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Abstract

This thesis explores two-phase flow phenomena aeleto water management in PEM
fuel cells. Particularly, pressure drop hysteresexplored in depth, which occurs when
the gas and liquid flow rates are increased andcedsed along a set path but exhibit
different pressure drops. The hysteresis effeekgored here experimentally in three
studies: non-operating cold model to study hydraayits, non-operating hot model at
fuel cell operating conditions to study increasyngdlevant hydrodynamics, and an
operating study to explore pressure drop hystenesia active cell. This is the first time
pressure drop hysteresis has been studied in afB&Mell. A specially designed
visualization fuel cell, allowing for observatioma the cathode flow field channels, is
utilized to further understand these results. Titesgure drop hysteresis occurs because
liquid water accumulates in the cathode flow chésdaring the descending approach.
The cathode air stoichiometry and temperature @lmajor role, as lower stoichiometries
and lower temperatures lead to more water accuronlat the channels, which increases
the hysteresis problem. The gas diffusion lay@ioisa main parameter affecting pressure
drop hysteresis. Additionally, several other vagalare studied through the three
experimental setups to understand the hysterekevime. This thesis then examines
anode water removal (AWR) as a diagnostic toolei@imine maximum fuel cell
performance in the absence of mass transfer limmsiton the cathode. By exacerbating
cathode flooding and using a variety of cathode G,drge voltage increases occur
through the AWR process when the cathode GDL igufidoding conditions. Larger
voltage gains occur during the AWR process withuse of GDLs without an MPL

when the cathode gas stream is fully humidifiedthBstudies, pressure drop hysteresis

and AWR, improve overall fuel cell performance kettbr understanding water



management in PEM fuel cells. Understanding thequme drop hysteresis is important
to limit the parasitic power losses associated witfiner pressure drops, and AWR is a
novel tool researchers can use to evaluate new @bliesms of their ability to prevent

voltage losses due to flooding.
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1 Introduction

Fuel cells offer a way to turn the stored chemesargy in a fuel, such as methanol
or hydrogen, into electricity. Unlike a batteryeetricity continues to be produced as long
as fuel is continually supplied to the fuel celhelproton exchange membrane (PEM)
fuel cell has received much attention in recentades as a clean and efficient way to
generate power for various applications due tbigh energy efficiency, low operating
temperature, and low to zero emissions duringperation. In particular, it has been
considered one of the most promising alternatiodegsil-based fuel engines for
automotive applications. The electrochemical reachietween hydrogen fuel and oxygen
oxidant produces electricity, with the only emissideing excess heat and water. The
PEM fuel cell is thus an environmentally viableioptthat is also capable of achieving
high power density and high efficiency. Proton exuie membrane fuel cells (PEMFC)
refer to a class of fuel cells that utilize a coctilte ionomer membrane as electrolyte.
PEM fuel cells have the advantages of high powasitlg good start-stop capabilities,
and low temperature operation well suited for paeapplications. However,
disadvantages include an expensive platinum cajagsexpensive membrane, water
management issues, and strict fuel requirememtsaivoiding carbon monoxide in the
hydrogen stream)[1].

The following half reactions and overall reactiator in the PEM fuel cell that
operates with hydrogen.

Anode:
H, - 2H' +2¢ E°=0V (1)

Cathode:

E°=1.23V 2
%02+2H++2e‘ - H,0 3 (2)



Overall:
E°=1.23V (3)

H2+%O2 - H,0O + heat
The PEM fuel cell is comprised of seven main layers ‘sandwich’; the air/oxygen

(oxidant) flow field channel, the cathode gas diftun layer (GDL), the cathode catalyst
layer, the polymer electrolyte membrane (PEM),a&hede catalyst layer, the anode gas
diffusion layer, and the hydrogen (fuel) flow fielthe combination of the GDLSs,
catalyst layers, and membrane is commonly refdoes the membrane electrode
assembly (MEA). A schematic of this setup is shawRigure 1. The number of layers is
reduced to five with the inclusion of a catalysateml membrane (CCM), where the
catalyst layers are included on the membrane. Bsegydiffuse perpendicular to the
direction of the channel flow through the respeztias diffusion layers to reach the
catalyst layers, where the reactions take placgoRs move through the membrane from
the anode toward the cathode, and electrons mowagh an external circuit. The

protons and electrons react with oxygen at theocktthio form water. The product water

also diffuses through the GDL to reach the flowroteds where it can be removed.



O, out
—_—
—  Water out

H, in——» «—— 0Oyin

Membrane

Figure 1. Schematic of a PEM fuel cell's components highiighthe gas flows, gas diffusion layers,
catalyst layers, and membrane

The theory and background presented here explaih fla&l cells in terms of basic
thermodynamics, sources of voltage losses, thecklBs components, typical operating
conditions, and flow channel pressure drop. Th@eads intentionally broad and aims to
be largely applicable to PEM fuel cell water mamaget, one of the current
disadvantages in PEM fuel cells. The scope is themsed and water management issues
are covered more extensively in the literaturee@vpresented in Chapter 2.

1.1 Fue cell thermodynamics
This overall reaction in Eqn. 3 is exothermic, #mel heat of reaction can be

determined by:

AH = (hf)HZO - (hf)H2 _:I-/Z(hf)o2 (4)



For liquid water formation at 28, this value is -286 kJ mib{using hydrogen’s higher
heating value) at standard conditions. However afiaif the energy can turn into
electricity due to entropy. The total potential iyyein fuel cell operation is the Gibbs
free energy, where only -238 kJ rifaan turn into electricityXG) and the rest (due to
AS) is lost to heat:

AG=AH-TAS (5)
The electrical work can also be related to the &ilobe energy. The electrical work (J
mol™) is:

W, =qE=-AG (6)
where q is charge (Coulombs ripknd E is potential (Volts). The charge is expedss

as.
q=nN,,q, =nF (7)

where n is the number of electrons per moleculd 0N, is Avogadro’s number
(6.022x13° molecules/mol), gis the charge of an electron (1.602%10
Coulombs/electron), and F is Faraday’s constand@®bCoulombs/electron-mol).

Thus, the electrical work expression is:
W, =nFE (8)
Thus, W,, = —AG is the theoretical hydrogen/oxygen fuel cell ptisgnAt 25°C and 1

atm, this maximum voltage is the equilibrium celtgntial:

_-AG _  237,34Qmol™ (©)

E° = — =1.23V
nF 2%96,485A smol




1.1.1 Effect of temperature on theoretical fuel cell potential

The theoretical potential, E, can be substitutefinthe Gibbs Free Energy
expression to give:
SEY (10)
nF nF
This means that an increase in cell temperatulededrease the theoretical cell potential.
This result is true becaugd¢d andAS are both negative. The enthalpy and entropy can
also be solved for as a function of temperaturé) bbwhich increase (become less
negative) with temperature, by knowing how the luagiacity changes with temperature.
The change in Erom 25°C to 100C is a loss of 0.063 V (63 mV), a 5% decrease.
1.1.2 Effect of pressure on theoretical fuel cell potential

For an isothermal process, the change in Gibbseineegy can be expressed as
dG=V, dP (12)
where \f, is the molar volume and P is the pressure. Tha gies law is the simplest

basis to use (PV=RT), which after integration leads to:

12
G =G, +RTIh+ (12

0

For the general reactigh + kB — mC+nD, the Gibbs free energy can be written as

AG =mG, +nG,-jG, —KGj;. As a function of pressure, this is:

(PCJm(PDjn
PP
G =G, +RTIn| ~2 4

[51)

(13)




which is the Nernst equationgR 1 atm). When applied to the hydrogen/oxygei fue

cell, this expression becomes:

P PO.S (14)
E=E + 0 |p 10

n H,0O

The R0 term is 1 if the water is liquid, and the parpa¢ssure of oxygen in air is 0.21,
which reduces the theoretical potential by 0.01A¥ mV). When combined with the
expression for how changes with T, one has a final expression foc#tepotential as

a function of temperature and pressure.

AH TAS] RT P, PS° (15)
Eip=- - +—1In
nF  nF nF Pio
1.1.3 Theoretical efficiency
One of the benefits of PEM fuel cells is the patror high efficiency, where the

maximum efficiency at standard conditions is:

kJ -AG (16)
LA 231340l _~AG _ nE _ 123V _
AH 596 02K —AH  —AH 1482V
mol nF

This uses the higher heating value of hydrogenckvig more thermodynamically correct
because thaH term accounts for all of the available energy c@nnto the system. The
Gibbs free energy term decreases more than thalpytwith temperature, which means
the efficiency of the fuel cell will decrease uplfodC. The efficiency lowers from

~83% to ~78% when the temperature is increased #@ to 106C. However, for an
operating fuel cell where the oxygen is always $iegdpn excess, water vapor can form

in addition to the liquid water. While this wouldake the theoretical efficiency look



artificially higher (lowerAH), it also realistically limits the total poteritia an operating
fuel cell.
1.2 Voltagelosses

The difference between the electrode potentialtaadeversible potential
(determined from thermodynamics) is the overpoé&tniven at no current the cell does
not exist at the equilibrium cell potential (1.23a¥25C, 1 atm) because of fuel
crossover. The resulting open circuit voltage (OQwM)ing operation at zero current is
therefore lowered, with typical values ranging fror@5-1 V [1].

Once current is drawn, the electrode potentialeBses depending on three different
losses: activation (kinetics), ohmic (resistaneey mass transport. Though each loss can
occur at all current densities, as the currentases, the main (controlling) loss
mechanism changes. The voltage as a function oérudensity is referred to as a
polarization curve. An example of a polarizatiomveuwith the controlling loss

mechanism highlighted is shown in Figure 2.
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Figure 2. Polarization curve schematic showing kinetic, ohraitd mass transport losses control regions
The derivation of each loss mechanism is providetié following sections.
1.2.1 Activation polarization

The reactions happen on an interface between theaidy conductive electrolyte and
the electrically conductive electrode. The speethefreaction is the rate at which the
electrons are released or “consumed”, which istbetrical current. Faraday’s Law
gives the current density (current normalized acten area) produced:

I =nlFI[] 17)
where i is the current density, nF is the chargesferred (Coulombs nidland j is the
flux of reactant per unit surface area (matsi?).

The local kinetic rate expression for an electrocical system is the Butler-Volmer

Equation (BVE), which can be simplified to:

i=io{exp{_aRdF(E_Er)j_eX[{%xF(E—Er)j} (18)
RT RT




where j is the exchange current densityis the transfer coefficient for either the
reduction or oxidation reaction, and (B-E the activation overpotential. The expression
is considered local since the oxygen content caredse down the length of the flow
field channel, changing the local concentratiomxfgen at the catalyst sites. The
exchange current density is a measure of the bguiin reaction rate, where a higher
values means faster reaction kinetics. The tramsfefficient is a dimensionless value
that reflects the ‘symmetry’ of the forward andeese reaction’s activation barrier.
Typical values are 0.2-0.5. The Butler-Volmer (BARpression can be written for the
anode and the cathode, but the cathodic curréheiBmiting reaction due to slow
oxygen reduction reaction kinetics. The exchangesati density of the anode is much
higher than the cathode by several orders of magd@itA higherd means lower energy
barrier to reaction and more current is generat@hy overpotential, so the overpotential
on the cathode is much larger than the anode. Nigglethe anodic contributions, the

BV expression can be simplified to:

0 F(E, - E (19)
i =i, exy — e (E.~Er)
RT

Solved for the voltage loss due to activation,Bveequation becomes:

i (20)
AV, =E, -E,= ﬂln{'—j

acte
aF |1 0c

A simplified form of this is the Tafel equation:

AV, .. =a+blog(i) (21)

acte

RT . RT
wherea=-2.3—1log(i,) andb=2.3—.
oF oF



The Tafel slope is b. Higher Tafel slopes meanslgrerformance (lower means
higher Tafel slope). An additional problem at lowrents is fuel crossover, where
hydrogen can diffuse directly through the membnarkout reacting, which lowers the

cell potential. The total current is the sum ofeertl (useful) current and current due to
losses (=i, +1,,s), which meanghe expression for g at lower current densities for

losses due to activation is:

(22)

. +i
E — Er _ RT'Og(I ext. I|OSS)
oF

cell —
0

1.2.2 Ohmic losses

Ohmic losses are due to resistance to the flowrtd in the electrolyte and the flow
of electrons through the conductive fuel cell comgrts. Ohm’s Law relates the voltage

drop to the current and resistance:
AV, =IR; (23)
The total resistance is the sum of all the interasistances: ionic, electronic, and
contact:
R; =R, +R_+R, (24)
The electronic resistance is almost negligible |levttie ionic and contact resistances are

the same order of magnitude (typicalRlues are 0.1-0.2 ohms-8mn

1.2.3 Concentration polarization

Concentration or mass transfer limited polarizatoours when a reactant is rapidly

consumed at the electrode by the electrochemieatiom. An expression for this loss is:

10



(25)
AVCOI’I = ﬂ |n &
nF | Cg

where B refers to the bulk and S refers to theasertoncentration (mol ¢f Fick’s

Law equates flux and concentration gradient:

_DOC,-Cy) , (26)
5

N

where N = the flux of reactants (mof)sD = the diffusion coefficient (cfs™), A =
electrode surface area, ane diffusion distance. Combining with Faraday’s latv

steady state, the consumption rate is equal tdithesion flux, which means:

.- NFDC, -Cy) (27)
&

The surface concentration is zero when consumgtkaeeds diffusion, which occurs at

the limiting current density:

nlFIDIC, (28)

This result means the concentration polarization is
RT

( i ] (29)
AV, =——In| —*

nF (i, —i

This equation accounts for the sharp drop in catiéptial at the limiting current density,

as shown in Figure 2.

1.2.4 Overall expression for cell voltage

A simplified version of the polarization curve sidutts the three loss mechanisms
(kinetic, ohmic, mass transport) from the equililoni cell potential at a given temperature

and pressure:

11



aF \i,) omic NnF{i —i

Kinetic Mass Transport

' ' 30
EceII =ET'P_ﬂ|n['Lj_iRT_ﬂ( 2 j ( )

This expression assumes there are no anodic cotbmis to any of the loss mechanisms.
1.3 Propertiesof PEM fuel cell components

As discussed and shown schematically in Figure 1R fuel cell consists of
separate oxidant and fuel flow field channels, arertecathode gas diffusion layers,
anode and cathode catalyst layers, and the polgheetrolyte membrane (PEM). This
section discusses these main components.

The membrane must be a high proton conductor,drdaifuel and reactant gas
mixing, and chemically and mechanically stable. frfeanbranes are typically made of
perfluorocarbon-sulfonic acid ionomer (PSA), whiclkaisopolymer of tetrafluorethylene
(TFE) and perfluorosulfonate monomers. Proton cotidty is a function of membrane
water content, so the membrane must be well hydrdtater transport can occur
through the membrane by three main mechanisms,aachich is a function of
membrane hydratior:

1. Electroosmotic drag (anode to cathode)

31
N H, Odrag = C(j*)l_F ( )

2. Diffusion (cathode to anode, usually)

Ac (32)
Ny o = D(/])E

3. Hydraulic permeation (high pressure on cathodesfomater to anode)

AP (33)
N H, Ohyd — khyd(/]) Ay

IN.B. This) should not be confused with the gas stoichiomethjch is mentioned often in the rest of the
thesis and is explained in Section 1.4.
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The membrane hydration is the ratio of the numbevater molecules to charged $8"
sites, with values ranging from 0 (dry) to 22 (fsgituration) [1]. Depending on the
relative magnitude of each term, which depends erogerating conditions, water can
favor net flux toward the anode or the cathode . enegal, the net water transport to the
cathode is the difference between the electroosrdodig term and the diffusion term.

