of the thin Nafion 211 membrane, providing it with prbpsmdification.
Because membrane dryimgasno longer observed at high currents, the performance of
the cell beeme dominated by mass transfer losses, wivetrereduced when increasing

air stoichiometry due to a faster liquid water removal from the poroeslia
(Figure 4.3 1).

73



EXPERIMENTAL RESULTS

RH,, =50 % RH,, =90 %

1,00§: A —e—Nafion 212 | 2, = 14§ B
090 __..._..._.._...__.__..__.__..._..._.;..; Nafion 212 | ?._;"=3.2.. Sy PRS- SRl SR SR - AU SRS S-Sy
- A Nafion 212 [ A, = 6.6 FWg
o Nafion 211 | 2, = 1.4
o Nafion 211 | ,, = 3.2

T Nafion 211 [ & = 6.6

0.80 )
0.70
0.60 -
0.50 -

Voltage / V

0.40 -

0.30

0.30
0.25 h
0.20
0.15
0.10

0.05

Power density / W cm™

0.40
0.30

0.20 4

Activation losses / V

0.12

0.08

0.06

0.03

Ohmic losses / V

0.25

005}

Mass transfer losses / V

0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90

Current density / A cm? Current density / A cm?
Figure 4.3. Results obtained when investigating the effe¢hefNafion membrane thicknesm
the cell performancgencluding polarization (A and B) and power density (C and D) curves as
well as activation (E and F), ohmic (G and H) and mass transfer (I and J)dossg®ous air

stoichiometrieqaxi) and relative humiditie (RHai).
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4.1.4. Effect of GDL hydrophobic treatment

The results obtained when investigating the effect of the GDL hydrophobic treatment
in the cell performance are presentedrigure 4.4. It can be seen that, for all operating
conditions tested, the MEA with treated GDLs (MEA 1yl hagher performance than that
obtained with the MEA containing untreated GDLs (MEA Big(re 4.4 A-D). From
literature it has been generally observed that adding an optimum dosage of a hydrophobic
agent like PTFE or FEP into the GIHad to arincrease of the cell performance because
it facilitates water removal thus decreasing mass transport limitatiphé, 1618].
Although in this study a decrease in mass transfer losses can generally be observed when
treatedGDLs wereemployed (except for the higher air stoichiometry tested where mass
transfer losses are less relevakiy(re 4.4 | and J), thisvasneither the unique nor the
most relevant effect of applying GDL hydrophobic treatment. EIS measurementdshow
that activation losses increassignificantly when untreatesDLs were employed
(Figure 4.4 E and F). Since both MEAssedhad equal CLsandwereprovided by the
same manufacturer, such result®re not likely to be caused by differences in
electrochemical kinetics, but probably by a decrease in proton activity due to ionomer
drying. Because untreated GDAsevery inefficient in transporting liquid water, they
might have acted as wateaps. Theraidre, apart from difficulting oxygen transport to
the CLs, an untreated GDL may also keep water out of the membrane and the CLs,
contributing to their dehydration. Further analyzing the results at different air RHs seems
to support such hypothesis. At an BH of 90%, ohmic lossewerenot affected by the
GDL hydrophobic treatmentF{gure 4.4 H). At this condition the air stream dha
humidity level clse to saturation, so ibaldremove some water from the ionomer of the
cathode CL but it@uld nottake much water from the membrane, therefore the latter
kept properly humidified even when untreated Gileseemployed. However, when the
air RHwasset to 50 %, adding to a more significant CL ionomer dryfigure 4.4 E),
ohmic losses increagghen untreated GDLwereemployed Figure 4.4 G). In this case,
the less humidified awascapable of removing significant amounts of water from the
membrane. Since the untreated Gitdppedsignificant amounts of liquid water (at high
air stoichiometries (3.2 and 6.6) mass transport loases kept high when untreated
GDLs were applied Figure 4.41)) that otherwise would help to humidify the cell, it
intensified membrane drying. Although in a lesser extent than that observed in the present
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work, Mathiaset al.[215] also observed poorer membrane hydration (measurkidrBy

at low current densities and reactants humidity when untreated GDL were employed.
The relevance of applying EIS is clearly shown here. By allowing to separate the

different polarization losses, it revealed that applying a GDL hydrophobic treatment not

only resuledinto a better drainage of liquid water from the GDL, as shown in previous

studies[14, 16, 18] but also hd an important role on the overall water management

inside a PEM fuel cell, avoidingater to be trapped inside the GDL thus allowing a

proper CL ionomer and membrane humidification.
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Figure 4.4. Results obtained when investigating the effe¢hefcDL hydrophobic treatmerun

the cell performangencluding polarization (A and B) and power density (C and D) curves as
well as activation (E and F), ohmic (G and H) and mass transfer (I and J)dbssemus air
stoichiometriegasir) and relative humiditiesRHair).

77



EXPERIMENTAL RESULTS

4.1.5. Summary

In this sectiontesults of astudyonthe MEA design of a PEM fuekell werepresented.

The effects of MPL, Nafion membrane thickness and GDL hydrophobic treatveent
analyzed under various a&toichiometries and humidities.

The MPL improve the cell performance for low to medium current densities.
However, for high currents, adding a MPL generally deccktisecell performance. By
creating a capillary pressure barrier at the CL/GDL interface that pushes water from the
cathode to the anodé&s, the MPL improve the hydration state of the membrane and
decreasgohmic losses, which are dominant at low to medium current densities. The same
phenomenon at high current densities, however, apgeahave intensified anodeCs
flooding, elevatingnass transfer losses that control polarization at such conditions. Thus,
operating conditions and/or cell designs that would indicate significant water
accumulation in the anode should be avoided when planning to apply a MPL.

The performance of a cell with thinner membrane (Nafion 21Wgas considerably
higher than that having a thicker one (Nafion 212). Such resahsfound to be caused
by lower ohmic losses imposed by the thinner membrane. Moreover, during polarization
curves at low air RH, the cellith Nafion 211 membrane shega rapid recovery from
dehydration for all the air stoichiometries employed.

GDL hydrophobic treatment significantly impravehe cell performance. EIS
measurements shedthat itnot onlyfacilitated liquid water removal from the GDL, but
also providd a better overall water management inside the cell. Untreated GDLs seem to
have functiored as wateitraps that kpt most water inside th&DLs. This not only
increagdmass transfer limitationsut alsompededhe properhumidification of the CL
ionomer and the membrane.

From all the MEAs analyzed this study, the best performance, iarms of maximum
power density, waebtainedwhen usinghe one withMPL, Nafion 211 membrane and

GDLs with hydrophobid¢reatment.
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4.2.Liquid water visualization inside a transparent fuel cell

4.2.1. Transparent fuel cell performance

Figure 4.5 displays the performance of the transpawmerd the nontransparent fuel
cells. It can be seethat the transparent cglerformedconsiderablyvorsethan the non
transparent ongit low current densities (less than 0@Em?), when activation losses
dominate the performancef both cellswascomparable. Howevefor higher currents,
when the celperformancébecomesiominated by ohmic losses, the performance of the
transparent fuel cetiroppedrapidly. Such resulteereprobably causetly thedifferent
materials employed in théransparentcell. The polycarbonate erglates of the
transparent fuel cellave very low thermal conductivity, so the heat produced by the cell
was hardly removedrigure 4.6 shows thdemperaturevariation of the transparefuel
cell during polarization curve recording. It can be seen that the cell tempenatessed
significantly, even applying a waiting time atich voltage of just aboutinute, instead
of the 3minutes appliedvith the nontransparent fuel cell. Such rapid increase of the cell
temperatureis likely to have causeéhe membraneto dehydrate decreasing proton
conductivityand increasingghmic losses. Another facttinat may haveontribued to
the results obtainew/as the use of a metallic mesh extractthe electrical current
produced by th&ransparentell. This mesh ihardly aseffective in collectinghecurrent
asthe bulk graphite plate applied in the Amansparent fuel cell, resultingtmhigher
electrical resistance that alsasesohmic lossesFurthermore, thiteadsto moreheat
beingreleased within theell (Joule heating)intensifyingthe cell temperaturmcrease

andmembrane drying.
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4.2.2. Water distribution in the cathode

The results presented above clearly shimemportarce of thematerialschoiceto the
performance of a PEM fuel cell. Moreover, threyeal the limitations of the transparent
fuel cell andhelp toexplainthe experimental procedure adopted in the visualization
experiments (Sectiof.3.4, which results ar@resentedelow. Low current densities
(0.10A cm? and 0.16A cm?) wereapplied in order to prevent the excessive heating of
the cell, which would rapidlgvaporateall the liquid water.Becausesuch low currents
resulted intovery low liquid water production ratgthe cell was kept at the OCV during
20 minutes before each measuremaeritile feedingalmostsaturated ai(RH = 90 %)
and at a higher temperature (40) than that of the celapout30 °C). Thisallowedliquid
wata accumulabn in thecell by condensation ofiater vapor from the air stream, and
then its dynamics could be visualized.

Figure 4.7 and Figure 4.8 display mages of liquid water distributiomside the
cathode sidef the transparent fuel ceit0.10A cm? and0.16A cm?, respectivelyand
for various air stoichiometriesigure 4.9, Figure 4.10 and Figure 4.11 show thecell
voltage, temperature and ohmic losgastained through HFRYespectively, during the
5 minutes visualization periodfirst, the effects of operating conditioase discussely
lookingto theoverallamount of watepresentn the cathode in each case. Thie focus
is onthemain twophase flowpatternsvisualizedduring the experiments.