The electrode is a thin catalyst layer betweendhemer and the porous electrically
conductive substrate, where the reaction takes platke catalyst surface (usually
platinum). Current Pt loadings are 0.3-0.4 mg°cm

The gas diffusion layers (GDLSs) are responsiblestreral roles in PEM fuel cell
operation, including:

» Pathway for reactant gas from the flow field to th&atyst layer

» Pathway for product water back to the flow field charfrom the catalyst layer
* Electrically connects the catalyst layer to theokap plate

» Conducts heat from the reaction to the bipolareplat heat removal

* Mechanical support of the MEA to stop intrusion ittte flow field

Required properties include being porous to allow/aad water flow, electrically and
thermally conductive (in-plane and through-plame)] sufficiently rigid. Typical
thickness ranges from 70-4Qén, with a porosity between 70-80%. They are alsollysua
PTFE treated (5-20% by weight) to increase the hylaobicity and thus reduce flooding.
Some GDLs include a microporous layer (MPL) for éeélectrical contacts with the
catalyst layer and increased water management daipabi

Typical flow field designs include parallel, serpart and interdigitated channels,
and these flow fields are generally made of metatgaphite plates. The flow field
plates must also satisfy many requirements:

» Connect cells electrically in series (must be cmtide)
» Separate the gases in adjacent cells (must be meadxie)

13



» Structural support (must be strong but lightweight)

Parallel channels are advantageous because ahigolw channel pressure drop but are
susceptible to flooding and reactant maldistributi®ingle-serpentine channels are
common in small active areas but have a highespresdrop due to the numerous bends.
In interdigitated designs, gas is forced from tiietito the outlet through the porous
GDL, which can increase cell performance, but hasileoremoving liquid water from
inlets. The channel's shape, dimensions, and spacialso important considerations.
Typical channels are ~1 mm in width. Wider chaniadt®v more reactant gas to touch
the GDL and give more area for water removal, btial are too wide the GDL will
bend into the flow field. Wider spacing (landingaskfacilitates conduction of heat and
electricity, but the GDL is less exposed to gasekveater can accumulate below the
landing areas.

1.4 Fuel cell operating conditions

The main operating conditions in a PEM fuel ced #ire pressure, temperature, gas
flow rates, and the relative humidities of the gasasns.

Increasing pressure increases cell potential viareasons, the Nernst equation and
an increase in the exchange current density direteased gas concentrations at the
electrodes. For example, increasing the cell opeygressure from 101.3 kPa to 200 kPa
can result in a 34 mV gain. However, the increaseltage due to an increase in
pressure may be offset due to parasitic losses tin@nsompressor. The pressure is also
related to water management, which can have vargipadts on the fuel cell

performance.

14



Typical fuel cell operation occurs at <5 which means the cell must be heated.
Like pressure, the energy required to keep theteelperature up may offset the
electrochemical gains of elevated temperature. Horyéve reaction is exothermic so a
cooling system is needed to maintain the propep&zaiure. Measuring the temperature
can be ambiguous as it can typically be measurdteaiuter surface, exiting air, or
exiting coolant. The complex geometries and eletiemical reaction often mean
temperature gradients will be present in the cell.

Faraday's Law (Eqn. 17) dictates all of the flow sab@sed on the current, which for
hydrogen, oxygen, and water are:

SR T A I | (34)
Nu, == No,=—— Nuo=——
2F 4F 2F

These can all be corrected for T and P with thel igaslaw when determining the gas
velocity in the flow channel. Also, the actual floate of supplied reactant is always
more than needed, and the ratio of supplied gasdéded gas is the stoichiometric ratio:

N (35)

— supplied
| N needed
An increase in the stoichiometry (stoich) helps reenproduct water from the flow field
channels and keeps the oxygen concentration highicadl stoichiometries are 2 for the
cathode and 1.5 for the anode.

The reactants are typically humidified to ensueerttembrane remains well hydrated.
Relative humidity (RH) is the ratio between the watgpor partial pressure and the
saturation pressure (saturation pressure is ofup&ion of temperature). Some systems

can capture heat and water generated by the delirtadify the incoming air. However,

even if enough water is generated most of the alrstaly under-saturated (RH < 100%)
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1.5 PressureDrop in PEM fue cell flow channels
The Darcy—Weisbach equation can be used to apprtxitihhe pressure drop of
incompressible flow in pipes:
L v v? (36)
AP=f —p—+>» K p—
D, " 2 2K

1storder withv 2ndorder withv

where f is the friction factoryvis the average velocity,is the density and K is local
resistances (bends and expansion /contractionletBEM fuel cells, there are deviations
from normal pipe flow such as the roughness of thé G€ing different than the walls,
the gas participates in the reaction and therafardlow rate varies down the channel
length, the temperature may not be uniform, angidigvater impacts the pressure drop.
The presence of liquid water in the flow channeBnsxample of two-phase flow,
and this increases the pressure drop. The two-gluasenultiplier provides useful
insight into the impact of the two-phase flow pressinop. The two-phase flow
multiplier, @2-phase IS defined as:

AP.

® _ 2-phase
2-phase —
P AP,

1-phase

(37)

A higher two-phase flow multiplier indicates a largnfluence of water on the overall
pressure drop. This is relevant to PEM fuel cefises an increase in the pressure drop is

an increase in the parasitic power loss of theegyst
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2 A review of two-phase flow in PEM fuel cell flow channels’

As has been discussed, PEM fuel cells have recexeshsive study and interest due
to its high energy efficiency, low operating tengiare, and low to zero emissions
during its operation [2]. However, several techhissues still exist that impede the
further use of fuel cells in practical applicatio@®e major issue that has received a great
deal of attention is proper water management irfubkcell, and this issue continues to
play an important role in the understanding of ftedls. In a perspective piece published
by AIChE Journal, Benziger [3] stated “Recent ressaliggest that better engineering
designs of PEM fuel-cell reactors may be more irtgourto the commercial success of
fuel cells that developing better membranes analysts, which has been the focus of the
DOE road map.” The key problem, he notes, is homamage water. An excellent
review by Jiao and Li [4] was published in 201 ltlering the topic of water transport in
a fuel cell. Their comprehensive review (430 papeosers the state of water in each
layer of the fuel cell, the various transport methas, experimental and numerical
work, cold start operation, and high temperatur®PR&el cells. Their outlook for future
experimental work is for researchers to simultasgoomneasure more parameters while
avoiding major modifications to the fuel cell.

PEM fuel cell water management is particularly imiaot because too little water
will cause membrane dehydration, which limits protonductivity, and too much water
can flood the fuel cell, causing less reactanetxh active catalyst sites. Both cases
consequently decrease the cell performance. Anogloent review [5] detailed issues

associated with water management, which descriedole of each layer of the PEM

2 A portion of this chapter was published in [2]:Anderson, L. Zhang, Y. Ding, M. Blanco, X. Bi, D.P
Wilkinson, A critical review of two-phase flow irag flow channels of proton exchange membrane fuel
cells, J. Power Sources 195 (2010) 4531-4553.
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fuel cell and how each area is prone to floodirfge Paper also detailed mitigation
strategies based on 1) engineering principles aadging operating conditions and 2)
modification of materials. While comprehensivehe bverall picture of water
management, little emphasis is placed on gas-liywedphase flow issues in the flow
field channel itself.

Trabold [6] noted the importance of two-phase flesearch in PEM fuel cells, and
explained that the gas-liquid flow within the flamlannels is complex and requires an
understanding of electrochemistry, heat and masstfer, and fluid mechanics. Knowing
the air and liquid velocity in the channel allowsedo develop flow regime maps, which
have been studied in traditional two-phase floveaesh. Different operating conditions
can lead to different flow patterns though, whiem ¢ead to flow maldistribution among
multiple channels to satisfy the equal pressure theiween a single inlet and outlet of
the manifold. Thus, many competing variables atechan PEM fuel cell two-phase
flow. Two-phase flow also represents a higher dverassure drop, which lowers the
total system efficiency.

In addition to experimental efforts, many attentpse been made to model and
simulate the two-phase transport phenomena in REMcElls. In particular,
computational fluid dynamics (CFD) is consideredhéoa very powerful tool in fuel cell
design and operation optimization. In the literatuhe earliest PEM fuel cell models
date back to the early 1990s by Springer et alahd Bernardi and Verbrugge [8].
Increasingly complex and detailed models have bleeeloped since, from one-
dimensional, single-phase flow, isothermal, stestdye and single layer models to three-

dimensional, two-phase flow, non-isothermal, transand multiple layer models.
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However, due to the various complicated phenomeEM fuel cells, the modeling and
simulation of PEM fuel cells still remains a challje. Complications include two-phase
flow, electrochemical reaction, charge transpaftusion in porous media, and coupling
different length scales (such as the nanometer oaergs of catalysts, the micrometer
heterogeneous pores in the gas diffusion layerd €g2xnd the millimeter dimensions of
flow field channels), and experimental validatiblumerical studies are reviewed in
Appendix A.

This chapter presents a review of two-phase floREM fuel cell flow channels. The
relevance of this topic is demonstrated by the remalb papers published related
specifically to ‘two-phase flow’ and ‘PEM fuel csllcontinuing to increase, which is
shown in Figure 3. While this shows 207 cumulatitations since 1994, it is also
interesting to note that in the same time publaeirelating to ‘water management’ and

‘PEM fuel cells’ numbered 431 citations via the sadatabase.
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Figure 3. Cumulative number of papers published for keywdtd®-phase flow" and "PEM fuel cells"
since 1994 in the Compendex Engineering Villagatalbase

This review emphasizes gas-liquid two-phase flominichannels or microchannels
(Dmicrochanne=< 1 mm) related to PEM fuel cell applications. Theus is on PEM fuel
cells under normal operating conditions (ambientgerature to 10T operation) and
neglects two-phase flow issues related to starntighotdown. The experimental
approaches and results of researchers in bothedcigl cells (in-situ; operating) and in
channels designed to mimic operational fuel celisitu; non-operating) are considered.
Mitigation strategies specific to water floodingdhannels via material modifications and
operating conditions are also presented.
2.1 Experimental visualization techniques

This section reviews techniques for detecting wistdtEM fuel cell minichannels,

focusing on direct optical visualization while nefacing other methods reported in the
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literature. A discussion of the uses and the resflthese techniques in active fuel cells
IS given in Section 2.2.
2.1.1 Optical visualization

The most common technique to observe flow field-phase flow is to use a
transparent fuel cell. A typical schematic diagmaina transparent fuel cell is shown in

Figure 4.

Transparent Plate

Cathode Flow Field

MEA

Anode Flow Field

Transparent Plate

Figure 4. Schematic of a typical transparent PEM fuel celp(mted from Anderson et al. [2] with
permission from Elsevier)

The membrane electrode assembly (MEA) is sandwibleédeen flow field plates
and transparent endplates for viewing. Not showertlae means to collect current, plates
for heating (either electrically or via cooling wa&), or compression plates since these are

common to all fuel cells and are not novel in regao a transparent fuel cell. Machining
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the flow field directly through a metal plate allswhe flow field plate to also act as the
current collector. In Figure 4, gas enters via ficahd exits via port 2. The manifolds
(labeled 3) distribute the gas to the flow chanilelseled 4). The flow field plates in this
schematic are symmetrical about the MEA. This desqot the only means of creating
a transparent cell but contains the components aofynfiound in the literature. Tlber et
al. [13] conducted a highly cited work on transparfeel cells. A steel rib was placed
between an MEA and a Plexiglas end plate, witlritheefining the depth and the
landing width of two channels. Gas was introdugedifthe Plexiglas above via one
common inlet hole. The unit was compressed witbwgsr and a copper wire was
attached to the rib for current collection. Diffetghenomena to be studied lead to
specific designs for a transparent fuel cell, antl& 1 summarizes the designs of several

research groups, including relevant channel dinoerissimaterials, and flow field design.
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Table 1 Typical transparent fuel cell designs with a fooandflow field type, flow field material, channel
dimension, and transparent plate material (reifi@m Anderson et al. [2] with permission from

Elsevier)
Author Flow Field Type Flow Field Channel Dimensions Transparent
Material (Ixwxd) plate material
Zhang et al. [9] 7 Parallel Channels Gold Coated 100x 1x 0.5 mm Antifogging
Stainless Steel Active Area = 14 cih polycarbonate
Liu et al. [10] 9 Parallel Channels Gold Coated 22.4x0.8x1mm Plexiglas
(vertical orientation) Stainless Steel
Ous and Arcoumanis 13 Serpentine Channels Graphite 655 x1.5 x 1.5mm exidths
[11]
Masuda et al. [12] Single Straight Channel Goldt€Eda 30x1.6x1mm Glass
Stainless Steel
Tlber et al. [13] 2 Parallel Channels StainlesglSte 50 x 1.5x 1 mm Plexiglass

Hakenjos et al. [14] Single Serpentine Graphite
Weng et al. [15] Two Serpentine Brass
Channels
Spernjak et al. [16] Single Serpentine StainlesgISt
316

Ge and Wang [17] (a) 7 Parallel Channels Gold Plated
(b) 4 Serpentine Stainless Steel

Channels

Theodorakakos et al. Single Serpentine Plexiglas
(18]
Shimoi et al. [19] 3 Parallel Channels Brass
Kim et al. [20] 35 Serpentine Channels Carbon
Sugiura et al. [21] Single Serpentine --
14 Parallel
Ma et al. [22] Single Straight Channel Graphite
Yang et al. [23] 7 Parallel Channels Gold Coated

Stainless Steel

1rmm (w x d)
Active Area = 20.25 ch

2x2 mm (w xd)
Active Area = 10 crh

0.8 x 1 mm (w x d)
Active Area = 10 crh

(d) 1 x0.5mm (w x d)
Active area =14 cfn
(b) 70 x 1 x 0.5 mm
Active area=5 cf

1.46 x 0.28 mm (w x d)

1@0xx1 mm

XOL7mm (wx d)
Active Area = 25 crh

1.6 x0.8mm (wxd)
Active Area = 25 crh

¥2B5 x 1 mm
Active Area = 5 crh

100x 1x 1 mm
Active Area = 14 crh

Zinc Selenide

Acrylic

Polycarbonate

Polycarbonate

Plexiglas

Sapphire (ADs)

Acrylic

Polycarbonate

Polycarbonate
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As shown in Table 1, metals are often used for fiied plates. Weng et al. [15]
showed that a brass plate could be used for theéeagad cathode flow fields with
extension areas included for electric heating oweative cooling. Clear acrylic plates
acted as endplates on the cathode and anode kidang for visualization of either side
of the cell. Stainless steel is a common flow figldterial in transparent cells [9,
10,12,13,16,17,23], and the plates are often gealed@ to avoid corrosion and to increase
conductivity. When clear acrylic end plates aredubey are prone to fogging, and it can
be difficult to discern between liquid water emerginto the channels and liquid water
condensing on the clear plate if humidified reatsame used. One solution to this
problem is to use an antifogging coating [9], thotgs solution causes the clear
polycarbonate plate to be very hydrophilic, whishnot representative of commercially
used graphite flow field plates that are less hgtilec. Another interesting choice for an
optical plate is zinc selenide, as used by Hakegfj@d. [14]. Zinc selenide is transparent
to optical light for direct visualization and IRadiations for the determination of the
temperature distribution with an IR camera. A bariluoride plate is also transparent to
IR light and can be used to determine temperatigtalzlitions [24].

One drawback of transparent cells is the lack @ingjtative information provided.
Viewing the channel from the top does not offertdepsolution, and the true volume of
films, slugs, and droplets in the channel cannardyzed. The reflective GDL
background also complicates image processing [Il&.images are often usefully
correlated with pressure or voltage data, butdbrselation provides only qualitative
details about the cell [25]. The subjective nanfrthese qualitative correlations makes it

difficult to standardize between authors. Anotlssue associated with transparent cells is
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the material of construction. The surface propsréiee very important in analyzing two-
phase flow, especially contact angles, and littlestderation is given to this problem in
the literature. For instance, specific results fbuma cell with a Plexiglas end plate may
differ from the results found in a cell using traahal graphite plates. Since transparent
cells define flow channels with an optical platp,tbow field plate walls, and a GDL
bottom, three contact angles must be considered &halyzing the surface properties
and droplet dynamics. Another potentially importpatameter is the surface roughness
of the flow field plates [26]. Despite these drasks visualization cells provide a
method to validate existing models and to furthetarstand the influence of key
operating variables. As pointed out by Chang €4, this validation is particularly
important in incorporating two-phase flow into giig models. Coupling the optical
visualization with other techniques to monitor Idjwater also enhances the use of
transparent cells [28].

Recently, an in-situ technique was coupled withaabed image processing
techniques to quantitatively determine the wateteat in the flow fields of the anode
and cathode in an operating visualization fuel [&]. Depending on the GDL,
stoichiometries, and current density, the waterecage and type of flow pattern (film or
slug) changed. While the image processing filtengiddroplets on the transparent wall
via condensation, it is unclear what role the coisdéion played in growing the slugs and
films reported. However, this is still the most gtitative statement of flow channel
flooding yet made via optical visualization. Thisnk also points out the excess water
accumulation at low current densities and low d¢@as<, which are conditions a fuel cell

may often operate at for high efficiency.
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Flow channel water visualization and oxygen pagralssure have also been studied
together in a triple-serpentine fuel cell [30]. Bxygen sensitive porphyrin luminescent
dye film coated the channel walls, and from this élkygen partial pressure can be
determined. At water blockages, the partial pressfioxygen approaches zero. The
partial pressure results also show oxygen cantpassgh the GDL from the other
channels to the blocked channel, which is one redsmserpentine configuration shows
high electrochemical performance. Further, thisilteshowed an interesting link between
channel flooding and catalyst layer flooding, antigation strategies should reflect both
flooding processes.

2.1.2 Other visualization systems

Other methods to visualize two-phase flow includatron radiography and magnetic
resonance imaging (MRI). Neutron radiography canges to obtain 2-D images of
liquid water [31, 32], and this allows the useg#on greater quantitative information.
Recent reviews of water visualization and measungsrigy these methods and others are
discussed in greater detail [28,33]. These methe{svalidate the qualitative
information derived from optical visualization cgland also help validate the results of
numerical models. A review by Tsushima and Hir&di [extensively covers these topics,
as in-situ imaging techniques are also becomingemeadily available to study water
transport in PEM fuel cells. Though these methasehmproved in the last few years,
the authors still note that better spatial and malpresolution is needed, especially to
consider water transport in the catalyst layersMid.s. Also, physical properties from
these studies should be used in new numerical atrook for more accurate models. The

connection between the emergence of liquid waténerflow field channels and the cell

26



voltage has been noted, but like Jiao and Li [#8,duthors note that the visualization
results should be validated in a more realistiosétat does not rely on clear plates and
metal current collectors.

In an MRI system, Dunbar et al. [26] attempted tmio actual materials used in
typical flow fields. Ferromagnetic materials likem or nickel are unsuitable due to the
magnetic field, so Teflon® flow fields coated walgraphite layer (Aquadag) to
represent the hydrophobicity of commercially avalgegraphite flow fields were used to
avoid complications in the MRI. A neutron imagimglinique was used to study purging,
a possible mitigation strategy, when using supeirdghilic (13.5) and super-
hydrophobic (152.3 channels [35]. Each coating offered a benefithassuper-
hydrophilic channels helped remove more water ftoenGDL, while the super-
hydrophobic channels increased convective wateovahfrom the channels. Lu et al.
[62] also noted benefits to using hydrophilic chalsnn promoting film flow on the
channel walls. Additional work needs to be donddtermine an optimized solution.

2.2 In-situ experimental two-phase flow studiesin PEM fuel cells

In active PEM fuel cells, the presence of liquidevdhas been observed by the
visualization techniques described in Section Pis section describes two-phase flow
studies in operational PEM fuel cells, which isiaportant distinction because two-
phase flow in fuel cells is different from tradmial two-phase flow in other applications
[36]. One such difference is that the water contdiginges along the length of the
channel as water is introduced to the channels thenGDL after reaction at the catalyst
surface. This introduction method means water @tagtneration and removal at the

GDL surface into the channel must be consideret iSbue is further complicated by
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the location of the emerging droplet because thewal process depends on whether the
droplet is created on the GDL surface towards #reer or the wall of the channel [11].
As discussed, the surfaces of the channel alsodiasenilar contact angles, since the
transparent plates, flow field plates, and the Giake different contact angles, which

influences droplet behavior. A schematic showirgséthree surfaces is shown Figure 5.

Flow field plate

Transparent Water emerging
manifold on GDL surface

GDL

Figure5. Schematic of three distinct channel surfaces mamsparent fuel cell (modified from Anderson et
al. [2] with permission from Elsevier)

Once the droplet is removed from the GDL surfaicean coalesce with droplets
downstream, changing the behavior of the two-plflase Also, the two-phase flow in
fuel cell flow channels is characterized by a laggs to liquid flow ratio and a
decreasing mole fraction of the reactant gas ddwerength of the channel due to
consumption. Non-uniform temperature distributionsated by local hotspots can also
change the amount of water that will remain indghas phase, which affects the water
balance in the flow channel [24]. Non-uniform cumtrdistribution, which changes the
amount of water being produced locally, can alsal ® non-uniform distribution of the

water product in the channels.
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221 Gaschannd two-phase flow: causes and problems

Liquid product water is transported in the fuel &gl various mechanisms, and a
review of the PEM fuel cell water balance has rédgdyeen published [37]. Also, water
can condense in the flow field channel from thetiglas due to decreased operating
temperature, increased pressure, or increasedugaigiification if the saturation vapor
pressure is reached. The water that eventuallystite cathode flow field channels is
therefore a function of condensation, evaporatmal the contributions of electroosmotic
drag and water back diffusion. Electroosmotic dragies water from the anode to the
cathode via protons moving through the electrolgteck diffusion occurs when the
product water establishes a concentration gratietteen the cathode and anode,
causing water to diffuse toward the anode. Thasestare defined explicitly in Section
1.3.

The product water must diffuse through the GDLeach the flow field channels.
Once liquid water enters the channels, severallpnodbcan emerge, and major issues
associated with gas channel flooding include [36]:

» Blockage of the channel by liquid water, which aacrease the pressure
drop in the channel.
* Non-uniform current distribution and reactant disition.

» Blockage of reactant gas transport to the actigetren sites due to the
formation of a liquid film on the GDL surface.

2.2.2 Flow patterns

In an operating fuel cell, two-phase flow pattemgpact the pressure drop and liquid
water distribution in the flow channel, which cdteathe PEM fuel cell performance.
Research has shown that liquid water holdup isrticpéar concern for low Bond number

(10<B0<10") and low Suratman number ¢®u<10°) environments [10]. The Bond
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number is the ratio of gravitational force (bodyck) to surface tension and the Suratman
number is the ratio of surface tension to viscausds. The equations for these

dimensionless groups are shown below:

ApgL? (38)
Bo=
Y
L (39)
su=""-
il

wherep is the densityA p is the density difference between phases, g iatheleration
due to gravity, L is a characteristic length sushiee drop radiug, is the surface tension,
andp is the dynamic viscosity. For low Bo and low Sund@ibions, the noted flow
patterns are slug flow, core-annular, and transiiows [10]. Typical flow patterns in

operating fuel cells can be seen in Figure 6 froentork of Hussaini and Wang [38].
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Figure 6. Typical flow patterns in PEM fuel cell flow chanséhcluding single-phase flow, droplet flow,
film flow, and slug flow (reprinted from Hussairti &. [38] with permission from Elsevier)

Not all two-phase flow studies show the same flattgyrns and the lack of
consistency highlights the difficulty in understamgland characterizing two-phase flow
in operational cells. Additionally, the schematidHigure 6 contains stray droplets in the

description of single-phase flow, which would berenaccurately described as mist flow
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(if enough stray droplets are noted) or as a pséwadaogenous flow. Mist flow has been
identified in an operating fuel cell but at an stisichiometry of 10, which may be
unrealistic for a fuel cell due to high parasitmager losses [9]. Further complicating the
identification of flow patterns, fuel cells operatedifferent relative humidities and
temperatures (affecting water removal capacitydh wifferent flow channel
configurations, different flow rates, and differentrfaces (GDL and channel). Individual
results are thus noted for specific setups, andar® has been done to determine the
effect of such operating conditions on two-phas#fin a general sense.

Flow patterns maps are useful because it showsshperficial air and liquid velocity
can be exploited to give a particular flow regifeissaini and Wang [38] constructed a

flow map showing different regions at different stfirial gas and liquid velocities.
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Figure 7. Flow map in an active PEM fuel cell based on supieffgas and liquid velocities showing
different flow regimes (reprinted from Hussainia&t[38] with permission from Elsevier)

Trabold [6] recommends operating the channelseratimular flow regime, which would
require a superficial gas velocity of 5 to 6 th $his regime allows water to be removed

on the channel walls while leaving the GDL surfagailable for gas transport. To
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maintain this regime, though, specific operatingdibons would have to be met at a
given current density and stoichiometky)( In practical systems, the parasitic load or
energy required for gas delivery is directly retbte the pressure, flow rate, and pressure
drop. It is therefore desirable to keep the stoictetric ratio as low as possible while
sufficiently high for effective water managemenr@][3Since the GDL, flow field, and
operating conditions can shift the transitions leswflow regimes, the results presented
in Figure 7 are valid for that specific experimeésitup only. Multiple factors in
addition to superficial velocities have to be ustieod in order to operate the fuel cell in
the desired flow regime.
2.2.3 Pressuredrop (characteristicsunder active cell operating conditions)

The pressure drop is considered to be an indicdtiouid water build-up in flow
field channels of a PEM fuel cell. The pressurgpdnzreases with current density, which
is explained by the higher reactant flow rates laigtier water production rates in
accordance with Faraday’s law. Higher water pradactan mean a higher degree of
channel flooding and thus a higher pressure drbp.pressure drop will continue to
increase with time as liquid water accumulates\en¢hannels, which varies with flow
rate and flow field design [40]. The flow regimaa@lplays an important role in
determining the overall pressure drop, where dadiglug can completely block a channel
before being removed, causing a sudden spike ipréssure drop measurement. Liu et
al. [41] have shown that the different flow patenan be identified based on the total
pressure drop. Pressure measurements can alsedé&usbtain information about how
much water enters the cathode. Differential presbetween the cathode to anode can be

used to determine the water saturation in the GiiHich affects how much water is
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transported into the channel and directly affelogsliquid flow rate into the flow
channels [42].

The pressure drop can also be used as a diagtadtievhich is seen by comparing
the cathodic pressure drop signal to the voltageasj as shown in Figure 8 [6]. As the
voltage decreases, the pressure drop increasdbiandhtes to a greater extent, providing

a sensitive measure of the flooding occurring anftiel cell.
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Figure 8. Pressure drop (transducer output voltage) andsoétige signals as flooding diagnostic tools
with an emphasis on the sensitivity of the pressluop signal (reprinted from Trabold [6] with pession
from Elsevier)

This technigue can be useful at the cathode, winajer flooding can occur, and at the
anode, where little flooding occurs. The anode gahesees little variation in the
pressure drop but, like the cathode, the expulsi@hiugs coincides with spikes in the
pressure signal. Pressure drop measurements cattimle side have also been used to
identify flooding in PEM fuel cell stacks [43,44].

The pressure drop signal and voltage signal haselkasen correlated to show that

flow channel flooding in parallel channels loweddtage and increases instability in the
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signal [45]. The voltage loss scaled proportiontdlghannel plurality divided by the air
stoichiometry, and the amplitude of the voltagetihations scaled to the channel
plurality divided by the air stoichiometry squar@&iurality here is defined as the number
of parallel channels per active area.

Pressure drop measurements can be used to dete¢hmimeal gas velocity for water
removal at a given current density, as shown byelal. [22]. The pressure measurement
was compared with photographs in the cell, whiatwsdd that as water accumulated, the
pressure drop increased. When the water wasyfieapelled, the pressure drop
decreased. As the gas velocity was increased, dgmitade of the fluctuations decreased
since droplets did not have adequate time to forchannels and cause a blockage. This
type of analysis could help to optimize flow fieldsign and operating conditions. One
problem associated with pressure drop measurensethiat it does not provide
information regarding the possibility of flooding other layers in the fuel cell. However,
combining the analysis of the pressure drop measemts with the performance curves
can give more insight into the operating regiongseltflooding is an issue [36].

2.24 Gasreactant flow maldistribution

Typical flow fields for the PEM fuel cell containuttiple channels connected to the
same inlet and exit, and non-uniform flow distribatis a major concern. Flow
maldistribution in an active fuel cell is consideéte be an important factor in reducing
the operating lifetime of a fuel cell [46,47]. Thére, proper gas reactant distribution is
critical to ensure high performance and a londitife for a PEM fuel cell. A uniform
distribution of current density leads to a unifadmtribution of temperature and liquid

water production, and lower mechanical stresseb®@membrane electrode assembly
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(MEA) [48]. Flow maldistribution can cause floodimgsome channels, leading to a non-
uniform distribution of current density and memlgdrydration. As a consequence, the
pressure drop and current density show errati¢ifatons and the overall power
performance decreases.

Figure 9 shows the effects of flooding in a charj@@]. Once the liquid droplet
blocked the channel, the cell performance did eocbver over the testing period, which
impacts the reliability of the PEM fuel cell. Theaurrence and the recoverability of
channel blockage in parallel channels is direalgted to the flow instabilities of the
two-phase flow in parallel flow channels and isatéd by many parameters such as the

channel flow rate and the wall physical propersash as the contact angle.

ENE— T

clogged channel

Figure 9. Flow field channel flooding with time (image ‘67" and ‘8’ at 5, 25, and 30 minutes of
operation, respectively) (reprinted from Tberlef3] with permission from Elsevier)

Along with visual observation, residence time dgttions may help quantify flow
maldistribution in PEM fuel cells [49]. Coupling hiiple experimental methods will help
to further validate and understand flow maldisttibw in fuel cells.
2.3 Ex-situ experimental two-phase flow studiesrelevant to PEMFCs

Since two-phase flow is a complex phenomenon in P&icells, ex-situ (non-

operating) studies enable one to explore detailechanisms behind two-phase flow
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behavior at flow conditions relevant to fuel cgblenations. In some cases, the work is
tied directly to PEM fuel cells, such as dropleteegence and detachment in channels
from a GDL surface. Other cases involve non-fu#tlaggplications, such as heat
exchangers, where two-phase flow is also rele@&nsitu experiments possess the
advantages of easy equipment setups, flexible tpgreonditions, and the ability to
decouple reaction and heat and mass transfer fibioate flow phenomena. This section
is an overview of existing ex-situ experimentalutesrelated to two-phase flow in
minichannels with relevance to fuel cells. Theseligts have explored the influence of
flow conditions, channel wall wettability, chanmgometries, and flow media on
hydrodynamic parameters such as droplet formagpimgsure drop, flow pattern, and
liquid hold-up. Additionally, flow distributionsra investigated in parallel channels,
though few studies are concerned with this phenom¢s0,51].