At 0.10A cm? (Figure 4.7), it can be observed that liquid water remained in the cell
during the entire visualization peridar all theair stoichiometries employed. Moreover,
differences irthewater contenbetweertests with different air stoichiometriaseslight
andonly clearly visible after 5 minutes. At this instant, it can be seen tin&twater
content seems to decrease as air stoichionmetrgasesThis occurdecauset higher
air stoichiometrieghe increasedair velocity faciltatesliquid water removal. Atthis
currentdensity the cell temperaturéigure 4.10) remained lower than the reactants inlet
temperature (40C). This helped to keep the hydration state of the membasnghown
by ohmic lossefFigure 4.11) thatremained constant during the visualization peridee
cell voltage(Figure 4.9) was also stable during the experiments and almost did not
changewhenvaryingthe air stoichiometryAt 0.16 A cm?, when air stoichiometryvas
adjusted tol.4, therewas no substantial difference between thater distribution
observed Figure 4.8 A) and thatobtained aD.10 A cmy? (Figure 4.7 A). Although he
highest cell temperature was obtained at @182 and air stoichiometry of 1.4
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(Figure 4.10), this did not cause the membranedehydrate (as shown by the stable
ohmic losses obtained at this conditidiiglure 4.11)) and thecell voltage to decrease
(Figure 4.9). The slowair flow is less effectiven removing heatrom the cell and that

is why temperature was higher is this caB®wever,such air steam als@moves less
waterfrom the cel] and his explains why the membrane remained hydratetithe cell
performance did nadecreaseAt anair goichiometry of 2.2and0.16A cm?, although
the cell voltage was not affecteBigure 4.9), it can be seen that ohmic losstightly
increased ovelime (Figure 4.11). After 5minutesof operation thewater content in the
cathode(Figure 4.8 B) was lower than that observed at 0A06m? (Figure 4.7 B),
showing some signs of membrane dehydratdhen the air stoichiometry was set to 3.2,
membrane drying wadearlyobserved, as shown by the considerable increase of ohmic
losses Figure 4.11) with respect to time anthe corresponding decreas# the cell
voltage Figure 4.9). At this condition, therevasalmost no liquid watein the cathode
after 2 minutes of operatiofrigure 4.8 C).

Several twephase flow patterns could be observed during the visualization
experiments. Water dropletd-igure 4.7 (1) and Figure 4.8 (1)), formed by water
condensationyere visble underthevarious conditionsested being moreabundantor
the lower air stoichometry applied.At higher stoichiometries, the shear foafethe air
flow removel the dropletanore easilyand/or causgthem to coalesce into filmend/or
slugs Long water films attached to the sigalls of thechannelkould also be visualized
(Figure 4.7 (2) and Figure 4.8 (2)), due tothe hydrophilic nature of these surfaces
Moreover, arendfor waterto accumulateat the elbow of the serpentine channekls
observedFigure 4.7 (3) andFigure 4.8 (3)). Thiswascaused byhe lower air velocity
that is generallyerified in these regiondn addition, the occurrencef water slugs
occupyingmost(Figure 4.7 (4)) ortheentire(Figure 4.7 (5)) crosssectional area of the
serpentine channetlas captured The flow patterns observed during the visualization
experiments of the presewbrk generallyagree withthose fromotherstudies[23, 60,
208, 216, 217)also schematized iRigure 2.3). How suchtwo-phaseflow patterns
appear andlevelopover time is addressed more detail in the next chapters, when

analyzing the results of numerical simulations.
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AlN;=14 wpe  B|A,; =22 ClA,;, =32

5 min

Figure 4.7. Liquid water distribution in the cathode of the transparent fuel cell tiwer, at
0.10A cni? and various air stoichiometriea) (1) Droplets; (2) Films; (3) Accumulaticat the

elbows; (4) Slugs filling most of th crosssection; (5) Slug filling the entire cresection.
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AN =14 wpe BN, =22 C|A, =32

5min
Figure 4.8. Liquid water distribution in thecathode of thdransparent fuel celbver time, at

0.16A cni? and various air stoichiometriea{). (1) Droplets; (2) Films; (3) Accumulatiat the

elbows; (4) Slugsfilling mostof the crosssection; (5) Slug filling the entire cresgection.

84



EXPERIMENTAL RESULTS

058 - —e—0.10 Acm™ |k -22"

0.56

Voltage / V

0.54

0.52

0.50

Time / min

Figure 4.9. Voltage of the transparent fuel cell duriting visualization experiments.
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Figure 4.10. Temperature of the transparent fuel cell dutimgvisualization experiments.
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Figure 4.11. Ohmic losses of the transparent fuel cell dutheyvisualization experiments.
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5. 1D + 3D MODEL

The presenthapter is devoted to the HO8D model developed during this work. The
model is first described in detail, addressing its computational dpmeometryand
mesh, general assumptions, mathematical formulatiomerical implementation and
calculation proedure.Results of its validation are then shown, where the model
predictions are compared witin experimentalpolaization curve individual voltage
lossesand liquid water distribution inside the transparent fuel éeflally, the main
outputs of the mdel areanalyzed including water dynamics ira serpentine channel
current density and liquid watspatial distributionstwo-phase flow pressure dr@nd
the effects of flooding in the cell performance.

5.1.Description

5.1.1. Computational domain

In a PEM fuel cell, the most important performance losses are mainly related with the
cathode operation. One reason is the slower kinetics of the ORR in the cathode in
comparisorwith that of the HOR occurring in the anode. The cathode is also the etctrod
where water is generated and, therefore, where flooding is generally more significant.
Moreover, the flow rate, viscosity and density of air in the cathode are considerably higher
than those of hydrogen in the anode, which also makes this electrodesthafinential
for the hydration state of the membrane. For these reasons, the model developed in this
work considers a 3D computational domain for the cathode GDL and GCs, being the
cathode CL, the membrane and the anode side simplified to a 1D compaltdbmain,
as schematized iRigure 5.1. This computational domain, inspired in previous works
[131, 218] allows to considerably decrease the grdjuirements and to achieve
acceptable computational times, without missing relevant physical details that influence

the performance of a PEM fuel cell.
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Figure 5.1. Schematic representation of the compurati@omainused

5.1.2. Strategy for simulating liquid water dynamics in the cathode

At theend of ChapteR, based on findings from experimental and numerical studies,
the water dynamicsn the cathode and anodalesof a PEM fuel cds wasdescribed.
Here,the general process of water transporthe cathodés briefly recalled as ihelps
to understand the methodology applied in the present mAdaiheme is also provided
in Figure 5.2 to better illustrate liquid water transpdri.the cathodemost liquid water
first appears in the ClWhen it reaches the GDL, liquid water moves by capillary flow
through preferential pattays those with the greatest cressctions and thereforgith
less capillary pressure resistance. In the GCs, watererge as dropletsat the GDL
surface. Thesdroplets grow until they reach critical size and detach from the GDL.
After detachment, they can modownstream as singtroplets or they can interact with
other dropletdeading to the formation of films and/or slugdlith a constant water

production ratei(e., constant currerdaperation), this process tends to repeat itself.
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Figure 5.2. Scheme of water dynamics in the cathode of a PEM fuel cell, and indication of the

domains where the VOF and saturation modelsiseefor simulating liquid water transport.

The numerical simulation of all these processes is a significant challenge. Early two
phase flow modeling approaches, the multiphasdure and multifluid model already
presentedn Chapterl, allow to reasonably describe the liquid flow inside the highly
resistant porous media, when appropriate effective transport properties acei@hsi
However,as also pointed in Chapterliquid water velocity in the GCs is assumed to be
equivalent to the gas velocity, makirigpse modelscapable of identifying the presence
of droplets, films or slugs that accumulate in GThat is whyinterface tracking
algorithms, peicularly the VOF method, havieeenused Although theoreticallythe
VOF technique can also be applied to the scald3Edfl fuel cellsporousmedia,their
complex microstructur@eedsbe included in the domaimand that makethe resulting

mesh untreatable with the current computational capacity. Another option is to use the
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homogeneous porous media formulation to consider liquid water transport in the GDL
along with the VOF methodHowever, this would result in an uniform dig water
transport through the porous media amdter emergence in the GCs without the
formation of droplet§l51]. Asdiscusse@ndillustratedabove, thiss different fran what

is observed in operating PEM fuel cells.

In an attempt to adequately describe liquid water transport in the cathode of a PEM
fuel cell, the present model considers two different-pmase flow approaches. In the
GDL, liquid water transport is accounttd using the multfluid saturation modelThis
approach allows to obtain the distribution of water in the GDL as liquid water saturation,
and to compute its effects on the cell performance. In the GCs, several pores are designed
atthe GDL surface to represent the main pathways for liquid watergemce, and the
VOF interface tracking technique is used to capture the dynamics of liquid water. Water
velocity in each pore is obtained based on the water generate nearby. This approach
combiresadvantagesf the two modeling techniquesndallows to simulate the main
two-phase flow processes in the cathode in practical manner and to achieve a wide range
of applicability. Thedomain where eadiwo-phase flow model is applied is also indicated

in Figure 5.2.

5.1.3. General assumptions

The present model relies on the following main assumptions:

Gases are considered as ideal;
Theflow is consideedlaminar andunder isothermal conditions

All materials are assumed to be isotropic;

= =2 =4 =4

Gravity effect is neglected.

The flow is assumed laminar due to the lower Reynolds number (Re) vdriéetid
not exceed 1000 in the simulations conducted of this work. Gravity is neglected taking
into account théow values of the Bond number (Bo), which were not higher thih 0.
Other more specific assumptions and simplifications are considered for decreasing
mathematical efforts and achieving more numerical stabilityaBetter comprehension,

such simplificaibns are presented below along with the model description.

90



1D + 3D MODEL

5.1.4. Mathematical formulation

5.1.4.1. 3D doman

VOF method for tracking the interface

The general formulation othe VOF techniqueis described in Chapte2 (Section
2.1.2. Here,equations are rerritten showing their fornwhenapplyingthe VOF method
to simulate theéwo-phase flow occurring in theathode side of a PEM fuel celih this
electrodethere are two phases, liquid water and airth&y volume fractions™QQ and

"Q, respectively are related by:

Q0 p (5.1)

Tracking the interface cathen be achieved by solving the equation below in each

computational cell:

Q .
T_é i o T (5.2)

The governing continuitgnd momentum equations take the following form:

s nf e T (5.3
TT—b”l‘m { " i 5 i b B ® (5.4)
where” and* are calculated as:
noong Q" (5.5)
CoQ Q (5.6)

In the GCs;®is obtained by adoptinthpe CSF moddl142], here given by:
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, "I nQ
O T5——— (5.7)

I is defined in terms ot, and are calculated usingequations(2.9) and (2.10),

respectivelyEquation(2.11) here becomes:
€ Q (5.8)

For the porous GDL, the Darcy drag force term is added into the momentum source term,

so'®is obtained by:
T D—UD (5.9)

whereU represents the intrinsic GDL permeability. An important procedure applied in
the present model should be mentioned here. In PEM fuel cells, liquid water enters the
GCs in the form of droplets which diameter grows to values considerably larger than that
of the GDL pores. Therefore, the GDL acts as a wall when liquid water from the GCs
touches its surface. Because GDLs are usually treated with a hydrophobic agent in order
to facilitate water removal, such surface acquires a hydrophobic nature. For this reaso
most VOF numerical studies focusing on the-phase flow in the GCs specify the GDL
surface as a hydrophobic wall. However, in this work, setting the cathode GDL/GCs
interface as a hydrophobic wall wouldmericallyinhibit the air flow through the GDL

This issue is overcome by specifyingpaver value ofu for the liquid phase. For aio,

is set to 162 m?, a typical value for GDL materials used in PEM fuel cplsl65, 167,

219). For liquid water, a value of & m? is used.This decreasediquid water
accumulamn in the GDL, allowing to simulate the hydrophobic nature of its surface.
Preliminary simulations were conducted in which the results obtained employing the
present approach were compared with those where the GDL surface was set as an actual
hydrophobic wall, and good agreement was achié&ggendix A). It should be noted

that, in the GDL, where liquid water transport is accoufftedy the s&uration model,

the appropriatgalue of liquid water permeability monsideredTable 5.1).
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Species transport

Since the gaphase, air, is composed of several species, the conservation equation for
each specie needs to be solved. It is given by:

A nt” one (5.10

where - stands for porosity, andb and ‘O are the mass fraction and the effective

diffusivity of specie’¥O2, H20 or Np), respectivelyO is calculated by:
O O- p i (5.11)

wherei is the liquid water saturatio@ is the binary diffision coefficient obtained using
Fuller, Schettler and Giddings correlatigd20]. In Equation (5.11), Bruggeman
correlation with exponentd and¢ equal to 1.5 has been largely applied. However, it
has beemrguedthat employing such values considerably overestinfatedere,& and
¢ are both set equal to 3.5, taking into account recent studies addressing tH®2isue
222].

Within the gagphase and inside the GDIhet conservation equation for liquid water

saturation (multifluid saturation model) is also solved, and it has the following form:
T o I o 4
o t O i T (5.12

whereO corresponds to the capillary diffusion coefficient, given by:

0i '
1 T — 5.13
O ‘ 'Q i ( )

and0 s the capillary pressure, related witby the Leverett-Junction, defined as:

Toé

— O (5.149)
- !

C
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with 0 i described by:

pdpp | cdcem i p&op i hQE+ wm
Oi 3 (5.15
P& pix ¢ cim p& @ich™ Q¢+ wmJ

The Leverett Jfunction was derived based on experimental éfata homogeneous
soil or a sand bed with constant wettabi[@23, 224] However, in the GDLs of PEM
fuel cells, the size of the pores is not uniform, and their wettability is affected by both the
hydrophilic carbon substrate and the hydrophobic agent. It has thus peetedehat
this function is not accurate enough to describe precisely liquid water saturation in GDLs
[225-227]. Although in several studig819, 228231]experimentall  data for various
GDL usually applied in PEM fuel cells have been obtained, there is no universal
corrdation similar toLeverett Jfunction for all GDL materials. Therefore, Leverett J
function is still applied in the present model, as it hesnbshown that it is capable of
qualitativelydescribe the effects of water flooding in the PEM fuel cell oper§2ipb.

Boundary conditions

At the cathode&sCsinlet, the air velocityp, and species mass fractions are specified

as:
O o Y'Y p
D = — 5.16
v @ p 1O 0O (5.16)
YOU
® —_— (5.17)
)

) T™® PP ® (5.18

O TW O (5.19
whereo is the cell active area amd is the crosssection area of the cathode

GGCsinlet. U is calculated for a fixed reference current dend@y,, of 1.0 Acm2 0

is the saturation pressure, obtaineddyapted fronj89])):
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0 p TU TU TT TPTUT 8 8 8 8 h "YQ85 (5.20)
It is also specified that no liquid water enters indathode GG&inlet by:
KON (5.22)
i T (5.22)
At the cathode G€outlet, pressure outlet boundary condition is used and gauge
pressure is set.

At the solid walls, norslip and zero diffusive flux for velocity and species boundary

conditions, respectively, are prescribed:

O T (5.23
T®

— I (5.29)
Te

The only exception is the GDL bottom wall, wheneygen & , and watewvapor, @

mass fractions and liquid water saturatiorare specified:

@ W (5.25)

o & _ (5.26)

i o) (5.27)

wheredS andi “refer to the corresponding values in the cells adjacent to the wal¥cand
is the distance between those cells center and the cenleroofrresponding face at the

wall. 0 corresponds tthe moleculaweight and) is the oxygen molar flux, given by:
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kO]

m— (5.29)

The values othe water vapor molar fluxp L , and liquid water molar flux,

0 a, are obtained first considering the total water molar flux, , given by:

5 0| — (5.29)

0
e

wheregl corresponds to thmembrane water transport coefficieabhd comparing it with

the corresponding value that would saturate thepbase with water vapob,

0 - o (5.30

where® s the saturation mass fractiohtained based of saturation pressire. 0

and0 a are then calculated by:

(O] ¥ (5.31)

KOV o (5.32)

Such computation considers that, after being produced in the CL, water first saturates
the gasphase, and the remaining amowgonhdenses instantaneously into liquid water.
This approximation @hinates the need to add souteans for water condensation in the
GDL, simplifying the model and increasing its numerical stability. Preliminary
simulations were conducted using such seuterms and the results obtained were
reasonably clas of the present approa¢Appendix B). It is in the GDL bottom wall
boundary condition that the 1D domain is incorporated into the 3D domain, providing the
values ofGand| needed in Equation.28) and(5.29). How such values are computed

in the 1D domain is explained the next sawn.
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At the pores placed in the bottom wall of the GGBL surface) corresponding to the
liquid water inlets, the velocity in each pore is obtained by considering the liquid water
produced in the area closest to it. First, the GDL bottom wall is divitedthe same
number of areas as the number of pores, then the velocity of water in each pore is

calculated by:

(5.39)

where"Qs the cell number and is the total number of computational cells in the area
closest to the por@ corresponds to the area of the computational’@éll  to the
crosssection area of the pore atds a multiplicative factor fotheliquid water velocity.

Since water generation rate is very slow under the typical working conditions of a PEM
fuel cell, theoretical values need to be amplified a few orders of magnitude to shorten the
time for water accumulation in the GCs. Such modiificadoes not alter significantly

the nature of the flow due to the large flow ratio between air and liquid wateit,iarad
current practice in PEM fuel cell numerical simulation when applying the VOF method
[151, 154, 164]In thesimulations conducted in this chaptéris set to 400, a value
within the range applied in the mentioned studies. In this boundary condition, it is also
specified that only liquid water enters through the pores by setting:

Q p (5.39)
5.1.4.2. 1D domain
As mentioned above, it is in the 1D domain that the current dei@ging produced

by the cell at a specified voltage is compuiieafel equation is employed for this purpose,

here considered in the following form:

(5.35)
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where'O and0 correspond to the reference values of exchange current density and

oxygen molar concentration, respectivaly. is the oxygen molaconcentration ahe

middle of cathode CL, and is the cathode transfer coefficiert. corresponds to the

cathode overpotential anddaemputed as
- 06ww Y O (5.36)

In Equation(5.35), i is directly provided by the 3D domaim‘}. Therefore the
transport of liquid water in the CL water Ieere neglected, as it wouldncrease
considerably the mathematical complexity. Since the CL is very thin, this would not

significantly affect the model predictionshe valued  can be obtained taking the

7

oxygen molar concentratiatthe cathode GDL/CL interfacs, , and subtraaig

the oxygen transfer resistance (based on
O

0 0 00 (5.37)

N

T

wher¢g refers to the cathode CL thickneasd® is obtained by:

8 > (5.38)

7

where® corresponds to the value @f provided by the 3D domain.