As noted in Section 2.2, gas-liquid two-phase floW?EM fuel cells is a unique
multiphase flow. Significant differences from contienal two-phase flow are large gas
to liquid flow ratios, the method of liquid introdtion, and a combination of multiple
water transport mechanisms including electroosnibtig, back diffusion, and water
condensation from humidified inlet gases. To sirteudn operating fuel cell, the water
production rates and total water transport carakert into account using Faraday’s law
modified with a water transport coefficient,for water transport across the MEA as
follows:

_ (1+2a)iA (40)
water 2F

where Muateris the rate of moles of water generated on theocks side, Ac:is the active

area (cr), i is the current density (A cf), and F is Faraday’s constant (96485

36



Coulombs mat). In ex-situ studies in general, the correspondimgerficial velocity of

air ranges from 0-10 m'sanalogous to active fuel cell operations in theent density

range of 0-2 A crifi and gas stoichiometric ratios up to 20. While thia high

stoichiometry, it is useful in establishing potaifii relevant hydrodynamic parameters

for a PEM fuel cell. Experimental conditions in &llo-phase flow studies for fuel cell

applications generally fall into these flow conalits, with gas flow channel dimensions

typically in the sub-millimeter to millimeter rang€able 2 summarizes ex-situ

experimental studies of two-phase flow relateduts tell operation in the literature.

Table 2 Ex-situ experimental studies of two-phase flow imichannels and microchannels for fuel cells
(reprinted from Anderson et al. [2] with permissioom Elsevier)

Authors Channel Operation Conditions Remarks
Dimensions
Allen [52] 330um circular and Nitrogen and water,d10-2.4 ms' Non-wetting channels with

English and Kandlikar [53]

Lee et al. [54]

Zhang et al. [50,55]

Lu et al. [56]

Kandlikar et al. [51]

500um square and 4=0-0.035 mg

1.124 mm in width
and 0.93 mm in
height

Air, water and surfactant Triton
DF-12 with concentrations of
0.0208 to 0.1089;

Ug, 3.19-10.06 mSand y, 0.0005
-0.022 m&

0.5 mm in width Air and water; g:0 to 20 m&; u;:
and 0.2 mm in depth 0-0.007 mg

Y-branched parallel Air and water, g:0-10 ms"; u,:0-
channel, 1.6 mmin 0.03 ms;
width and 1.6 mm in
height

Parallel channels, Air and water; g: 0-20 m&' and
0.7 mm in width and u_:0-0.015 mg
0.4 mm in height

Parallel channels, Air and water; 4:0-20 ms" and
0.7 mm in width and u_:0-0.0003 m$
0.4 mm in height

high flow resistance

No significant difference in
pressure drop in different
surfactant solutions

Flow hysteresis; flow
regimes depends on GDL
hydrophobicity

Flow hysteresis, flow
maldistribution occurs at
low gas and liquid flow rates

Two-phase flow patterns,
pressure drop in parallel
channels, flow
maldistribution

Entrance region pressure
drop measurement; Flow
maldistribution due to
different flow resistance
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A recent ex-situ method for characterizing two-ghtisw in flow channels was designed
by Steinbrenner et al. [57] to study how flow pattechange throughout eight injection
ports along the length of a serpentine flow chanhfleis injection is more consistent with
the actual mechanism of water injection in an ofpegduel cell. As has been seen in
other studies, lower pressure drops (parallel celahiand corners (serpentine channels)
inhibit water removal from the flow channels. Whilevel, the water injection ports,
where there was often a buildup of liquid watéelly influenced the transitions between
flow patterns down the length of the channels. Tkhes flow pattern maps should not be
evaluated quantitatively.
2.3.1 Flow patterns

In the ex-situ experiments, flow patterns were atsestigated under flow conditions
related to fuel cell operation. As in the in-sifase, flow patterns are dependent on the
superficial gas and liquid velocities, which arkated to gas flow stoichiometric ratios
and current densities under active fuel cell opanain the literature, there are various
flow regimes observed in different experiments delrgg on the flow operating
conditions, channel geometries, and liquid watgoauction methods. Additionally,
channel wettability largely influences the flow mags in gas flow channels [52].

Similar to the flow regimes identified in the irttsexperiments, typical flow regimes

of ex-situ two-phase flow relevant to fuel celle ahown schematically in Figure 10.
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Figure 10. Flow patterns in PEM fuel cell operations a) sliagvfb) transition flow from slug to annular c)
wavy-stratified d) stratified (annular) flow (reptéd from Anderson et al. [2] with permission from
Elsevier)

The gray in the figure represents liquid water while clear areas represent air. Various
researchers have observed the flow regimes shoWwigure 10. These include slug flow
(Figure 10a) where a discrete droplet grows tdasecto the size of the channel,
blocking gas passage [10, 52], transition flow frelog flow to annular flow (Figure

10b) [10], wavy-stratified flow (Figure 10c) [2Gnd stratified (or annular) flow (Figure
10d) that occurs at high superficial gas velocigh low pressure drop fluctuations

[10]. Lu et al. [56] found that at low gas veloed (typically stoichiometric ratios below
5) slugs or semi-slugs are dominant, leading teseflow maldistribution in parallel
channels and large fluctuations in pressure diidgey have also reported a mist flow,
which is considered an effective way to remove wheezause liquid droplets are
dispersed in the gas phase and removed convectitelyever, mist flow requires high
gas velocities, resulting in high parasitic powssses when applied to an operational fuel
cell. Film flow or stratified flow is therefore cerlered to be the most favorable flow
pattern for water removal from the gas flow chaarEcause it requires a minimum gas
velocity to achieve the desired flow pattern. Asypously discussed, Trabold et al. [6]

found that a superficial gas velocity of 5-6 this needed to achieve this flow pattern
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while Lu et al. [56] found the superficial gas vty should be more than 3 rit.sThese

results are shown in Figure 11, with the main reggirbeing slug, film and mist flows.
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Figure 11. Ex-situ flow patterns in terms of superficial gaw liquid velocities, which change from slug
flow to film flow to mist flow as the superficialag velocity is increased (reprinted from Lu e{%6] with

permission from Elsevier)

Flow pattern maps have been generated in termgpefficial gas velocities and
superficial liquid velocities for other applicat®as well. Examples of flow pattern maps
for conventional air and water studies can be fanr{88,59,60,61]. While not directly
related to the conditions experienced in a PEM ¢ed| these works provide a strong
framework from which PEM fuel cell two-phase flowdies can emerge. The bubbly
flow pattern is not observed in PEM fuel cells do¢he high ratio of gas flow rates to
liquid flow rates.

Lu et al. [62] also created additional flow pattemaps in their continuing study on
water management in fuel cells. An ex-situ apparatudied hydrophilic (), uncoated
(85°), and hydrophobic (1£5channel walls, rectangular, sinusoidal, and zajul

channels, and vertical/horizontal orientations. kydhilic channels and sinusoidal
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channels favor film flow, which is advantageousdperating PEM fuel cells. Vertical
channels also help remove water and thus avoidistiataition and channel flooding.

In microchannels, the surface tension, inertia,\@adosity are important parameters.
These forces can be combined to form several dimelless groups as discussed by
Akbar et al. [59], which may help create dimensésslflow region maps with greater
relevance to fuel cells.

2.3.2 Gasreactant flow maldistribution and hysteresis

As shown by Section 2.2.4, few attempts have besahento study fuel cell flow
fields to address this critical issue due to thaglexity of the flow distribution in active
fuel cell flow fields. This complexity arises fromnumber of factors including the
presence of the porous gas diffusion layer, whegesure gradients can cause leakage of
reactant gas between flow channels, which is pdaily relevant when serpentine flow
channels are used [1]. Therefore, gas flow rated i@cal stoichiometry) can differ from
one end of the gas flow channels to the other #ifel hetween channels. Uniform
distribution of gas reactants in fuel cell flowlfls is important for fuel cell performance,
as non-uniform flow distribution can lead to penmf@nce losses and non-uniform
gradients. Traditional two-phase flow studies ondis&ibution in other applications
(such as heat exchangers) can be found in [63,p4,68se studies are useful references
for furthering two-phase studies related to PEM &adis.

The gas flow rate in the entrance region of indraildchannels can be used as an
indicator of flow distribution in the flow fieldsKandlikar et al. [40] developed an
entrance region pressure drop measurement techtagletermine instantaneous gas

flow rates in individual channels. The method wapkyed in both an ex-situ and in-
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situ experimental setup, and it was found thatrayg®GDL backing could lead to severe
flow maldistribution compared to impermeable bagkior the same channels. Under in-
situ operating conditions, flow maldistribution walso observed due to water blockage
in gas flow channels. One limitation of this methedifficult implementation in

operating fuel cells. Nevertheless, it still canypde valuable information of flow
maldistribution in parallel channels related toewtfuel cell operating parameters such as
current density, gas stoichiometry, and gas husniditn fuel cell with specially designed
introduction.

The order of changing gas flow rates also has g@aatnon flow distributions in
parallel channels. Flow hysteresis phenomena veenedf when the gas flow rate was
changed in an ascending or a descending mannev.Hylsteresis is also observed in
minichannels bounded with porous walls [54]. Iner@owork by Zhang et al. [50,55] on
gas-liquid flow patterns and flow distributionstumo parallel channels, it was found that
flow maldistribution occurred at low gas and ligfiow rates, corresponding to low gas
stoichiometric ratios, where slug flow patterns evebserved.

Figure 12 shows an experimental flow regime mgpasenting the flow patterns in
two parallel channels for superficial gas velositthanged in an ascending and

descending manner.
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Figure 12. Flow patterns in parallel channels as observetiff@érent superficial gas velocities and liquid
velocities (a) ascending approach and (b) descgrapproach. (1) “: slug flow + stagnant liquid; ¢2)
stratified flow + stagnant liquid; (3): slug flow in both channels; (4). stratified flow in both channels;
solid lines are drawn as guides to the eye anahedfdundaries between flow patterns (reprinted from
Zhang et al. [55] with permission from Elsevier)

When the system starts from initial flooding corats, stratified flow in both channels
(regime 4) cannot be reached until very high gésciges. Slug flow in both channels
(regime 3) occurs at medium levels of gas flowgated high liquid flow rates. Both
regime 4 and regime 3 indicate even flow distribgi. However, at low gas velocities
the gas tends to go through one channel prefeligntesaving the other channel filled
with liquid only, as shown in regime 1 and regimd& Ris observation is consistent with
previous work [66,67] that at low gas velocitiestbgas and liquid tend to flow in one
channel of parallel channel systems, leading towa maldistribution. Figure 12b shows
the flow pattern distribution identified with deasang the gas velocity from a stratified
flow condition. Compared to the flow patterns obéal in the gas ascending process
(Figure 12a), there is a wider region for slug flamd stratified flow in both channels
(regime 3 and regime 4) in the gas descending psote addition, the region of
stratified flow and stagnant liquid (regime 2) apfseto be much narrower in the gas flow

descending process.
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Flow hysteresis and flow maldistribution are albs@rved from the pressure drop
data shown in Figure 13, which was a study on tfeeteof channel inclination angle on

ascending and descending pressure drops.
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Figure 13. Effects of inclination angles on pressure dropathkascending (gas flow increasing) and
descending (gas flow decreasing) approaches (tedrfrom Zhang et al. [50] with permission from
Elsevier)

It is seen in Figure 13 that with an increase olied angles the total pressure drop
increases due to the additional gravitational aticpressure drop. In general, there is a
slight decrease in the pressure drop with an iser@athe superficial gas velocities,
followed by an increase in the pressure drop witther increasing superficial gas
velocities. The occurrence of the sudden changedssure drop indicates a transition
from flow maldistribution to even distribution.as also found that the pressure drop at
the peak reflects intrinsic characteristics of¢thannel design and a lower value is
always desirable, indicating that a lower gas ftate is required to purge water slugs in
the gas flow channels. In addition, the pressuop tiysteresis zone still exists in parallel
channels inclined with a positive angle, whereaw fhysteresis disappears at negative

angles with even flow distribution achieved at lowgas velocities. This result indicates
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that it might be beneficial to position flow fieldewnwards during real fuel cell
operation.

While it has been recognized that the presencigafll slugs in the gas flow channels
leads to flow maldistribution [36,51], theoriesmodels to interpret instability-induced
flow maldistribution are still lacking in the liteture. An attempt was made recently to
analyze the stability of possible solutions of gad liquid flow distributions in parallel
channels for fuel cells with a one-dimensional motam balance equation across the
channels [50]. All possible combinations of gas hauaid flow distributions must satisfy
the equal pressure drop across all channels ifghage a common inlet and outlet.
Theoretically, even flow distribution is one defasblution of the equal pressure drop
requirement, but experimental results show thaam distribution is not always
observed. Instead, flow maldistribution appeara atble solution, indicating that flow
distributions of two-phase flow in parallel charsxdepend on not only pressure drop but
also flow stability. If the two-phase flow is optrd at an unstable condition, a small
perturbation will shift the flow to the nearestldtaconditions. A more rigorous
theoretical analysis should be conducted over & vadge of operating conditions in the
future.

2.3.3 Droplet generation and removal

In the fuel cell, water can enter the gas flow cteds from the gas diffusion layer
(GDL) media, and the behavior of these dropletsijgortant in understanding the
development of two-phase flow. Schillberg and K&l [68] provided a detailed
review of water droplet detachment mechanisms, sanzing relevant operating

variables such as the channel dimensions, drogkes$,sReynolds number, GDL
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properties, temperature, water introduction rate, gas flow conditions. Their review
also covered the approaches taken to study theotyfb@wv, drag forces, and surface
adhesion forces reported in the literature. A stimiice balance on a droplet emerging
from a GDL into a flow field is given by

F +F 0 (41)

shear

+F,

rag —
where kis the pressure force from the flow field pressynadient, EneariS the shear
force exerted on the top wall by the fluid, angifis the drag force exerted on the droplet
by the bottom GDL, which is equal and oppositen gurface tension/adhesion force
before the droplet detaches from the GDL [69]h# tirag force balances the adhesion
force, the droplet will not be removed and the tkbfs considered stable. Increasing the
drag force until it is greater than the adhesiandacan cause instability, allowing the
droplet to be detached from the GDL. The dropleingh can increase the force of
gravity or the shearing of the liquid by the gaswercome the surface adhesion force
between the droplet and the pore [68]. Kumbur .68l further developed equations for
these forces and provided a final macroscopic foetance containing relevant
parameters such as the contact angle hysterees¢dice in advancing and receding
contact angles), flow velocity, droplet height, ahtength, and the channel height. The
results of their analysis are in good agreemertt experimental results. An important
conclusion of this study is that for a constanfpiibsize and channel width, a lower
channel height aids in droplet removal.

The liquid water droplets appear in preferentiabar rather than uniformly along the
channel [48, 53, 70]. Once detached, the dropletesm@along the GDL surface, where it

can combine with other droplets to form slugs [Al§o, droplets have been identified in
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two categories: land-touching and non land-touchamgl those that touch the lands grow
faster and to a larger size [11]. The location wheater droplets are first observed also
changes over long operating time (3000 hrs). (Meskat 161 hrs, 2036 hrs, and 3092
hrs, the emergence of droplets moved toward thienathi time [72]. However, most ex-
situ two-phase flow studies are carried out overtstime periods (typically < 1 hr at
each data point), and conclusions drawn from tlea&sstu studies on droplet dynamics
may not be accurate for fuel cells with long expddtfetimes, such as 5000 hrs for cars,
due to cell degradation [73]. Another ex-situ studgd a permeation cell to determine
the breakthrough pressure in a GDL as a functighiokness and PTFE content. The
breakthrough pressure increased with both thickaed$PTFE content. The inclusion of
an MPL was not considered. The results also chamipet the GDL was dried between
trials, which could be attributed to surface degtamsh, micro-structural deformation, or
residual nano-sized water droplets since the dryiag only done at 7C. Importantly,
once breakthrough occurs, water would continuéot@ from the column through the
GDL even without the syringe pumping in more watemaintain the same hydrostatic
pressure [74].

It has been established experimentally that thpldtdormation and critical
detachment diameter on the cathode side GDL aradion of the air flow rate, water
injection rate, and material contact angles [75}.iRstance, a standard Toray carbon
fiber paper (without PTFE treatment) is highly vaéte, which facilitates water spreading
instead of forming droplets. The static dropletdabr under hydrophilic and

hydrophobic GDL conditions is schematically illeged in Figure 14.
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Figure 14. Effect of GDL hydrophobicity on contact angle wherater spreads on a hydrophilic surface
and beads on a hydrophobic surface (reprinted faderson et al. [2] with permission from Elsevier)

When the contact angle is less thafl, #e surface is hydrophilic and the droplet wets
the surface; when the contact angle is greater@rihe surface is hydrophobic and the
droplet beads up on the surface. The hydropholsiescallow a droplet to reach a critical
diameter (depending on the gas and liquid flowsleé®ad then detach, which is a benefit
of using a PTFE treated GDL. However, when theasgris hydrophilic, the droplet does
not detach and remains on the surface, blockingexgiffusion into the GDL and
starving the electrochemical reaction. The corsagie of the channel wall is also an
important parameter. Theoretically, water film f@tmon along the channel is dictated by
the Concus-Finn condition [76]:

O+a<nli2 (42)
wheref is the contact angle of water on the channeloaisdhe half-angle formed by the
channel corner. For a rectangular channés, equal to 4% The wall contact angle has to
be lower than 4%in order to achieve film formation along the flalannels. In PEM
fuel cells, the channel walls are usually hydraphdnd more hydrophilic channel
surfaces are desired for proper water managenmmecg §im flow is considered to be a

preferable flow pattern for water removal in fuells.
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Ous et al. [11] showed that the air velocity theised detachment is inversely
proportional to the droplet size, i.e., smallerplets detached at higher velocities. Taller
droplets are easier to remove than flatter droplatsto a greater drag force relative to
the surface adhesion force. Greater deformatidheotiroplet decreases the surface
tension between the water and carbon fiber papading to detachment. Temperature is
also an important variable in the droplet detachrpeocess. As the temperature
increases, the surface tension decreases, whahisatiroplets to be removed from the
GDL at lower velocities [18]. Recently, an innovatiapproach used fluorescence
microscopy to monitor droplet movement, where grsaat drop on a hydrophobic GDL
moved quasi-statically across the GDL with a dyreaselid surface to mimic the landing
area [77]. The hydrophobic landings remove watereneffectively under the landing
areas, facilitating quick water detachment intoftbe channel.

The effect of advancing and receding contact araleslso important. The
definitions of hydrophilic and hydrophobic surfagegen above are in reference to a
static droplet. However, when the air flows ovex thoplet, the droplet deforms and two
contact angles are created. These are referresladwancing (A) and receding (R)
contact angles and are also called contact angtetegis, which must be considered
when modeling droplet detachment from a GDL surfa&g. Polytetrafluoroethylene
(PTFE) loading on the GDL causes the droplet tallhga which can increase contact
angle hysteresis and therefore more deformationrecé& schematic of the dynamic

behavior of a droplet with contact angle hysteresghown in Figure 15.
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Figure 15. Contact angle hysteresis showing direction of fiowd the resulting advancing and receding
contact angles (reprinted from Anderson et alwh permission from Elsevier)

Fang et al. [78] further showed the importanceaftact angle hysteresis in a numerical
simulation, where the contact angle hysteresisusd to impact slug elongation and
detachment. The model agreed well with the defaomaif droplets measured in
microchannels.

The capillary number, which ratios the viscous ésrexerted on a drop by the air to
the surface tension, has been used to characteezteformation of a droplet. The
capillary number, Ca, is defined as:

43
ca=tY (43)

Y

wherep is the viscosity and v is the velocity of the ¢oanbus phase (in this case air) and
v is the interfacial surface tension. Over the ramig€a from 0.014 to 0.219, droplet
deformation was studied numerically on a solidatefand it was found that the
deformation was a strong function of Ca when large [79]. Droplet detachment can
also be characterized by a critical Ca, which @gpoads to the point that the advancing
and receding contact angles reach an observabitd1i&). These results were studied
numerically and experimentally on GDL surfacesvafd to fuel cells.

Different fabrication techniques can alter the acefroughness, which is often only
reported from the manufacturer as an average ya8JeThe surface roughness is

especially important for channels with small hydiadiameters (0.62-1.067 mm), as the
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pressure drop and heat transfer can be increaskdnereased surface roughness [81].
The work of Dunbar et al. [26] suggested that thgssof liquid water in the channels
(monitored by MRI) often move from surface defecsturface defect. These findings
suggest the surface roughness plays a role in tagseflow in PEM fuel cells.

Addition of water to the anode channel can alsecftell performance. After a long
time (> 1 hr) and at low current densities (i < 8.2m?) water can move into the anode
due to a concentration gradient across the memb@Giraacterizing two-phase flow in
the anode channel may also be important when arpiarous layer (MPL) is used on
the cathode side. The MPL on the cathode GDL caatera pressure barrier, which
forces water to the anode side rather than todb®de side [16], and this is discussed
further in Section 2.4.2.1.

24 Water mitigation strategies

Since water in the PEM fuel cell is an unavoidabieduct of the electrochemical
reaction between oxygen and hydrogen, water mitigatill always be an issue for PEM
fuel cells. In general, even if steps are takeavimd two-phase flow issues there is some
parasitic power loss associated with implementiagewmitigation strategies. The main
purposes of these strategies are to maintain a Wwakence inside the cell and to reduce
the damages associated with two-phase flow insidélow field channels, the gas
diffusion layers, and the catalyst layers (CL). amhthe methods used to improve water
management are based on modifying the operatingjttoms of the fuel cell. The
different components of a fuel cell system can alsandividually designed to mitigate

the overall water management issues. However, matgr management approaches
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lead to increased system volume and complexitgostinued study into two-phase flow
and its applications to water management is sfkatial.
24.1 Operating conditions

Key operating conditions that determine the wateuenulation (or water
dehydration) inside a fuel cell are gas flow rapgessure, temperature, relative humidity,
and the specific current load at which the fuel isstunning.

Usually, gas flow rates are based on stoichiome&thych is defined in Eqn. 35. Since
most of the water is accumulated on the cathodedidhe fuel cell, much attention has
been paid to the effect of high air/oxygen flowesabn the removal of water. When pure
oxygen is used, the required stoichiometry is @gihycbetween 1.2 to 1.5, and when air is
used the stoichiometry is 2.0 or higher [82]. Higbas flow rates increase the cell
performance, but also increase the total pardsges since the air compressor would
consume more power [39]. Through the use of a praesit fuel cell, Liu et al. [10,83]
observed how the accumulated water droplets amys stuthe flow field channels are
removed efficiently when higher air flow rates ased. However, Natarajan et al. [84]
demonstrated that high flow rates affect the lacakent densities and ohmic resistance
of the membrane due to membrane dehydration.

The use of high gas flow rates can also be usedder to purge accumulated liquid
water inside the channels, GDL and the catalysrlayormally, dry gas purging is
performed for < 1 minute [85, 86] to ensure the e does not dehydrate
excessively. Introducing humidity to the purging gan reduce the degradation of the
membrane without significantly affecting the remlovBwater from the cell [87].

Purging strategies have also been refined to sseplewer. Cho and Mench [88] studied
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evaporative strategies at various flow rates wehowus landing width to channel width
ratios (L/C). This ex-situ work led to a multi-stpprge validated in-situ that varied from
high to medium to low flow rates. The compositegauwas able to remove as much
water with time as the high flow rate purge buttedess membrane resistance and less
parasitic energy consumption.

A visualization cell with 1 straight channel, 3 aldel channels, and a single
serpentine channel also studied the correlationdst channel flooding and voltage
dynamics [89]. In each flow field design, the onskeflooding was coupled with a
decline in the voltage. When the flooding plugdeel ¢ntire channel, the voltage would
quickly decrease. After a purge, the voltage waaltbver and the process would repeat.
This general description applied to all the flovaohel configurations, but the time and
magnitude associated with the voltage decreasendepgeon the configuration. The
single straight channel was most prone to floodind performed worst while the
serpentine channel relied on higher convective mwataoval in the GDL and flow
channels to maintain higher performance. A schenwdtihe flooding and voltage

response is shown in Figure 16.
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Figure 16. Schematic of channel flooding and voltage respdms8 flow channel configurations (straight
1-channel, parallel 3-channel, and serpentine twodla (reprinted from Masuda et al. [89] with pesgidon
from Elsevier)

The pressure of the gases, the pressure drop withiftow field plates, and the
pressure difference between the anode and catdeteare vital parameters that can be
manipulated in order to improve the water remowalde fuel cells (details about flow
field designs and their pressure drops are givedertion 2.4.2.2). Anode water removal,
proposed by Ballard Power Systems [90,91,92], etgolbe anode pressure drop to
modify the water concentration gradient acrosgtio¢gon exchange membrane, which
increases the back diffusion rate of water fromdéhode towards the anode. The
pressure of the anode gas stream decreases aifigwichannel at high fuel flow rates
(high stoichiometries) of the fuel gas. As the log#m stoichiometry increases, the
pressure drop draws more water from the cathodetswards the anode through the
membrane. The cell voltage increases with highelrffaw rates until a peak in

performance is reached (Figure 17), where thesciglternal resistance begins to increase
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with high flow rates due to membrane dehydratial].[9This topic is further explored
experimentally in Chapter 6.
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Figure 17. Example of the improvement of a single cell perfante due to the anode water removal
method where a high fuel flow rate increase celfage (reprinted from Voss et al. [91] with perniiss
from Elsevier)

The temperature of the fuel cell has a great etfiadhe overall cell performance and
on the water accumulation inside the flow field mh@ls. At low temperatures, more
liquid water accumulates in the channels, whicltkéahe air flow and decreases the
cell's performance due to the lack of oxygen reaglactive sites in the catalyst layer.
Once the temperature is increased, the amounqufilwater in the channels is reduced
since the vapour condensation rate at high temyresits slower than at low
temperatures [83]. Therefore, the flow channelssatestantially less blocked with water
and the cell's performance improves. In additiohewthe cell temperature is increased
the cathode pressure drop may decrease sinceisHess liquid water present in the gas
diffusion layers and subsequently the flow chan{@3$. Chuang et al. [94] observed that
even slight changes in the cell temperature (AD€) are enough to decrease the

amount of liquid water accumulated in the chanael$in the GDLs, especially at high
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current densities. Higher temperatures also deergssurface tension and viscosity of
liquid water, facilitating more convective watenreval in the flow channels [93].
Increasing the temperature between the cathodeanteoutlet to establish a thermal
gradient has been shown to be an effective methioddter management as well [95].
This can be accomplished through the use of a nbfitaw field that can create such
temperature gradients. In general, the use of teatyre gradients in order to control the
water migration from one side of the membrane &dther (from low to high
temperature), also referred to as thermo-osmasis)portant in resolving water
management issues [96, 97]. A number of researdtiaes studied this temperature
driven flow, but more work is needed so it can lé/funderstood and used efficiently in
future fuel cell designs [98, 99].

The relative humidity is another important opergtrondition that can be
manipulated to mitigate water flooding and two-gh#isw inside fuel cells. Bernardi
[100] discussed how the water balance in fuel é¢gllaore sensitive to changes in the
relative humidity at the inlet of the air streamanhat the inlet of the fuel side, leading
most studies to deal with the relative humiditytbe cathode side. Blichi et al. [101]
performed tests with dry gases and showed the ipeaface of the cell was lower
compared to the same cell with humidified gasess parformance loss was attributed to
increased membrane resistance due to dehydraigureFl8 shows an example of a
single fuel cell with and without humidified gaséss evident with no humidification
that at high current densities (greater than 2080cm™) the membrane is likely
dehydrated, causing the cell performance to quidkkgriorate. Although at the mid-

range current densities the cell with dry gasefopms similarly to the humidified gases,
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it Is important to note that after prolonged hooir®peration a number of failures are
encountered with the dry gases (i.e., dehydratientd lack of water content in the fuel
cell). As a water management control strategy, Binsand Wang proposed a dynamic
RH control to avoiding flooding while maintainingeambrane hydration [102]. In
general, there should be a proper water balanageitise fuel cell, and the ideal humidity

for a specific fuel cell design and operating ctiodis) should be the one that achieves

such balance.
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Figure 18. Comparison between humidified gases (100% reldtivaidity) and no humidified (dry) gases.
The MEA was composed of a Gore 5510 Primea Serisbrane (0.4 mg Pt ¢hin each side), SGL 25
BC GDLs for both anode and cathode sides. Theaetiga was 50 ¢mSchematic of a typical transparent
PEM Fuel Cell (reprinted from Anderson et al. [2ttwpermission from Elsevier)

24.2 Fud cedl design

Manipulating the proton exchange membrane, thdysttiayer, the gas diffusion
layers, and the flow field channels to improve ¢herall water management inside fuel
cells are all valid water mitigation strategiestthave been studied and developed. The

focus of this section is on the GDL, microporougela and flow field designs.
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24.2.1 Gasdiffusion layer design

Designing and modifying each component of the MEA common strategy to
reduce water accumulation and two-phase flow ingiddlow field channels and the
whole fuel cell. Though novel methods exist forimpzing the catalyst layer and
membrane for water management, this section focausdise gas diffusion layer. Owejan
et al. [103] also provided a review of the varitnagsport mechanisms in GDLs. An
example of two different GDLs is shown in Figure[104], which highlights the random
orientation of the carbon fibers and the relathiekness of the GDL compared to the

MPL.

070823 WD14.2mn 20.0kV x300 100um 070817 WD15.7mm 20.0kV x500 100um

Figure 19. SGL SIGRACET 25 BC GDL(5% PTFE) showing the GDL amnidroporous layer (MPL) and
b) plain (no PTFE) Toray TGPH-060 showing the randwrientation of carbon fibers (modified from
[104] with permission from Blanco)

As discussed in Section 1.3, gas diffusion layeesnarmally treated with an agent
such as PTFE to increase hydrophobicity. For cah®iLs, this coating is vital since
most of the water produced and accumulated inbieeell exits through the cathode
side. For the anode GDL, this coating is not ascatibut is still important when dealing
with back diffusion of water and to give more stural strength to the GDL. The most
common loadings of PTFE are from 5 to 30-wt%. Liale[105] did an extensive study

on the effect of the PTFE content on the performarfcloray and SGL SIGRACET
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carbon fiber papers. It was observed that incrgaia hydrophobicity of the GDL
enhanced both the gas and water transport whefmeheell was operated with high
levels of humidity. However, excessive amounts DFP reduced the amount of
hydrophilic pores, deteriorating the water flow ofithe catalyst layer and the GDL.
Through the use of a transparent fuel cell, Spkrejal. [16] observed that with treated
GDLs the water produced at the cathode side emexg€edoplets on the surface of the
material over the entire visible area. With thereated GDLs, water preferred to be in
contact with the sidewalls of the channels, andathter formed films and slugs near the
walls. This behavior caused greater water manageissres and lowered gas transport
towards the active areas.