The dectrical bulk resistance is generally negligible. In weedbkigned fuel cells,
electrical contact resistances are also minimal. Proton resistance in the CL is also usually
much smaller than that in the membrane. Theref§re, in Equation(5.36) is here
approximated by the proton resistance in the membiins.resistance is obtained by
integrating the inverse of membrane proton conductiyity, , over its thickness,

For simplicity, inthepresent modely  is approximated by:

Y S (5.39)
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being,, given by[89]:

. PT TBITML RO @O Qo (5.40)

where_ corresponds to the water content in the membr@he. value of_ used in
Equation(5.40) is computed as the average between the anode and cathode values.
In order to obtain_, one needs to account for the water balance in the membrane. In

this model| the water molar flux in the membrange, , is computed by considering

electrecosmotic drag and back diffusi¢89]:

i 9 ¢ o= - 0 2 (5.41)
’ 7o ¢ ¢ ¢ 0 Qo '
where £ corresponds to the electosmotic drag coefficient in a fully hydrated

membrane’, to the dry membrane density, to the membrane molecular weight,
and wto direction of water transport in the membrai@e. is the water diffusion

coeficient in the membrane, obtained [39]:

(0] PTT COH QOTD g THIC QUBIMTEXP (542
_is computed by:

pth &&£°Q0Q

_ o (543
P& p8ch WD QQ
wherewcorresponds to the water activity given by:
v ¥ ey
o oYY (5.44)
0

Both expressions foobtaining_ in Equation(5.43) are based ithe measurements
conducted bySpringeret al. [89]. However, in order to simplify the calculations, the
anode expression used in this work is a linear approxim§#dg] of the original

99



1D + 3D MODEL

correlation.Equation(5.43) also implies thatois between 0 and 1 in the anode, and
between 1 and 3 in the cathode, which is often the case in PEM fuehosaisl
operation.

The water vapor molar concentrations in both sides of the membrane, needed to obtain
the corresponding values af are calculated by:

5 T oL 1 8] (549
¢cOo © 0 '
O
v T w T
o] o] | = 5.46
P ¢0o (546
where 0 refers to the water vapor molar concentration in anode GCs inlet,

6 7 to the total area of the anode GCs facing the GDL,lando the hydrogen

volumetric gas flow rate. Equati¢b.45) considers the mass transfer resistance of water

vapor in the porous CL and GDL, and the anode GCs are considered as a continuously

stirred tank reactor (CSTR). Equati(@46) is analogue to Guation(5.37) ando 7

7

is obtained using , Whichcorrespondto & provided by the 3D domain.

5.1.5. Numerical implementation

The present model is implemented in the CFD commercial code ANSYS Fluent,
version 15.0. The 1D domain is incorporated into the 3D domain thidDgts written
in C programming language. At each iterati@h, ¢ , andi” in every computational
cell adjacent to the GDL bottom wall are provided by the 3D computation. These values,
together with the anode operating conditions and kinetic and cell design parameters, are
used in the 1D domain to calcula@nd| . These valas are themppliedto adjust the
GDL bottom wall species boundary condition in the 3D domain.

In the 1D domain calculation®) Is consideredhs a constant when integrating
Equation(5.41), so an analytical solution can be obtained. Such simplification lies in the

fact thatO  does not vargignificantlyin the rangeof t ¢ mand in PEM fuel

cells operation_ is usually between tise values. After substituting Equatiofas42)-
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(5.46) into Equation (5.41) (after integration), and performing some algebraic
manipulations, can be obtained @function of OThe| expression is then inserted into
Equations(5.45) and(5.46) and, using Fuations(5.42)-(5.44), ,, (Equation(5.40))
can also be obtained asunction of OPlacing the expression pof  in Equation(5.41)
and then Huations(5.36)-(5.38) in Equation (5.35) results into an analytic equation
having"Gas the unique unknown. This equation is nucadly solved using the Newten
Raphson method. After convergence, the calculated valuéSaofi| are used in
Equations(5.28) and(5.29), which areinsertedin Equationg(5.25)-(5.27) to obtainthe
new values oo ,® , andi to be returned to the 3D domain.

Regarding the 3D domain solution methods, pressased segregated solver is
adopted for the incompressible flow, and the explicit VOF formulation is applied to track
the interface between fluids. The gaseous speciegiegsién the gaphase are solved
using the builin species transport model. For liquid water saturation, the conservation
equationof a User Defined Scalar (UDS) within the galsase is solved, being the flux
and unsteady functionss well as the diffusn term defined through UDFsSemt
Implicit Method for Pressure Linked Equatior&NIPLE) scheme is used for pressure
velocity coupling. Least squares cell based method is adopted for gradient spatial
discretization, whered8ressure Staggering Opti(lPRESTO) scheme is employed for
pressure discretization. Momentum discretization is achieved through the second order
upwind methodology. The geometric reconstruction scheme is used to represent the
interface between fluids usirige PLIC approactirom thework of Youngs [138] First
order upwind scheme is employed for spatial discretization of gaseous species and liquid
water saturation equations. The varying tigtep method is used applying a maximum
global courant number of 2, withinimum and maximum timsteps of 18°s and 16
s, respectivelyDuring the major part of theimulations, the timstep was close to 0
It approachs the maximum timestep inthe beginning of the simulatiprwhen the
amount of water in the channel lowe. The timestep approactsghe minimum value
during the occurrence of specific events, such as the coalescence of two droplets, which

require more numerical stability to be resolved.
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5.1.6. Calculation procedure

The firststepof the calculation procedure is to obtain a stestdye solutionin this
initial stage, the VOF method is not activated (by settiedjquid water velocity in each
pore equal to 0). The results of this soluttmmprisespecies (including water sattican
in the GDL), current density, pressure and velocity distributions. The resultssof th
steadystate solution aréhenused as the initial values for the tpbase flow transient
calculation.In the beginning of the transient calculatibbecausdiquid water generation
rate (0 () is already available in all the domain, water velocity can be obtained for
all the pores designed at the GDL surf@equation(5.33)). Such procedure decreases
considerably the overall simulation time. It is also in accordance with the real operation
of a PEM fuel cell, because the distribution of gaseous species along the cell occurs much

more rapidly thaheliquid water distribution.

5.1.7. Computational geometry andmesh

An unstructured meshvith 1,259,416 tetrahedral elements with minimum and
maximum size of7.0x10°m and 25x10%m, respectively,was employedfor the
simulations of this chaptgior a 25¢cm? PEM fuel cellwith the same features of the cells
usedin the experimental tests (see Cha@erANSYS Meshing was used for mesh
generation.The meshsize was selectecconsidering the results ahesh size test
(Appendix C). It was observed thaalthoughthe selecteaneshpresents a loss in the
interface definition(Figure C.1) and lower water conten{Figure C.3) in the GCin
comparison to those obtainethenempbying more refined meshei$,canreasonable
capture thegeneraltwo-phase flowpatterngFigure C.1 andFigure C.4). For thewater
emergence, two pores with260m of di amet er atnaight séctian bfg n e d
the serpentinechannel The diameterconsideredor each pore was chosen in order to
represent the largepores found in the GDL, fromhich liquid water tends to move.
This is a value within the range employed in other VOF numerical studig#s173]and
has the same order of magnitude of tBBL larger pores, as reported in studies
addressig the structural features of such materfdl87, 129] Figure 5.3 displays the

computational geometry and mesh applied in the simulations conducted in this chapter.
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A

<«— Airinlet

Gas channel

Gas diffusion layer

Water
inlets

Figure 5.3. Images of the computational (§gometry and (B) mesh applied in the model.

5.2.Experimental validation

The cell performance is depictedrigure 5.4, in terms of polarizatiorHigure 5.4 A)
and power densityFgure 5.4 B) curves simulated by the model and that obtained
experimentally.Here, he experimental resultsere corrected taking into account the
internal electrical resistance (iR) of the cell, which was found to be exceptionally high for

the hardware employed, about Odl&n?, accounting for more than 2/3 of the cell total
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resistance. Such high value of iR was found to be caused by poor electrical contacts
between the cell components, namely between the graphite plates and the GDLs. From
the analysis oFigure 5.4, a good agreement between the model predictions and the cell
experimental performance can be observed. At high current densities, it can be seen that
the model sljhtly overpredicts the experimental results. At 0A&7€m?, the voltage is

about 13% higher tharthe experimentalalue This is probably due to the usage of the
Leverett Jfunction to calculatéhe liquid water saturation, which may be inappropriate

for the GDLs of PEM fuel cells, as already discussed in Seétibd.1 The level of

liquid water saturation might be underpredicted by this correlation, similarly to that
reported byRamosAlvarado et al. [226], causing the miel to overpredict the cell

performance at high currents, where the effects of floodingharesignificant.