Normally, the hydrophobic content in the GDLs isis@ant throughout; however, if
certain parts of the GDL have different PTFE cottéren the water behavior can be
manipulated. A method to vary the PTFE content G was developed by Mathias et
al. [106], leaving high and low PTFE particle déysegions around the GDL. Another
way of manipulating the GDL in order to overcomdavassues is by varying the GDL
porosity in specific areas [107]. For instance oges or holes can be inserted in the
carbon fiber paper in areas where water floodiragnsajor issue [108]. The location and
size of the holes depends on the current densitidshe other operating conditions at
which the fuel cell will be used. Using carbon blotaterials, which are more porous, in
locations of greater water flooding and using carbler paper in the remaining active
areas can also create differences in GDL poro&BAL modification has also been
proposed as a mechanism for stabilizing fluctuationocal current density [113]. When

water was directed to under the lands as opposedder the channels, water tended to
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flow in the channels on the sidewalls, which allovier more stable current densities.
Controlling the water direction was accomplishectlsating a single large pore (400
um) in the GDL. These modifications can be variepesheling on the conditions, such as
at low or high humidity.

The compression ratio is also a controllable patantbat can improve fuel cell
performance [109]. The compression ratio is theagekan MEA thickness divided by the
sum of the original thickness of the CCM, anode Gahd cathode GDL. In the
compression ratio range of 10-35%, peak power wasd at a compression ratio of 30%
for the GDLs with and without an MPL.

Cho et al. [110] also studied voltage stabilityidgrtransient responses to a change in
load. The group found that aged GDLs have lowefop@ance than new GDLs due to
increased hydrophilicity in the GDL with aging. Shincrease in hydrophilicity leads to
water ‘lakes’ in the GDL, which increase mass tpamsproblems and lead to more
unstable voltage signals. A similar study couldibae with the anode water removal
(AWR) [111] technique to see how the voltage resisonith new and aged GDLs.

Visualization of the water in the flow channel lzso been coupled with
photographs of frozen GDL cross-sections to rewdwdre water is under specific
operating conditions [112]. The study focused angi&DLs with a fiber orientation,
which were aligned either parallel or perpendictbathe gas flow direction in the
serpentine flow field channel. It was found tha gerpendicular orientation had higher
performance. The perpendicular orientation fadédasidewall droplets, which facilitated
water removal, while the parallel orientation cesbltarge droplets on the GDL surface.

These flow patterns are due to water being reméesd under the landing width with
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the perpendicular fibers. With the parallel fibevsiter accumulates under the land,
leading to higher GDL saturation and lower eledteruical performance. These results
are likely due to the direction/magnitude of creksnnel air communication through the
GDL. These results are consistent with the GDL rincation work (large GDL pores
under the channel vs. land) by Kimball et al. [113]

Another strategy for improving the water transposide fuel cells is by using a thin
microporous layer (MPL) on the surface of the Gbattfaces the catalyst layer and the
membrane. This layer is made with carbon blackgestand PTFE (i.e., the layer is
hydrophobic), and is usually deposited only on side of the GDL surfaces, forming a
double-layer diffusion layer. The MPL forms smalt&res and acts as another
mechanism to reject water, which is critical whiea tuel cell is operated at high
humidity levels [114]. Microporous layers are nosnamonly used to improve the
overall performance and voltage stability of fuell€ [115].

However, it is still unclear exactly how the MPliegdts the water transport
mechanism inside the GDL and the MEA. Kim et aL9Jlused electrochemical
impedance spectroscopy to study the effect of thé My analyzing the cases where the
anode and cathode both had an MPL, only the cathaden MPL, and neither anode
nor cathode had an MPL. These results were couwytédvater collection to determine
the crossover rate. These results showed that e dn the cathode only pushed more
water from the cathode to the anode. This resultiesto the small pore radius and high
hydrophobicity, which increases the capillary pueen the cathode, creating a pressure
differential between anode and cathode. Neutroiogaaphy has also validated the role

of the MPL as a barrier to water transport whengiserpentine flow channels. At
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current densities of 750 and 1000 mAtmot all of the water could pass through the
MPL and water was forced toward the anode [1163aBa et al. [117] also found this
conclusion by soft X-ray radiography with paraltelannels. The MPL functioned as a
capillary barrier that prevented liquid water ie tlarge pores of the GDL from reaching
the hydrophilic catalyst layer. A carbon cloth Gidas also examined with an MPL and
had better performance than the carbon fiber p&fdr with MPL. This result was due
to water concentrating at the weaves (large paete carbon cloth, which allowed for
effective water removal and diffusion of oxygendilngh the small pores of the cloth
fibers. An important result from Owejan et al. [1$8owed that the influence of the
MPL was to allow water vapor to pass from the cdéhcatalyst layer toward the cathode
flow field channel but also act as a liquid watarrier to prevent condensed water in the
GDL from reaching the catalyst layer. The thernmiductivity of the GDL thus played a
central role, where temperature gradients acres&DL ranged from 2 to 9 K at high
current densities depending on the specific GDldud€m et al. [119] provide a table
with different experimental/modeling approachedetermining the role of the MPL,
along with qualifying comments where appropriat@r&lexperimental work is necessary
in order to investigate how the MPL helps the penfance of the fuel cell [120].

Figure 20 shows the performance of a fuel cell witd without an MPL on the
cathode GDL. It is obvious that at most currentsitées (and at the peak power density)
the MPL has a significant influence on the perfangeaof the cell due to improved water

removal and management.
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Figure 20. Comparison between gas diffusion layers (GDLs) witd without micro-porous layers. The
MEA was composed of a Gore 5510 Primea Series mameh(0.4 mg Pt cfin each side), SGL 25 BD
GDL for the anode side, and the cathode GDLs w&k &HBC (with MPL) and 25BA (without MPL).
The active area was 50 &nSchematic of a typical transparent PEM Fuel Gefprinted from Anderson et
al. [2] with permission from Elsevier)

The hydrophobic particles in the MPL can be distiglal along the GDL surface such
that certain areas have more (or less) hydrophgbimieating a gradient that can
manipulate the water transport. Chen et al. [128jghed a non-uniform MPL that was
able to keep the relative humidity inside the whdIEA stable within a specific range
instead of letting it increase between the inlet antlet regions. Thus, the proton
exchange membrane was kept uniformly hydrated, wasulted in superior
performance at high current densities.

Another approach to MPL design is to create a rsteucture in the MPL and spray
catalyst onto this layer. This increase in avadahirface area allows performance to
increase at higher current densities because thex warface inside the catalyst layer can
extend more towards the MPL [121]. The MPL may dlsnefit this process by not

letting condensed water in the GDL reach thess sgewell [116,117].
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In addition to MPLs, liquid water barriers havecaleen used to extend the fuel
cell's operating time under dry conditions (no hdityi for the anode or cathode gases)
[122]. A stainless steel sheet with perforatiorecptl between the GDL and flow field
channel was able to increase cell lifetime by -6rk. This is significant as the cell
voltage approached zero after ~1.5 hrs when the @del.no MPL and ~2 hrs when the
GDL did have an MPL. These barriers exacerbatestliftg in the dry cell, which
allowed for better catalyst layer and membrane &iyoin and thus longer operating
times. The material and design (number of holpenarea) of the liquid water barriers
need further optimization before its full potenimtealized.

24.2.2 Flow field design and configuration

The flow field channels distribute the reactantegasver the electrode surfaces as
uniformly as possible in order to utilize as mué¢hh® active catalyst area as possible.
These channels also have to collect and removerttrict water in order to minimize
any water flooding. In addition, the flow fieldsueafixed channel geometries and fixed
active areas, which determine the reactant flowasttaristics over the operating range of
the fuel cell.

The most common flow field designs are parallalpsstine, and interdigitated
channels [123,124,125,126]. The parallel designasge of a number of straight channels
connected to common inlet and outlet headers. &neiassociated with this design is
that the pressure drop is too low to remove thekyaind water tends to accumulate in
the channels [82,124]. This issue leads to the istaloution of the reactant gases in the
flow field, causing reactant starvation in somerstes and an excess of reactant in other

channels.
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Serpentine flow fields have one or more continuchennels connected to an inlet
and outlet header and typically follow a path vadveral bends. These flow fields
generally have longer channel lengths and a greagssure drop along the channels due
to the bends, which facilitates water removal. tiplé serpentine channels are used for
large active areas in order to avoid excessivedf ppressure drops [125]. Li et al. [127]
presented a method for designing serpentine fleldgibased on an appropriate flow
channel pressure drop so that all of the liquidewat evaporated and removed from the
cell through the flow fields. However, it is impant to note that the cells designed
through this method exhibited inferior performagoenpared to similar cells found in the
literature and that the pressure drop can res@tsignificant parasitic loss for the fuel
cell system. New serpentine flow fields can alsa@ésigned in light of recent results in
two-phase flow literature. Donaldson et al. [128idéed the radius of curvature of the
serpentine channel bend in an air-water systemenliggrid water was the continuous
phase. Though this phase configuration is oppdiséteof the PEM fuel cell flow
channel, the results indicate that the Weber nuroéebe used to determine bubble
breakup and that a smaller radius of curvature megthbreakup. Similar studies should
be pursued in systems more relevant to PEM fuéd telid in the design of serpentine
channels, especially considering flooding oftenupsdn the bends of the flow channels.

In interdigitated (or discontinuous) flow fieldbetre are a number of parallel
discontinuous channels (i.e., the channels ar@diswous from the inlet header to the
outlet header). The reactant gases are forcedwotirough the porous GDL in order to
reach the channels connected to the outlet masif@uohce the gases are forced along a

short path through the GDL and catalyst layer Jithad water is removed more
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efficiently, resulting in better performance atlineg current densities. However, these
flow fields do not remove the water located atitiiet of the channels properly, and the
voltage stability at low loads (current densitissyery poor [126]. In general, this flow
field type is most ideal for high current densitiest it increases the parasitic losses due
to larger pressure drops.

It is important to note that the direction in whitte flow fields (coolant included) of
a fuel cell are placed also has an influence oro#eeall water management and
performance of the cell. Depending on the applicatit may be desirable for the coolest
region of the coolant channels to coincide withdhea in which the oxygen
concentration in the cathode channels is the higivebwhere there is the least amount
of water in the cell. Wilkinson et al. [95] usedstpproach to create a thermal gradient
from cathode inlet to outlet to keep the productevan the vapor phase. They also
operated a fuel cell with dry gases by using thbarde and coolant flow field in co-flow
and the anode in counter-flow. Similarly, crossafloperation between the fuel and the
oxidant channels may be preferred to co-flow omteuflow configurations (see Figure

21).
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Figure 21. Comparison between co-flow, cross-flow and coufitesconfigurations between the anode
and cathode flow fields. The MEA was composed Gioae 5510 Primea Series membrane (0.4 mg Pt cm
in each side), SGL 25 DC GDL for the anode and 26IBC GDL for the cathode. The active area was 50
cnt. Schematic of a typical transparent PEM Fuel @efrinted from Anderson et al. [2] with permission
from Elsevier)

The cross sectional shape of the flow field chasmatdo plays a key role in the
effective water removal inside the flow field plst&or example, Trabold et al. [129,130]
demonstrated how triangular shaped flow field cledg\oan have designated localized
water collection regions. The water then accumalateay from the gas diffusion layer,
which allows more gas to reach the catalyst layeaddition, the cross section of the
channels can be designed to change gradually #hengngth of the channel, modifying
the pressure drop and gas distribution along theeaarea [131]. Johnson et al. [132]
developed a differential pressure flow field forteraremoval by changing the shape of
the flow field channels with respect to each othemicro-fuel cells, Metz et al.
[133,134] developed a passive water managemergmnsysy using capillary
microstructures as flow field channels in the cdthplate. These channels are
hydrophilic with a tapered cross-section, allowihgm to remove liquid water from the

GDL.
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The flow field channels can also be modified wigspect to their hydrophobicity.
Hydrophilic channels may improve the transport aseg to the reactant sites by
facilitating the water transport on the edges anthses of the channels [200]. However,
very hydrophilic channels result in greater pressirops due to liquid water blockage.
The wetting capabilities of the channels can beifieatby using different cross-
sectional geometries or by altering the surfaceadtaristics of the bipolar plate
materials [135], as discussed in Section 2.3.3.

2.5 Summary and outlook

Water management is a critical issue to PEM fuklpsgformance and has received
substantial attention in the literature. This rewfecused specifically on water
management related to gas-water flow in the fl@kdfchannels.

Visualization cells allow an observer to see theill water form and serve as a basis
for understanding and characterizing two-phase flofuel cells. However, the results
are often mainly specific to a given system. Oftéme, specific contact angles for the flow
field plate, GDL material, and transparent plata efsualization cell are dissimilar to
those in a typical graphite bipolar plate fuel c8ihce surface properties are important to
two-phase flow on this scale, the specificity of tesults must be considered. Steps
should be taken, perhaps through dimensionlesslations, to make the results of these
novel systems applicable to other fuel cells.

In-situ studies have covered a wide range of béegincluding the PTFE content of
the GDL, the inclusion of an MPL, flow field desigeactant gas stoichiometry, gas
relative humidity, and temperature. While the iefige of these parameters on fuel cell

performance has been well documented, less attehéis been paid to the flow field
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channel hydrodynamics. Thorough analysis of thesbbBhydrodynamics is still lacking
in terms of two-phase flow regimes, two-phase fthgtribution, and two-phase pressure
drop. These studies are important because theréigune affects the behavior of the
water and access of reactant to the catalyst siteka large two-phase pressure drop
represents a parasitic power loss in fuel cell afpan. Furthermore, flow maldistribution
must be considered as some flow field channelsmaegive insufficient reactant for the
electrochemical reaction, causing starvation ardkrutilization of the active catalyst
area. Hydrodynamics will thus play an increasingiportant role in PEM fuel cell water
management studies.

The current ex-situ experimental studies have lsaemed out to understand flow
distributions, pressure drop, flow patterns, drofdemation, and water removal in flow
field channels under flow conditions relevant telfaell operation. In the literature,
typical two-phase flow patterns found in ex-sitypestments are slug flow, slug to
stratified flow, and stratified/annular flow. Amotigose, stratified flow or annular flow
is desirable in terms of water management and tpgrstability of a real fuel cell. Slug
flow should be avoided in operation since it cadlé channel blockage and flooding as
well as pressure fluctuations. Therefore, highggagkhiometry is required to achieve the
desired flow pattern. Flow instability, flow malthigution, and flow hysteresis have been
found in both ex-situ and in-situ studies on twagd flow in parallel channels due to
many factors such as channel geometry, intrusigheotompressed GDL in channels,
and gas/liquid flow rates. In order to achieve eflew distribution and to overcome flow
hysteresis phenomena, high gas velocities areatdsirHowever, high gas flows are not

desirable in practical systems because of the piarpswer loss.
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A unique aspect of two-phase flow phenomena in daeélflow fields is that the
liquid water emerges from porous GDLs and accureslatong the flow channels.
Therefore, the two-phase flow pressure drop of $loet systems is not accurately
predicted by most of the existing correlations adels. Consequently, these correlations
should be revisited for two-phase flow in the foell. There has been some success in
obtaining information on instantaneous gas flowesan individual channels through an
entrance pressure drop measurement technique. lovesstensive studies are still
required to be related to a broader range of opgrabnditions such as channel
dimensions, gas and liquid flow rates (correspogdincurrent density and gas
stoichiometry), and channel surface propertiesddition, a theoretical foundation to
elucidate flow distribution in parallel channeldasking, especially for two-phase flow.

In order to avoid or reduce water management ssgigde the fuel cell, a number of
water mitigation strategies have been developeoheSaf these methods consist of
varying the operating conditions of the fuel celly;, temperature, pressure, relative
humidities, etc.) or designing the different comguats inside the cell for water
management. Unfortunately, there are no water atitg methods to date that can deal
with water management effectively without affectother components, especially the
membrane and catalyst layers. Thus, more reseastolbe performed in order to
achieve ideal designs and mitigation strategiesiBpdor certain operating conditions
and fuel cell applications.