—A— Model

T T T T T T T 0 40 T T T T T T T
1.00 —u— Experimental (iR corrected) - 0.35 —a&— Experimental (iR corrected)
’ —4— Model

Power density / W cm™

A
010 020 030 040 050 060 0.70 010 020 030 040 050 060 070
Current density / A cm? Current density / A cm?

Figure 5.4. Fuel cell performance obtained experimentally amldudated by the present model.

A1 Polarization curve; B Power density curve.

The individual voltage losses are displayedFgure 5.5, including the cathode
overpotential [igure 5.5A) and the ohmic losses Kigure 5.5B), obtained
experimentally througltlS measurements and calculated by the model. It can be seen
that the model is able to correctly separate the different contributions that affect the cell
operation. The voltage decrease with increasing current density is mainly dominated by
the cathode oveqtential, which includes losses from the activation of the
electrochemical reactions, and mass transfer resistance due to flooding occurring at high

currents.
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Figure 5.5. Individual voltages losses obtainedperimentally and calculated by the present

model. Ai Cathode overpotential; BOhmic losses.

The model input parameters giving rise to the results presented ichaperare
shown inTable 5.1. Parameters related with the fuel cell design and operating conditions
were set equal to those employed in the experiments. Moreavgrortant kinetic
parameters, namely ti¥CV, thecathoddransfer coefficient, , andreference exchange
current density;,O , were obtainedexperimentally. In Sectio3.3.3is explained how
‘O and| were obtained through EIS measuremeiitsis eliminates the need to
arbitrarily assume such values, therefore increasing the accuracy of theoneddzions.
A recent studyf233] stressed out the importance of gathering reliable and robust input
data, with focus on the kinetics of the electrochemical reactions, in order to assure an

adequate predictive capability of PEM fuel cells models.
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Parameter Value

Active areap 25%x10* m?

GCs width 1.4x10°m

GCs height 1.0x10°m

Anode CL thickness, 60x10° m (assumed)
Anode GDL thickness, 250x10° m?@

Anode CL porosity;

Anode GDL porosity;

Cathode CL thickness,

Cathode GDL thickness,
Cathode CL porosity,

Cathode GDL porosity,

GDL permeability for airp

GDL permeability for liquid waten)
(VOF method)

GDL permeability for liquid watemn
(saturation model)

Channel walls contact angle;
GDL contact angle—
Electrcosmotic drag coefficieng
Membrane molecular weighi,
Membrane dry density,
Membrane thicknesp,

Cathode transfer coefficient,
Reference exchange current densidy,
Reference oxygen concentratia@n,
Open circuit voltage) 0 w
Temperature)Y

Absolute pessuref

Hydrogen stoichiometry,

Air stoichiometry,_

Relative humidityof hydrogen'Y 'O
Relative humidity aair, Y 'O
Operating voltagep

0.4 (assumed)

0.5(assumed)

60x10° m (assumed)

250x10° m?@

0.4 (assumed)

0.5(assumed)

102 m?2[4, 165, 167, 219]

10 m? (assumedsee Sectio’.1.4.)

2.55x101 m? [103]

50.3 °(measured, see SectiBr)
138.1 (measured, see SectiBrP)
2.7[89]

1.1 kg mott (assumed)

1970 kg n? [9]

50.8x10°P m[9]

0.343(measured, see Secti8r8.3
0.011A cm? (measured, see SectiBr8.3
7.641 mol ¥ (0 at the inlet)
0.933 V(measured, see Sectidr8.3
40 °C

1 atm

1.1

2.2

50 %

90 %

0.3t00.8V

aInternal thickness at 0.025 MPa. Information provided by the MEAs supplier.

Figure 5.6 contains images dhe liquid water distribution in the serpentine channel
of the transparent fuel cellFjgure 5.6 A) (operated at 0.18 cm? and_ =2.2)and
that simulated by the present mod&g(re 5.6 B) (V = 0.40V). The images shownere
obtained after a relatively stable operatwas achieved, in which the general flow
patterns @l not change considerably over time. The temporal analysis of the processes of

water emergence, accumulation and movement before reaching such state are analyzed
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in detail in the next section, using the model simulations. From the anal{sigioé 5.6,

it can be seen that the present model can capture of the maitiquid water flow
patterns observed experimentally. In both situations, it can be observed a general trend
for water to be accumulatedt the elbow of the channel Rigure 5.6 A (1) and

Figure 5.6 B (1)). This occurs due to the low air velocity verified éorners of the
elbows Moreover, the formation of long water films attached to the side walls of the
channel can also be visualized the experimenta{Figure 5.6 A (2)) and simulation
results(Figure 5.6 B (2)). It is important toremarkthat such comparison consists on a
qualitative one. In the experiments, the exact location of water emergersceot
controllable. Moreover, as already explained, water generation rate in the simuladions ha
to be increased to achieve practical simutatimes. Severatx-situ experimentg§170,

181, 205]have been conducted, where the liquid water flow is visualized in micro
channels especially designed to simulate those of a PEM fuel cell, using a syringe pump
to precisely control water emergence kimwa and velocity. The conditions of such tests
could be replicated in numerical simulations employing the VOF method, and the results
(liquid water distributionf170, 181, 205]droplets departure tim{@05] andtwo-phase

flow pressure drofiLl70]) were almost identical to those ob&ihexperimentally, clearly
asserting the suitability of the VOF method to simulate theghase flow in conditions

similar to PEM fuel cells.
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«—— Airinlet

Y e e = = D) - - —— Airinlet

0.2 04 0.6 0.8

Water volume fraction
Figure 5.6. Images of liquid water distribution inside teerpentine channel of a 26¥ PEM
fuel cell. AT Cathode of the transparent fuel celli Bimulation results from the present model.
(1) Water accumulatioat the elbow; (2) Water films attached to the side walls of the channel.
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5.3.Resultsand discussio

5.3.1. Water dynamics in the serpentine channel

Figure 5.7 shows liquid water volume fraction in the serpentine channdiffatent
time instants for two different operating voltages: O/6And 0.40V. Simulations for
0.70V, 0.50V and 0.30Vv werealso conducted. However, since the analysis of the results
for 0.60V and 0.40V is sufficient to capture the effects of operating voltage in liquid
water distribution, they are not shown heilighwhe purpose dbrevity.

For 0.60V, at 5.76ms, it can beseen liquid water emerging into the channel through
the pores designed at the GDL surface, representing the main pathways for water
transport, and thi@rmation of droplets that groim size with time. It can also be observed
that these droplets do notffar much deformation and are still attached to the GDL
surface. For 0.4¥ and at 5.34ms, the droplets are generally larger, several are
considerably deformed, and some already detached from the GDL surface, starting to
move downstream. It can also bsuwalized some smaller droplets being ripped out from
larger droplets due to the influence of the air flow. At 0/4@urrent density is higher
(Figure 5.4 and Figure 5.8), more water is generatedrigure 5.9), and thus water
velocity in each pore is higheFigure 5.10). Results shown ifrigure 5.8, Figure 5.9
andFigure 5.10are discgsed in detail in the nextstion. Because more water is entering
through each pore, droplets grow into a larger size and interact more significantly with
the air flow, and considable deformation occurs. At 0.80and 11.16ns, several
droplets already detached from the GDL surface and start to move along the channel. It
can be observetthat some of these droplets mmofreely suspended in the channel, and
others interact with theop (opposite to the GDLand side walls of it. Moreover, as
captured at 38.8ihs for 0.60V, two droplets can interact with each other coalescing into
a larger droplet. At 10.7@s, for the case of 0.40, some of the droplets already reached
and spread into thelbowsof the serpentine channel. For 2088, at the same voltage,
it can already be observed the tendency of water accumukatitdme elbow of the
channel and, at 32.38s, the first water limns become visible. For the case at O/60
water accumulatiomat the elbow of the channel only starts to be verified at 3In83
and the first (small) water films are first visualized at 48r&8 FromFigure 5.7, it is
also clear that, at any time, more water is present in the channel for the case of lower
voltage. Moreover, after a certain time, liquid water flow patterns do not change
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considerably. This imore clearlyobserved for the case of 0.¥0in which similar liqud
water distribution patterns are observed from 32.38 to #094The mossignificant
change during such intervalasly on the amount of water present in the channel.

An important remark about the time scale of the results shown in this work shaild her
be made. As explained in Sectibri.4.1 the velocity of water in each pore needs to be
amplified in order to speeeup water accumulation in the chanretd reduce the
computational timesThat makes the characteristic time of the numerical results here
presented to be the millisecond (ms). However, in real PEM fuel cells, the processes of
water emergence anga@mulation in the GCs has a higher characteristic time, &#om
few seconds tamany minute$57, 60, 62, 216, 234]

110



1D + 3D MODEL
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111



0.40V

1D + 3D MODEL

0.2

04

0.6

Air inlet Wate\r film
v . - <o L \ X
4 { AN
L -7 » 7 RS e ——
x
3 JEEPTY ) . e 29 _' T, ST\ VS i ) B s
||
= &% . 3 L T D o .
J AN
- = 29, _.2° Cr 2 : D \ bW a - .
{ g B b
" - . - - . Senan o ° e, & \\ 0 | DA ) ‘;
J
- e C - A 0o o, 2 NG NIRRY i
[ 1 ) { ¥
e i PR s L‘ = o\ . Py, T ) 'I
s > . . X - - - > -
[ 7
- .. o 74 e F3 s PERCHR, :
7= v 1
. . L) - I g L T
i -z
Y Y XN L4 PR T R | DO AR T, T T
.2 1} X P
- g - 7 RO - T - J
I 7
\I\\ . «- . . /ﬁ - lv & TP N >
P \\ - - ;/-.’ 3 pd - oD " Toud ~ o X P
N .- . Y A - . a "N O -
S 3 J ]
—Na® Z - = : 5 =
| AN b 4 L
NE 2 & / . . - cee v . pe
D\ " - ] - 5; ) |
~- - . Py .
1 \\ I/ L 2
@ N\ s /. < > LR P - DY
= R = ol 0 = z % —
- v -
t=31.33mMS  water accumulation in the elbows t=32.38ms
ry . T e~ ; - . - .-
! v - A
> = - > YO e = o . .
[ y m—
o L [
- o™ - ‘;-
|
O X - DY) . S
[
5 e =
( : * - ‘E J
(s ‘;l - =
¥ N (P -
\ 1 )
P Y - . - e
i X
- -\ a -
\ ]
s\
[ A\
CXAY e S :
\ 1)
. ot v\ . . - - P
[ AY
7 W -
\ J
P e \ - a
{ AY
@ Na-® * 2 s . - *
\ )
i A\ .~
f A
- r -
d - ‘\ D w " .
£ - ‘\ < e Rt
AN |
a =X T i
t=38.87ms Coalescence of two droplets
) R
L
- s D XX
J
t— — -
deoat o O o - L -
J
aal S - £ - RS
L
a PN J 2 Sl e o TR
= T WO T ) =
;W 2 mn @ L
o -~ s b S e ’
S v -~ PR DTN v
]
. - ) o =
C
X - 0 Ve
= 3
0 - - P - g
C
4 O - -
a— TR 2
*E
[~ 4 L4
y 4 ]
5s ] L4 FE— A i
1 v 4
3 . Y 4 . [2 >
¥ 4 J
LAY 3 27 4 - o
| R v A
- v 7
T o 3
: 8.1 L o o
t=48.38ms Water film

Water volume fraction

Figure 5.7 (Continued)

112



Air inlet

1D + 3D MODEL

D + ® . o L I . = -
{ {
L . > L3 > L] L . -
J. ]
Sa LYY 1 o —— Py P el
i
CEW 4 - Amiae O . : 3 - v g - <
]
s al ) S e [P
L
P 3 = o S ik L/ = S ok
]
PN 0 ) e e e 0 Y
[ [
S . % an o® o D X Sninin
14
v A oS e - D 2= tee il -
- [
*a 8 s e i . XS IR AWy x
)
o S i, - . A P -
c® ¥ Jad b and e | s 2
14
8 . 1% P ) z Sia X S% [P P .
i — [N al Ry Y ' . B . i
R Dl fpm——— " 3 =
[
3 - bl = AJ » R LA B . & g @ o
] )
r Q > 1 3 s 0 T X ot
{ L —
S 2 = ey - Q3 oo Rt >
) "
= e T =T e e v o 90 ~ =
L ¢!l
- ~ . > %iv0. ® . S : T )
) [ 4
CJ [ L8 P | oy Ry 2 e R B s
t=55.80ms t=55.00 ms
- Ll
<
Sy jd . >
1]
. o K] i —a
{
Y s Bba s o o ® P
pe
L - ] »)
. L) = L] Voo o O ot
1/
- T - FLE
1 4
Py ) S a—
€
- sy 2 = )
- 5 P M T R e e - \
7= <" . ° LT, DAY 3 ) %
1
v ° o° A id . - BT o 3 D D
. = - z LY = T ——
A - Y = - oy 7 S T = — i P
[ ¢ - ~ ~ —r
¥ e 0 19 Sa - . % - o . DS e, i > ) S
—1 4
P ] == : S ———
f . -
m - X . g a A 7, s o LR
- < e : 0 — s
PR F GE PN P . FET v Towee—g v - ARG
I 4
® ~ £ T DR R/ L 2R "3 2°,
t=62.56 ms t=63.49ms
- . — b ™) 2 I
{
v. DT, T A T a. D - B
3
¢ - - L _— Q ot P -
Ao b 2 oRo . > 2 ¥
S T . -y v v v ry ry
o~ - a i o ¥ Ty v D > PR >
- < -- - — Je = = = Ll e
[ ta < 2 ! : & - = - & o 3
1
5 0 k) Do aal e s
.
. = oo S P Y P O (3 PRV
v - q .If - v - ...II'
i L Lol . e, 0% P P 3
il G S R . oo O
[ - - D 7 - [ 2 pd . <V
e > P A < - s - Vo o 2
S o g * e TDER PO : = by PR
)
e = ) 3 - L% s e » 57
1 3
g— e . ‘L. ." b L’: A - -~ l"_'
FYE C b FEl R TN S o =
[
—e ! L3 P Rdis ° 2 P ol N B T ry 3 e oy
o {
0 Lo AT, TR R 5 ¥ oy N S v = g |
t=70.09 ms t=70.04 ms
| | - .
0.2 04 0.6 08

Water volume fraction

Figure 5.7 (Continued)

113



1D + 3D MODEL

5.3.2. Current density and liquid water generation rate distributions and water

velocity in each pore

Figure 5.8 contains the current density spatial distribution for different operating
voltages. The results obtained at O\b@re not shown irFigure 5.8 for the sake of
simplicity, as they agree with those from 0M@nd 0.30V. The sameprocedureis
applied toFigure 5.9 andFigure 5.15. As expected, and as shownFigure 5.4, higher
current densities are obtained for lower voltages. For all voltages, the current density is
higher in the areas adjacent to serpentine channel, because in this regionuéctive
flow of air is stronger and oxygen reaches the reactive sites more rapidly. It can also be
observed that current density decreases along the channel length in all cases, from the
inlet to the outlet, because oxygen is being consumed alonchémmel and its mass
fraction decreases. Moreover, the decrease of current along the channel is more
significant for lower voltages, because oxygen consumption rate is higher in such

conditions.
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Figure 5.8. Current density distribution fatifferentoperating voltages.

Contrarily to current density, liquid water generation rate distribution along the cell
active area varies when changing the operating voltage, as shdviguie 5.9. For
0.70V, liquid water generation rate generally increases along the channel length, until it
stabilizes close to the outlet. At such voltagiee water production rate (directly
proportional to current density) is low. In the area close to the inlet, the water vapor being

produced is generally insufficient to saturate the air stream, and therefore liquid water
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generation rate is very low. Howeves air continues to move along the channel, it
continues to uptake water vapor, until it becomes saturated. This results into more
significant amounts of liquid water being generated. As showfigare 5.8, current
density does not decrease considerably along the channel, sinela@éer production

rate. Therefore, liquid water generation rate tends to stabilize at the region close to outlet.
For 0.40V and 0.30V, the water production rate is high, and the air stream becomes
saturated right after entering the cell. In such cases, the current density, ahdwaisr
production rate, decreases significantly along the channel. Becatlmalter ppduced
condensates, liquid water generation rate also decreases along the channel. An
intermediate case between those just described occurs af.0@0se to the channel

inlet, liquid water generation rate is lower, and then increases in the middle.regio
However, because the decrease of current density and water production along the channel
is higher than that verified at 0.%X0 theliquid water generation rate tends to decrease in
the region closer to the outlet. This is also the case with more mnliquid water

generation rate
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Figure 5.9. Liquid water generation rate distribution ftifferentoperating voltages.

The water velocity in each pore, for different operating voltages, is depicted i

Figure 5.10. Pore 1 ighe poreclosest to the air inlet and pore 42hs oneclosest to the

outlet. It can be seen that: at 0 0the water velocity generally increases along the

channel length andtabilizes close to the outlet; at 080the water velocity is
approximately uniform; and at 0.5Q 0.40V and 0.30V the water velocity tends to

decrease along the channel. Such profiles generally agree with the local liquid water
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generation rate discssd above. The fluctuations of water velocity in the pores observed
in Figure 5.10 are due to differences in the area of the pores and the corrasp &L
bottom wall sections, used to comptite water velocity. These deviations arise during
mesh generation, and the subsequent discrete division of the GDL bottom wall into

several zones.
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Figure 5.10. Water velocity in each pore designed at the GDL surface.

5.3.3. Two-phase flow pressure drop

The temporal evolution of twphase flow pressure drop for different operating
voltages is depicted irigure 5.11. First, it can be seen that pressure drop increases when
the operating voltage decreases. This occurs because, as slkagumerb.9, liquid water
generation rate is higher for lower voltages, and higher water content in the channel raises
flow resistance. Second, an increase in pressure drop with respect to time is observed, due
to waterbeing continuously entering and accumulating in the channel. At somethpeint,
liquid water flow rate at the outlet is expected to match its emergence ratbearader

content and consequently the tpbase flow pressure drop will stabilize.
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Figure 5.11. Two-phase flow pressure drop at various operating voltages.