Overall, water management studies are shifting fpamametrically based studies that
couple water behavior with overall fuel cell perfance to specific studies on water

management in the catalyst layer, GDL, and flowdfehannels. These more specific
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studies provide an understanding of the hydrodyosaimni a fuel cell. To study the two-
phase flow in PEM fuel cell flow field channels, skanust continue in all of the major
research areas: ex-situ approaches, in-situ testmyjnumerical simulation. A combined
effort of ex-situ and in-situ experiments can helpalidate current numerical
simulations and help numerical simulations moraieately reflect the actual two-phase
flow phenomena that occur. A greater understandfrigzo-phase flows experimentally
and numerically will allow more effective water nagement strategies to be developed
and implemented. Specific areas that need to lerhetderstood include work on flow
patterns, pressure drops, flow maldistribution, tmalphase flow hysteresis.
Improvements in these areas will eventually lealdigher overall PEM fuel cell
performance and efficiency, making the PEM fuel aehore viable technology for the
future.
2.6 Research objectives and thesislayout

It is clear from the literature review that PEM Ifgell water management is an
active and important area of research. This wocki$es on these issues by addressing
the hydrodynamics in the cathode flow field chaspglvestigating the specific two-
phase flow phenomenon of pressure drop hysterasisexploring the anode water
removal method to diagnose cathode GDL floodinge 3ipecific aims and parameters in
these studies are explained here.

To establish a relevant baseline, this work firgilps at understanding the
hydrodynamics of air and liquid water in the cathdow field channels, and the

following central question was posed:
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1. What are the relevant hydrodynamics in an operamynon-operating PEM
fuel cell based on flow rates (stoichiometry), Gprioperties, and
temperature?

The parameters listed in this question have arcieffie the two-phase flow pressure
drop and the two-phase flow patterns. Specific ict@mations include measuring and
predicting (via the Lockhart-Martinelli approachgttwo-phase pressure drop. This
overall hydrodynamic characterization is done injaoction with the following more
specific question relating to two-phase flow in PEMI cell flow channels:

2. What is the mechanism of pressure drop hystenesisPEM fuel cell and
how does it change with respect to main fuel gadlrating parameters such
as GDL, air flow rate, and temperature?

Pressure drop hysteresis is the central topic ajp@r 4 and Chapter 5. Chapter 4
focuses on a non-operating (ex-situ) approach wivater is injected externally (not
produced electrochemically) to simplify the systenbetter understand the fundamental
hydrodynamics. Section 4.1 focuses on ambient testyre and pressure conditions with
dry air, while Section 4.2 focuses on temperataresrelative humidities relevant to
operating PEM fuel cells. Chapter 5 studies thisaa the operating PEM fuel cell
where water is produced electrochemically. Othedist relevant to pressure drop
hysteresis are examined as well in these chapters.

The second specific topic related to PEM fuel s&ter management investigates the
anode water removal method (AWR), and the resuét®gplained in Chapter 6. The

central question this study aims to answer is:
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3. How can AWR be used to understand cathode GDL ftapoh a PEM fuel
cell?

A series of tests were performed varying relevamtables in the AWR process,
including: cathode relative humidity, GDL propesti@nd temperature. To further
explore this method, flooding was intentionally esdated in the GDL layer and flow
field channel by placing an extra GDL on the catheule and injecting water into the
flow field channel, respectively. Through this candtion of tests, it was determined that
AWR is strongly suited to determine when cathodd_ @bBoding is lowering PEM fuel
cell performance.

Chapter 7 presents conclusions and recommendafibesecommendations focus
on specific considerations for pressure drop hgstsr anode water removal, and overall
water management in PEM fuel cells.

Schematically, the thesis is shown in Figure 22.

Characterization of Gas-Liquid Two-Phase Flow in a Proton
Exchange Membrane Fuel Cell

I
[ |
Chapter 1 & 2:
‘ Introduction and
‘ Literature Review
[
[ |
Chapter 6: Anode Water
Removal

Chapter 7: Conclusions and
N Recommendations

Chapter 3: Experimental
Methods

Pressure drop hysteresis ‘

Chapter 4: Non-
—— Operating Fuel
Cell

Chapter 5:
— Operating Fuel
Cell

Figure 22. Thesis outline of ‘Characterization of Gas-Liquigkd@-Phase Flow in a Proton Exchange
Membrane Fuel Cell’
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3 Experimental approach

This chapter first focuses on the visualization tue#l designed for the pressure drop
hysteresis study. It then discusses the experimhappaoaches for the non-operating cold
model, the non-operating hot model, and the opeg®EM fuel cell, all of which relate
to pressure drop hysteresis. The last section imgpllae experimental approach to anode
water removal.

3.1 Visualization fuel cell design

A novel diagnostic fuel cell was designed, anditation was completed by Tandem

Technologies Ltd. and VACCO Industries Inc (flowlfl plates). An exploded view of

the fuel cell is shown in Figure 23.

Optically Clear
Manifold for Gas
Inlet/Outlet

Kapton

Heater Buss Plate

Optically Clear
Manifold for Gas
Inlet/Outlet

Compression
Piston and Cylinder
Base

Flow Field g0\ Field

Plate

Figure 23. Visualization PEM fuel cell schematic showing aiplexled view of all relevant components

The anode and cathode flow field design incorpardtparallel channels with

dimensions 1 mm x 1 mm x 300 mm. Each flow-fieldtplis identical and is made of
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stainless steel, which is then coated with 5 misraingold on top of 2 microns of silver.
These materials are typical of visualization fudl[2]. Etching through the 1mm thick
piece of stainless steel creates the 1 mm x 1 mwffeld channels. The length of each
flow-field channel is 300 mm. At the beginning asm of the flow field channel are 20
mm long half-etched grooves, which correspond ¢ogias entrance areas in the manifold
above. This area helps facilitate fully developleavfupon entering the flow channels
and also serves as the exit connection to the widnithus, the total length of the cell is
378 mm. The landing widths, which contact the GDBLdurrent collection, are also 1

mm wide. A 2 mm seal groove runs around the foanalels, which defines the active
MEA area, which is 35.7 cmThese components are shown in Figure 24. MEA

fabrication is detailed in Appendix B.1.
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Figure 24. Flow field design showing the overall plate witle thntrance area zoomed in to show the
channel dimensions and flow development regionebatacts the manifold entrance (all measurements a
in millimeters)

The anode and cathode manifolds are identical pietacrylic, which allow them to be
optically transparent to thus allow visualizatiotoi the cell. The visualization fuel cell
was utilized to observe two-phase flow in the cdthfiow field channels. A Pixelink PL-
A774 camera with an Edmund Optics VZM 300 lens amdi-150 high intensity
illumination system was used to capture images®two-phase flow. The manifold is

shown in Figure 25.
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Figure 25. Transparent manifold for anode and cathode shothiegas entrance region and thermocouple
ports

The reactant gases enter via a common inlet, wiashbeen magnified in Figure 25. The
manifold then contains four channels, which distiéthe gases individually to the flow
channels’ entrance area in the flow-field platesdescribed above in Figure 24). The
dashed arrows show the path of the gas. The mdrafeb contains four ports for
thermocouples, which are used to measure an appatxitemperature in the flow field:
one in the entrance, two in the middle evenly spareund the compression screws, and
one at the exit.

Kapton heaters (Omega KH Series) are added taxtieenal area of each flow field
plate to ensure proper heating. Each plate hasheaters, one on each side, which
connect to a common connection for use in thestasion. The test station controllers are
able to keep these heaters at a set point basadh@mmocouple in the flow field buss
plate

Compression is obtained with a piston and cylireystem. Nitrogen displaces the
piston upward over the base of the cell. Six biblés screw directly into the compression

cylinder after passing through the manifolds anaffield plates also hold the cell
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together. The guide rods ensure proper alignmeal tfie components. Finally, an
additional steel bar is placed on top of the cathm@nifold (not shown) so the acrylic
manifold does not crack under compression. Thesbaachined so the flow channels

are still completely visualized. For the non-op@@experiments, a compression
pressure of 105 psig is used, while for the opegatixperiments, a compression pressure
of 90 psig is used. The reduced pressure helpsmzaidamage to the membrane. The
operating compression pressure was obtained exgetathy by plotting the voltage and

overall resistance vs. the compression pressuogyrsin Figure 26.
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Figure 26. Cell voltage and resistance at constant currertaspression pressure to determine the ideal
compression pressure (TGPH-030 GDLs)

Above 90 psig, there is little gain in electrocheatiperformance with increased
compression. Also, an attempt was made to miniti@ecompression pressure to ensure
the manifold would not be overstressed, which céedd to manifold damage.

A buss plate is used for current collection and lmaeasily added/removed to/from
the cell to simplify cell assembly. Current cancodlected at three locations along the

length of the channel (entrance, middle, exit).SEhalso correspond to the areas in the
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manifold where the temperature is monitored. Fopéer setup in the test station, the
current is collected at the exit location.
The actual assembled cell is shown in Figure 27 fidel cell was used in all

pressure drop hysteresis studies, the results iohvane in Chapter 4 and Chapter 5.

ﬁ

Figure 27. Assembled visualization fuel cell from the schematiFigure 23
3.2 Pressuredrop hysteresistesting: Non-operating cold model

These experimental conditions were used for thies i@ Section 4.2. The non-
operating cold model cell was run at ambient terajpee (hence ‘cold model’), the
cathode exit was at atmospheric pressure, andetheas compressed to 105 psig. Air
(Praxair Al 0.0XD Extra Dry) was not humidified beated, with its flow rate controlled
by a rotameter and measured by a digital massirieter (AALBORG GFM17; 0-5
SLPM). The air entered the cathode manifold whieneas distributed to the flow field

channels before leaving from the cathode manifeld & GDL was placed between the
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anode and cathode flow field plates to mimic thi@ovater injection methods and
surface properties of an operational fuel cell. Wager was pumped into the anode flow
field via a syringe pump (Cole-Parmer 780100C), iatiten was forced through the
GDL as the syringe pumped at a given volumetriwftate (mL ht'). The anode exit
was closed, allowing the water pumped into the artodeach the cathode. A schematic

of the non-operational experimental setup is shmw¥igure 28.

Inlet Outlet
Pressure Pressure Pressure

Transducer

v AirIn

] - - [ Air out
’ ’ Cathode Manifold and Flow Field Plate ’

_ ' Anode Manifold and Flow Field Plate 5 —.®

— MFC 2 Anode Exit

Compression System £ (Closed)

Rotameter

v :
GDL

Air Tank
Water Syringe
Pump

Figure 28. Non-operating cold model experimental setup whieeeainode flow field channels are utilized
as a chamber to inject water through a GDL intoctthode flow field channels, simulating
electrochemical water production (reprinted frondArson et al. [142] with permission from Elsevier)

The GDLs and relevant specifications consideretiisiset of experiments are shown

in Table 3. These vary the inclusion of a micropertayer, PTFE content, and thickness.

Table 3 Gas diffusion layers and specifications relating/leL inclusion, PTFE content, and thickness
(reprinted from Anderson et al. [142] with permigsirom Elsevier)

Company GDL M PL PTFE  Thickness
Content (um)
SGL Carbon 25 BC Yes 5% 235
SGL Carbon 25 BA No 5% 190
SGL Carbon 25 DC Yes 20% 231
Toray TGPH-030 No 20% 110
Toray TGPH-030 No 0% 110
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Faraday’'s Law governs the water injection rate meetled gas flow rates at each
current density, as discussed in Section 1.4.isnwhy, the corresponding water
injection rate and necessary cathode air flowwagtee set for a given simulated current
density (simulated since the cell is not electrocically active). To determine the
needed air flow rate from the needed oxygen flow,rdne oxygen flow rate is divided by
the concentration of oxygen in air (0.21). ThesamichiometryA,i, was utilized to
define the actual gas flow rate. For example, elskometry of 2 uses the same liquid
water injection rate at a given current densita asoichiometry of 1, but with twice the
air flow. All stoichiometries here refer only ta @n the cathode side (no hydrogen was
used in the non-operating tests). Table 4 showsvdter production rates associated with
each current density typically used in these expenis for an active cell area of 35.7

cni.

Table 4 Water injection rates for simulated current deasitiased on an active area of 35.7 @eprinted
from Anderson et al. [142] with permission from &lger)

Current Volumetric liquid water
Density injection rate
(mA cm™) (mL hr?)

50 0.6

100 1.2

200 2.5

400 4.9

600 7.4

800 9.9

The air flow rate and water injection rates far #imulated current densities in Table
4 were run in both an ascending and descending enaomletermine the extent of
hysteresis in the two-phase pressure drop. In eash, the gas was first increased in the
ascending manner and then decreased along thepsdimd& he term ascending approach

describes the path by which the simulated currensidy is increased, which is as
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follows: 50, 100, 200, 400, 600, 800 mA énThe descending approach is this path in
reverse, which is: 600, 400, 200, 100, 50 mAZcithe flows at each current density
were held for approximately 8 minutes (approxingaie to manually changing the flow
rate of air and water), which gives the pressuop dufficient time to reach a steady
state. An Omega 164PC01D37 pressure transducebQ0-Pa) was used to measure the
cathode flow channels’ pressure drop. The singkselpressure drop is from the same
gas flows but without the water injection.

This experimental setup was used to study preskopehysteresis in terms of: the air
stoichiometry, the GDL properties, the range ofent densities, the effect of decreasing
step size, and the effect of initial state (dryflmoded flow field channels). These are
further detailed in Section 4.2. Triplicate expezimts were done at each current density,
and these are the values reported experimentally.

3.3 Pressuredrop hysteresistesting: Non-operating hot model

These experimental conditions were used for thts ties Section 4.3. In the non-
operating hot model, a Hydrogenics™ test stationd® no. G100) was used to control
relevant operating variables including air floweraair temperature (hence ‘hot model’),
air dew point temperature, and cell temperaturee @éll was compressed to 100 psig.
Since these experiments are non-operating, thél\gater was injected externally via a
syringe pump (Cole-Parmer 780100C). As in the nperating cold mode, a GDL was
placed between the anode and cathode flow fielépla’he anode end was blocked and
the syringe pump injected water via the anode .ifflee water was forced through the
GDL, where it reached the cathode flow field chdrinesimulate water injection of an

operating fuel cell. The air inlet and outlet lineere insulated and dry air was used
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between trials to remove excess water and ensudrg aitial condition. This setup is

shown schematically in Figure 29.

Inlet Outlet
Pressure Precsure Pressure
Transducer

i Ajr Out
Test Station > Cathode Manifold and Flow Field Plate
Controls —_———————————
» Anaode Manifold and Flow Field Plate | ®
L Anode Exit
Compression System ¥ (Closed)

YR

Air Tank
Water Syringe
Pump

Figure 29. Non-operating hot model (no electrochemical readtexperimental setup schematic where a
fuel cell test station is utilized to control thie umidity and temperature (reprinted from Anderso al.
[144] with permission from Elsevier)

The water injection rates and air flow rates areegoed at each simulated current
density by Faraday’'s law as discussed previouslgai®, since the setup is non-
operating, these current densities are referrex teimulated current densities. The water
injection rate assumes all water produced movesthn cathode channel (i.e., no back
diffusion term). The water injection rate and dow rate, in accordance with the
simulated current density, were run in an ascendiwagner and then in a descending
manner to determine the extent of hysteresis in gressure drop. The ascending
approach, describing the path by which the simdlatarent density is increased, was:
50, 100, 200, 400, 600, 800 mA énirhe following descending approach was: 600, 400,
200, 100, 50 mA ci The ascending and descending path studied hateriical to the
one done in the non-operating cold model presstoe klysteresis study. Each simulated

current was held for approximately 8 minutes towlthe pressure drop to achieve steady
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state behavior, and the pressure drop data was lsdngi 20 Hz. An Omega

164PC01D37 pressure transducer (0-2,500 Pa) wakb tasmeasure the cathode flow
channel’s pressure drop. Setting the needed gasréte but not injecting liquid water

obtained the single-phase pressure drop. Unlessrvade noted, the results are an
average of three individual trials at each setoofditions.