5.3.4. Quantification of water content local distribution

One importandrawbackof experimental techniques applied in the field of the-two
phase fbw in PEM fuel cells is the difficulty in getting precise quantitative information
of water content locatigralthough interesting progress has been achieved with image
processing from optical visualization of liquid water inside transparent fue[5@/IS9,
235]. Therefore, this section igdicated to the quantification of water contadifferent
locations of the serpentine channel. Such information complements the qualitative
analysis of water dynamics presented in Sed@&iGnl

Figure 5.12 shows the volum&veighted water content (volume of liquid water
divided by the total volume) in the entire serpentine channel, in its straight sections and
at its elbowsover time and for different operating voltagesFigure 5.7 is shown the
region considered to calculate the water content in an efbawall cases, it can be seen
that the volumeveighted water conteatt the elbowis considerably higher than that of
the complete serpentine and its straight sections, except in the initial period when all
droplets are still attached to the GDL surface (located in the straight sections). Such
results were already expected taking tcount the liquid water distribution in the GCs
depicted inFigure 5.6 andFigure 5.7. They also agree with that reported froradirect
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visualization of liquid water distribution inside a transparent fuel cell with image

processing57].
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Figure 5.12. Volume-weighted water content in the serpentine channel, in its straight sections

andat its elbowsat various operating voltages.

The timeaveraged volumeighted water content in different sections of the
serpentine channel is depicted Figure 5.13 for severalvoltages after dividing the
channel into 21 approximately equal sections, from the inlet to the &atttiton 1 is that
closest to the inlet and section 21the oneclosest to the channel outlet. A graphical
representation of the volunveeighted water contenh each section over time would
result into 21 lines for each voltage, and its interpretation would be very challenging.
After a first analysis of the resulisyasverified that the trend of volurageighted water
contentvs channel section remains geaky constant over time. Therefore, the time
averaged volumeveighted water content for each channel is here shown for clarity. From
the analysis oFigure 5.13, it can be seen that the water content along the channel length
generally agrees with the water velocity in each pore shovdgre 5.10, exceptfor

the case of the two first channel portions, which water content is lower than that of the
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following sections. This occurs because, contrarily to the other sections which are
continuously being fed by water coming from upstream sections, section 1 does not have
any section upstream and section 2 has just section 1.

 —a—070V
—4— 0.60 V 1
—— 050V

l T T ' T T ' T T T T T T
|
|
|
|
|
I
|
|
|

Volume-weighted water content / %

Outlet
Channel section

Figure 5.13. Time-averaged volum&eighted water content in differergections of the
serpentine channel at various operating voltages, after dividing the channel into 21 approximately

egual sections, from the inlet to the outlet.

Figure 5.14 shows thavatercoverage ratio (area covered by liquid water divided by
the totalsurfacearea) of the top and side walls of the serpentine channel, as it as
of the GDL surface, over time and for various operating voltdgesept for 0.70/, in
which very little liquid water accumulates in the Gi@€an be seen that teatercoverage
ratio of the top and side walls is considerably higher than that of the GDL surface. This
is a desired scenario, because water accumulatitne iGDL surface should be avoided,
otherwise it would hamper the air flow through the GDL and the oxygen supply to the
CL. The reason for higher water accumulation in the top and side walls is due to their
hydrophilic nature that causes water to adhstiiethem, explaining the appearance of the
water films visualized inFigure 5.6 and Figure 5.7. The resultsfrom Figure 5.14
generally agredqualitatively) with those from other numerical studies that consider

similar channel wallsvettability and a hydrophobic GDI[131, 202] Moreover, they
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confirmthat the approach adopted in the present model to account for the hydrophobicity
of the GDL surfacésee Sectios.1.4.]) is appropriate
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Figure 5.14. Watercoverage ratio aifferentoperating voltages in the top and side walls of the
serpentine channel, and in the GDL surface.

5.3.5. Liquid water saturation in the GDL and its effects on the cell performance

Figure 5.15shows liquid water saturation in the GDL bottom wall at various operating
voltages. In general, liquid water saturation distribution along the channel length follows
the same trend as ligwdater generation rate, shownkigure 5.9 and discussed above.

It can also be seen that more water is accumulated under the land region (the area not
adjacent to the serpentine channel), because the convective flow is weaker than that in

the region adjacent to the channel. Therefore, water is removed with gliéatalty
from this location.
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Figure 5.15. Liquid water saturation distribution at the GDL bottom wallddferentoperating

voltages.

Figure 5.16 contains singlehase and twphase flow predictions of the cell
performancein terms of polarization curyealculated by the present model. In single
phase flow calculations, liquid water saturation is set equal to O for all voltages, and in
two-phaseflow calculations the liquid water saturation shownFigure 5.15 (area
weighted average values) is use@quationg5.11) and(5.35) to compute the effects of
liquid water flooding: the decrease in the effexdiffusion coefficient; and the coverage
of the active sites of the CL, respectively. It can be seen that the presqgttaseflow
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model estimates lower performances at high currents, where mass transfer limarations
dominant. Such results shdiat the model can effectively account for the influence of

flooding in the cell operation.
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Figure 5.16. Single and twephase flonmodelpredictions ofafuel cellpolarization curve
5.4. Summary

In this chapter, the 1D + 3D numerical model of a PEM fueldmlkloped during this
work wasdescribedThe modekouples the VOF method to simulate the{pase flow
in the cathode GCs with the electrochemical reactions and the water balance in the
menbrane.Additionally, the multifluid saturation modelvasimplementedn order to
obtain liquid water saturation in the GDL.

The modelvassuccessfully validated against an experimental polarization curve, and
it can effectively separate the different agjé losses that affect the cell output. Moreover,
it was shown that the model is capable of captuniegvanttwo-phase flow patterns
observed experimentallyhewater accumulatioat the elbow of the serpentine channel
and the formation of long watairhs attached to the side walls.

The water dynamics inside the serpentine channel for different voltesgsnalyzed.

Water droplets emergence, detachment and interaction with the channel walls and other
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droplets were shown At a lower voltage, dropletgrew larger and suffexd more
deformation, and the amount of water accumulated in the chasaséigher. Such fact
wasalsoobservedvhen looking to the twqphase fbw pressure drop, that increased when
the voltagedecreased. Wwas also observed that, taf a certain timethe liquid water
distribution in the channelidinot change considerably over time.

The water velocity in each pomesigned at the GDL surface for water emergence in
the GCawvascorrelated with liquid water generation rate and cumensity distributions.

It wasobservedhat, for a higher voltage, wateelocity of the pores increasetbng the
channel length, whereas at lower voltages itéed decrease along the channel.

The water content in different locations of the serpentvasquantified and the results
showed that, as expected from the analysis of liquid water distribution, the velume
weighted water contemtashigherat the elbowof the serpentine channel. When diviglin
the serpentine into equal sections, from inlet to outl@tagseen thathe water content
along the channel length generally follesithe same trend as the water velocity in the
pores.Furthermorethe water coverage ratwassignificantly higher in the hydrophilic
top and side walls of the channel in comparison with that of the GDL hydrophobic
surface.

Singlephase and twphase flow simulationsrereperformed and iwvasobserved that
lower performancesvere predicted at highcurrents when the twphase flowwas
considered, showing that the model can compute the effects of water flooding on the cell

operation.
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6. NUMERICAL SIMULATIONS

In this chapter, results of numerical simulatigpesformed withthe model described
in the previous chaptare presented. The focus is on the-plase flow in theerpentine
channel of a PEM fuel cell cathadghe first part contains a study on the effects of the
channel wallsvettability. Different contact angleseaset taheserpentinavalls, and the
resultingtwo-phase flow patternsre analyzed under different operating voltages and air
stoichiometries. Moreover, the influence of considering local variations afnidwenel
surfacesvettability is investigatedIn the second parthe twophase flow in aell with
a multiserpentine flow field design is analyzed &hd resultsare comparedo those
obtainedwith a singleserpentinene.

6.1. Effect of the channelwalls wettability

Table 6.1 displaysthe operating voltage, air stoichiometry amdlls contact angle
applied inthe numerical simulationgonducted to investigate the effectstioé walls
wettability of a singleserpentine channelt also shows the air inlet velocity and the
corresponding Reynolds (Re), Weber (We) and Capillary (Ca) numbleesmodel
inputswerethe same as thosksplayedin Table 5.1, except for the cell active araad
the channelwidth, which were changedto 2.4cn? and 1.0x10° m, respectively. The
multiplicative factor fotheliquid water velocity Qin Equation(5.33)) was also changed
to 2000, in order to keep watgret velocity close to tlat obtained in the simulations
conducted in thprevious chapteMoreover, anore refined mesh was employ@desh?2
in Appendix C). It can be seen iffable 6.1 that the air stoichiometries employed are
higher than those usually applied in a typical PEM fuel cell (see SelcBoh3. Such
values wereselectedn order to obtain air inlet velocitigbat are close to thoserified
in PEM fuel cells with largeactive areas, which ammmorty applied in automotive
applications andperated with forced air flowruel cells with small active areauch as
that employed in the present chaerusually employed in portable applicationich
generallyrely on natural convection for the air supply (air breathing fuel célsmall
active area is here used with forced air flow as it results into a smaller mesh with more
reasonable simulation tim¢hanthoseobtained with the mesh applied in the previous
chapter, whichexceededwo monthswhen lower voltages were appliéd a computer
having a Intel Core 2600 K @ 3.40GHz CPU (all 8 processes used) andG8 RAM).
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In the present chapter, the focus is on analyzing#leodetwo-phase flow mostly

from the fluid dynamics perspectivelowever, it is important tanentionthat the model

developed in this work cagisobe usedo predict the cell electrochemical performance

under various operating conditions and cell design® illustrate that, Appendix D

containsl-V curvescalculated by the modétteadystate solutions, see Sectibri.g

predicting the effeadf temperaturgpressurgair stoichiomety andflow field design.

Table 6.1. Operating voltage, air stoichiometfwith the corresponding air velocity, Reynolds

(Re), Weber (We) and Capillary (Ca) numbeasjl wallsstatic contact angle employed in the

numerical simulationsonductedo study the effects of the serpentine channel wadksability.

Slmul:':ltlon Voltage . Alr AII’. Re We Ca Contact
n stoichiometry velocity angle
1 40°
2 60°
3 10 7.60mst 436 093 0.07 90°
4 120°
5 140°
6 40°
7 60°
8 0.60V 15 11.4mst 653 2.09 0.11 90°
9 120°
10 140°
11 40°
12 60°
13 23 17.5mst 1000 4.93 0.16 90°
14 120°
15 140°
16 40°
17 60°
18 10 7.60ms! 436 0.93 0.07 90°
19 120°
20 140°
21 40°
22 60°
23 0.50 V 15 11.4ms! 653 2.09 0.11 90°
24 120°
25 140°
26 40°
27 60°
28 23 17.5mst 1000 4.93 0.16 90°
29 120°
30 140°
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6.1.1. Water dynamics in the serpentine channebith different walls wettability

Figure 6.1 depicts liquid water distribution in theerpentine channelith different
walls wettability. The resultglisplayed were obtaed at aroperating voltage of 0.5@
andanair stoichiometry of 10Because ater dynamicsvith respect to timevas already
discussed ithe previous chapter (SectiérB.]), the focudereis mainly on the resulting
two-phase flow patternst can be seem Figure 6.1 thatthe wettability of thechannel
walls hasasignificant influence on water dynami®®henhydrophilic(wettable)channel
walls are consideredFigure 6.1 A and Figure 6.1 B), the water spreads intthe walls
and there is the formation of long water filigt attach to the upper corners of the
channelMoreover, such films are longer whdretwalls contacangk is lowerbecause
decreasing the contact angle letakigher wall adhesioforces.Whenthe channelvalls
areconsidered to be hydrophobijoonwettable)(Figure 6.1 D andFigure 6.1 E), the
low adhesion forcegrevent water fronspreatdhg into thewalls. Therefore, watemoves
along the channel mainly in the form of dropldtsanalsobe observediatmore and
smaller droplets are found whéme walls hydrophobicityis highe (Figure 6.1 E). In
suchcase the weak adhesion forces cause the droptetsetachmore easily from the
walls, preventing the formatioof larger dropletsThe casevhere acontact angle of 90
is applied (Figure 6.1 C) representsan intermediate scenario between those just
described Water is also observeto move along the chanmsehs films in the upper
corners, but such filmare shorter than those observed whennthiés are considered to

be hydrophilicIn addition, some dropletsanbe found attached to the chansetfaces.
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Figure 6.1. Water dynamics in a serpentine charwigh differentwalls contact anglé&d).
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Figure 6.1 (Continued)
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Figure 6.1 (Continued)

Figure 6.2 displays the twegphase flow pressure drop with respect to toraifferent
values of thechannel wallsvettability. It can be seen that pressure dreaches higher
valueswhen thewalls are considered hydrophobitn suchcase water movenentas
dropletsoccupiesa larger portion of thehannekrosssectionarea tharhat filled bythe
films formed when hydrophilic surfaces amployed increasing thelow resistance.
Moreover largerpressure fluctuatiorereobservedvhen considering hydrophobic walls.
Because there is a great number of dropletse channel there is a higher chaaéor
these droplets to interact with each other, fornvienylargedroplets that lead to a sudden
increase irthe pressure drapVhen a blower or a compressor is usgdupply air asin
transportationapplications, highempressure drap should be avoidedecausethey
increase the power consumption of these devices, leadinglécraase in the overa

system efficiency.
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Figure 6.2. Two-phase flow pressure drapthe serpentine channelth differentchannelwalls
contact angl€d).

The timeaveraged volumaveighted water content in the entire serpentine chaanel,
its elbowsand in its straight sectignas a function of thevalls contact angleis shown
in Figure 6.3. The temporal profile of such valuesviery similar to that depicteah
Figure 5.12. Therefore, theime-averagedralues arehere shown as they allow a more
straightforward analysisSuch as verifiedn the previous chapter for a 25 £fuel cell
(Section5.3.4, the volumeweighted water content is highet the elbow of the
serpentine channel. In addition, it can be seerthieatlbows water content is lower when
applying the lowest (40 °) and the highest(140°) walls contact angle. In thenost
hydrophilic case, water spreads messilyforming longer films that extend out of the
elbows. In the more hydrophobic case, the weak adhesion foreesntthe droplets,
which have alsolower volumethan thosein the lesshydrophobic case (120, to

accumuhteat the elbows.
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Figure 6.3. Time-averagedvolumeweighted water content in the serpentine chanaglts

elbowsand in its straight sectionas a function of thehannewalls contacangle

Figure 6.4 displays the timeveragd water coverage ratio in the top and side walls
of the serpentine chanreshd in the GDL surface, as a function of the walls contact angle.
Like the volumeweighted water contentthe emporal profile of water coverage ratio is
close to that shown ithe previous chaptdFigure 5.14). It canbe seernhat the water
coverage ratio is higher in thept@nd side walls of thehannel However the coverage
of these walls by liquid watetecreases considerably as tomtact angles increased.
Such results are in accordance with the-phase flowpatterns shown ifrigure 6.1:
when thechannel wallsare hydrophilic water spreads in their surfaces, whereas when
they are hydrophobic water fl@in the form of dropletsvith less interactionvith the
walls. Moreover,Figure 6.4 shows that the GDL surfaseater coverage ratidoes not
change cosiderablyfor all the values ofthe channelwalls wettability considered
Therefore, the access of oxygen to the CL wasigptificantlychangedIn accordance,
thecell electrochemial performance was not affectedetcurrent density produced was
about0.73A cm? for all the cases addressed in this section. In fact, the cell performance
was not affected by thehannelalls wettabilityin any of the simulations conducted in
this work.

Taking into accounall the resultgresentedn this section, hydrophilic wallean be

consideredthe most appropriate optiorconcerning the serpentine channelalls
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wettability. Although they do not result into a direct improvement in the cell
electrochemical performance, theducedhe twaephase flow presure drop thawvould
leadto higher efficiencies of PEM fuel cell systems when blowers or compressors are
used to control the air flow rate.

T T T T T T T T T T T

| ! —=— Top wall
120 oo S . e T —A—Sidewalls ]

—O— GDL surface
10.0 |- - !

8.0 |-
8.0 [~rmrdmmmmimmn | | LT PR S

4.0 |- 4 : I oo

ol T —————o—°

Water coverage ratio / %

40 60 80 100 120 140
Contact angle / °

Figure 6.4. Time-averaged ater coverage ratio the top and side walls of tiserpentine channel
and in the GDL surfac@s a function of thehannelwalls contact angle

6.1.2. Effect of air stoichiometry

In this sectionthe impact otthe air stoichiometryn the twophase flowpatternsin
the serpentineehannelis investigatedFigure 6.5 showsthe liquid water distribution at
about 40ms fordifferentair stoichiometries anchannelwalls wettability. Theseresults
were obtained at 0.59. It can be seen that similar twaha® patterns are observedhen
consideringair stoichiometries of 10 and 15, although théluence of wettability
becomes less evident in the latter case, especially wh@paringcaseswith close
contact anglegFigure 6.7 A vsFigure 6.7 B andFigure 6.7 D vsFigure 6.7 E). When
the air stoichiometry is seto 23, however, the twphase flow patterns change
considerabl, and they & no longelinfluencedby thewalls wettability. Increasing the
air stoichiometry lead® higher air veloties in thechannel which increasethe shear

force of the air flow.Therefore, 6r a given wettability, raising thair stoichiometry
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increasesheimportanceof the shear force ovéinewall adhesion forces. When the shear
force is high enough, such as the case of a stoichiometry tfé28all adhesioreffects
becomarrelevant, and the water flols dominated by shear force.
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Water volume fraction

Figure 6.5. Water distributionin the serpentine channehat about40ms for several air

stoichiometries&r) andchannelwalls contact angléd).
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Figure 6.5 (Continued)

Figure 6.6 shows the twegphase flow pressure drop for various air stoichiometries and
channelwalls wettability. Because pressul@sses arproportionalto thegasvelocity (in
laminar regime)the twophase flow pressure drop increases as the air stoichiometry
increaseslt can also be seen ththe walls wettability onlysignificantly affects pressure
drop forthe lowestair stoichiometrytested which is in accordance witthat discussed
when analyzinghe liquid water distributionFigure 6.5). Moreover,the pressure drop
increases over time for an air stoichiometry of 10 and 15, whereas for the highest value
of air stoichiometryit remains approximately constaafter about 20ns. This occurs
because at higher air velocities liquid water is removed more rapidly, not only leading
into a lower water conterfEigure 6.7) but alsointo a faster stabilization of the amount

of water present in the channel
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