The gas diffusion layers are the same as those fh@mon-operating cold model,
and their relevant specifications are provided abl& 3. Those GDLs were chosen to
study the inclusion/exclusion of the MPL, the PTE&ntent (hydrophobicity), and
thickness. The relevant baseline conditions foop#rating variables are listed in Table

5.

Table 5 Baseline conditions for all relevant operating ables in the non-operating hot model (reprinted
from Anderson et al. [144] with permission from &lger)

Operating Variable Baseline Value
Tcelly Tqas: Tdew poin 750C
Relative Humidity 100 %
Gas Diffusion Layer SGL Carbon 25 BC
Cathode gas Air
Flow Fields 4 parallel, square channels
Compression pressure 100psi
Air stoichiometry Eai) 2

These experiments focused on the following varmbiich are further explained in
Section 4.3: the temperature, GDL properties, anst@ichiometry.
3.4 Pressuredrop hysteresistesting: Operating fuel cell

A Hydrogenics™ test station (Model no. G100) wasdito control and measure
relevant operating variables including the air Agdrogen flow rate, operating
temperatures, the load, and the voltage. Thesésese presented in Chapter 5. The cell

was compressed to 90 psig. An Omega 164PC01D38ymeetransducer (0-2,500 Pa)
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separate from the test station was used to me#seiathode flow channels’ pressure

drop. The experimental setup is shown schematiaaliygure 30.

QCamera I Image \
Computer
S R Fuel Cell ]_I
(control/ | [ AP
measure) AP | Compdiar

a)

Hydrogenics
Test Station

b) Inlet OQutlet
Pressure [Pressure | Pressure
| Transducerl

thermocouples (x6)

Air In — Catl‘:ode Manifold and flow Field Plate L Air Out

L ] L]
Fuel In——| Anode Manifold and Flow Field Plate {—— Fuel Out

Compression System

MEA

Figure 30. Operating PEM fuel cell experimental schematic g on a) General data acquisition
schematic; b) Cathode floaMP schematic (reprinted from Anderson et al. [14B8hwermission from
Elsevier); all other controls are provided by thgdkbgenics™ test station (Model no. G100)

The current density, i, was run in an ascendingmaaand then in a descending
manner to determine the extent of hysteresis irptessure drop. The ascending
approach was as follows: 50, 100, 200, 400, 600, 8000 mA crif. The additional
point (compared to the non-operating tests) oratieending approach to 1000 mA€m
was done to approach the fuel cell’s limiting catrdensity. The descending approach
was this path in reverse starting at 800 mAZcithus, the air and water flow rates were
determined via Faradays law and the air stoichionfet each current density. The
single-phase pressure drop at each condition igabkdlow only pressure drop where the
fuel cell is held at the open circuit voltage, aheé corresponding gas flow rate is

increased in accordance with Faraday’s law andtiiiehiometry.
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Each current density was held for approximatelyriGutes. The voltage signal was
sampled at 1 Hz and the pressure drop data wadesda?0 Hz. The gas inlet and
outlet lines were insulated, and dry gas was uséaden trials to remove excess water
for a dry initial condition. The results presented an average of three trials at each set
of conditions and indicate that good repeatabilias achieved. Examples of the
standard deviation from three trials for the presslrop measurements are shown in
Figure 57a and for the electrochemical performareeshown in Figure 59b.

The relevant baseline conditions for all operatiagables are listed in Table 6.

Table 6 Baseline conditions for all relevant variablesha tperating PEM fuel cell (reprinted from
Anderson et al. [148] with permission from Elseyier

Operating Variable Baseline Value
Tcella Tqasa Tdew poin 750C
Relative humidity (cathode and anode) 100 %
Cathode GDL SGL Carbon 25 BC
Anode GDL SGL Carbon 25 DC
Catalyst Coated Membrane (Pt loading) ~ Gore Prineg&®$5510 (0.4 mg Pt ¢th
Air stoichiometry Eai) 2
H, stoichiometry 15
Cathode gas Air
Flow fields 4 parallel, square channels
Compression pressure 620 kPag (90 psig)
Gas inlet pressure 206.8 kPag

The temperatures studied were 30, 50, 75, afid 8@d the air stoichiometries
studied were 1.5, 2, 3, and 4. These operatingitons are in a narrow range relevant to
PEM fuel cells as defined by the US Fuel Cell CalUi86]. The gas diffusion layers
with their relevant specifications are provided'able 7. The SGL 25 BC and 25 BA
GDLs were chosen to study the impact of an MPL ystdresis. The SGL 25 DC GDL is
used on the anode side for all experiments. FevidrsGvere used in the operating fuel
cell study based on the hydrodynamic results ohtihre operating tests (presented in

Chapter 4).
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Table 7 Gas diffusion layers and specifications focusingvi?L inclusion, PTFE content, and thickness
(reprinted from Anderson et al. [148] with permigsirom Elsevier)

Company GDL M PL PTFE  Thickness
Content (um)
SGL Carbon 25 BC Yes 5% 235
SGL Carbon 25 BA No 5% 190
SGL Carbon 25 DC Yes 20% 231

To ensure the results reached steady state, asgesntll descending polarization
curves were made at baseline conditions with eanfewt density being held for 15
minutes. The results for the ascending approacklraen in Figure 31. The current
densities on the right of the figure are listedniA cm®. The dashed lines indicate 5 and
10 minutes. At moderate to high current densitiesre is some noticeable dynamics in
the voltage signal (sample frequency = 10 Hz; liohitest station). The increased voltage
variance with increased current density is conststgth the influence of water at higher

current densities, as shown in Figure 8 [6].
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Figure 31. Voltage signals for 15 minutes at each currentiten$ a typical polarization curve (the
current densities on the right are in mA®dm
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To see how this dynamic behavior influenced theéaga averages at each current
density, the following averages and standard dewviatwere taken: full 15 minutes, first
10 minutes, first 5 minutes, last 10 minutes, asi b minutes. These results are shown
in Figure 32. While in some cases the standardatiewi is higher if only the first five
minutes are averaged (i.e. 700 mAQuthe results in each averaging scheme are
similar. To ensure a sufficient sampling time whpkrforming reasonably long tests, 10
minutes was chosen as a suitable sampling timeéhenaverage of the entire signal is
taken. Five minutes of testing was not pursuethénelvent a particular operating

condition had excessively dynamic behavior (sucim aslarge flooding condition).

M Full 15 minutes

0.200 E First 10 minutes
0.800 - IR — i E First 5 minutes
0.700 4 - O Last 10 minutes
| 5 O Last 5 minutes
< 0.600 + - -
D0.500 + T
©
o)
O 0.400 -
> 0.300 +
0.200 -
0.‘1 00 T T T T T T T T T T T T T T

50 80 100 150 200 300 400 500 600 700 800 900 1000 1100
Current Density (mA cm'2)

Figure 32. Average voltage at each current density through diveraging schemes to determine the
duration of each point when testing

Another example of dynamic voltage data is whencttbode stoichiometry is 1.5 at
low current densities (low air flows). At these lemflows, the fuel cell performance
tends to fail due to insufficient amounts of oxygeaching the active catalyst sites and
then to recover. An example of this behavior isseian Figure 33. With this behavior,

the average (arithmetic mean) is markedly lowen tin@ values expected on a typical
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polarization curve with a large standard deviatibm present more realistic and
representative results, the median is used in tteses. Figure 33 shows the difference
between the mean and median for both approacheshm/eourse of a ten minute trial.

The median is only used in cases of low air flour(ent density< 100 mA cnf ; Aair <

2).
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Figure 33. Dynamic voltage behavior at low air flowis,{ = 1.5, i = 50 mA crd) showing the difference
between the mean and median results; the electracheperformance is more unstable on the descgndin
approach

As in the non-operating cold studies, majors vagisistudied include: the air
stoichiometry, temperature, and inclusion of a oparous layer (MPL). These are
further detailed in Chapter 5. This experimentaligevas also used to explore a purging
method that can lower the pressure drop hysteefsist.

3.5 Anodewater removal experimental methods

An operating 49 cifuel cell, TP50 [104], was used for all the tentthis study, and
the results are presented in Chapter 6. A Hydragénitest station (Model no. G100)
was used to control all fuel cell operating comalisi. The conditions for the AWR tests

are shown in Table 8.
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Table 8 Baseline operating conditions and fuel cell speatfons for the anode water removal (AWR) tests

Operating Variable Baseline Value
Tcella Tgas 750C
Relative humidity (cathode:anode) 100:0 %
Anode GDL SGL Carbon 25 DC
Catalyst Coated Membrane (Pt loading on both sidepore Primea Series 5510 (0.4 mg P£m
Active area 49 cnf
Air stoichiometry Eai) 2
H, stoichiometries (AWR) 1.5-15
Cathode gas Air
Cathode flow field design Single-serpentine, 27dsen
Cathode channel cross sectional area Trapezoidd (anf)
Cell compression pressure 110 psig
Gas inlet pressure 206.8 kPag

The inlet cathode gas was fully humidified anditilet anode gas was completely
dry during the AWR tests. Thus, the water concéiotmegradient favors water transport

from the cathode to the anode. This is shown scheafis in Figure 34.

Flow field channel (cathode)

Flow field channel (anode)

Net direction

of water flow
(cathode to anode)
as hydrogen stoich
increases

Figure 34. AWR fuel cell schematic showing the net directidmmater movement from the cathode toward
the anode

The anode stoichiometry was increased through@AWR test with all other
operating conditions remaining constant, and eacida stoichiometry was sampled for
114 seconds. The test was run until the anodehstonetry reached 15 or the anode
pressure drop exceeded 146.8 kPa. All tests weratrli,000 mA ci with a constant
air stoichiometry of 2. This current density waesen since it represents a reasonably

high water production rate. Also, since the andd&kkiometry is increased in the AWR
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tests, this high but moderate current density iasen so a reasonable pressure drop
could be obtained at high hydrogen stoichiometries.
The AWR tests used 6 different GDLs on the cathadech are shown in Table 9. In

all tests, the anode GDL was SGL Carbon 25 DC (PO%E with an MPL).

Table 9 GDLs used in AWR tests; varying MPL inclusion, hgghobicity, and thickness

SGL Carbon GDL M PL Hydrophobicity Thickness
Cathode GDL PTFE (%) (um)
25 BC 5 Yes Hydrophobic 235
25 BA 5 No Hydrophobic 190

25 BL 5/0 Yes Hydrophobic GDL/ 235
Hydrophilic MPL

25 BAitic -- No Mixed Hydrophobic/ 190
Hydrophilic

25 AA 0 No Mixed Hydrophilic/ 190
Hydrophobic; water

ingress
35 BA 5 No Hydrophobic 300

The baseline GDL for these tests was the 25 BA Giidth 5% PTFE and no MPL.
The 25 BC GDL has the same properties as the 2&BA but contains an MPL. The 25
BL GDL contains 5% PTFE in the GDL but has a hytibp MPL; these tests examine
the effectiveness of AWR when the cathode MPL anprto flooding. The nitric acid
treated 25 BA GDL (25 Bawic) had a mixed hydrophobicity, with some sections
hydrophilic (since the PTFE is removed) and otledrophobic (due to surface
roughness), which promoted some additional floodmitne cathode GDL. The nitric
acid treatment was accomplished by immersing thBR%DL in boiling HNG; for 1
hour and then rinsing it with DI water. The 25 A®G also has mixed hydrophobicity,
with small droplets beading up on the surface lity@ophobic manner and larger

droplets quickly entering the GDL (this water inggeauses high GDL saturation).
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Tests were also performed with an additional 25@BL placed on top of the
existing cathode GDL. This test was done for alihef GDLs in Table 9 to exacerbate the
influence of GDL flooding on the fuel cell’s perfoance. The discontinuity in GDL
caused by the additional GDL layer can promotetaudil flooding, and thus more
clearly shows how AWR behaves over a range of dipgraonditions.

Exacerbated flooding was also accomplished by eatevater injection, which was
accomplished by pumping deionized water at amhemperature with a Masterflex L/S
pump (model # 77390-00) through a rotameter. Thieoéxhe rotameter was connected
to the cathode gas inlet before the gas enterecethel he rotameter was utilized to
ensure that an accurate water injection rate doeldetermined. The water injection rate
was approximately 145 mL firwhich was found to sufficiently reduce the fuell's
electrochemical performance while still allowing 8afe and controlled water injection.

Additional tests were done with the 25 BC and 25@BLs, focused on the effect of
temperature (25, 50, 75, and’@) and cathode relative humidity (25, 50, 75, ad0%).
This was a useful comparison because the onlyrdiffee between the GDLs was the
MPL layer. The temperatures are important becausarnount of water in the fully
humidified gas stream increases exponentially vathperature, greatly affecting the
gradient in the AWR process. The dew points tentpega for the air at & for RHs of
25, 50, 75, and 100% are 45.1, 59.3, 68.3, af@,#@spectively.

The operating current density was studied as waletermine the effect of the water
production rate on AWR (higher current densitiezdpoice more water on the cathode).

The current densities studied include 100, 500, 7800 (baseline) and 1500 mA ém
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For each test, the high frequency resistance (H¥R)studied at a frequency of 1
kHz (GW-Instek LCR-819). These results provideditoigial data to the voltage data
collected during the AWR process (an example isvshio Figure 94). The resistance
measurement was taken from the anode and cathodmtoollectors. The flow field
channel pressure drop was measured on both the #&Bg) and the cathode\P.,) by
the test station at a sampling rate of 1 Hz.

The AWR performance repeatability was explored gisie 25 BC GDL results at 75
°C and 100 % cathode humidification by running s five separate times (includes
two repeat tests with the same membrane electissterdly (MEA) and two new
MEASs). The percentage error from these five tests within 2% for the voltage, 10%
for the cathode pressure drop, and 8% for the apoetsure drop over the range of
hydrogen stoichiometries tested. The error bargvatfor the remaining results represent

the standard deviation of the signal.
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4 Pressuredrop hysteresisin a non-operating fuel cell: resultsfor cold
and hot studies

Chapter 4 pertains to pressure drop hysteresisnroperating fuel cell experiments
for both cold model (Section 4.2) and hot mode3)4tudies. A brief introduction is
given to further explore the relevance of this topi
4.1 Introduction to pressuredrop hysteresis

As discussed, the proton exchange membrane fudlazleceived attention as an
energy conversion device due to its high energgieffcy, low operating temperature,
and little to zero emissions during operation. &&lent from the literature review, one
major technical issue that has received extensisearch is proper water management. A
specific consideration within water managemenhesitmpact of gas-liquid two-phase
flow in the gas flow channels. A higher pressumapdiepresents a larger system parasitic
power loss [39], prompting additional study intatwhase flow. Another problem
associated with two-phase flow in flow channelsesctant maldistribution [56] and
current maldistribution [137], which can lower oakicell performance.

To address two-phase flow in flow field channelsisimplified setup, non-
operating experiments [70,193 ,75] can be run tmimthe behavior of operational
(operating) fuel cells [38, 71,10]. Non-operatingperiments possess the advantage of
being able to control relevant operating conditiasimsle decoupling reaction and
heat/mass transfer from the hydrodynamics. In ggnemter in non-operating
experiments is injected through a GDL into theflaw field channel (simulating the
cathode flow field channel) to observe relevant-phase flow behavior. Operating then
refers to running the cell electrochemically togurce water. Borrelli et al. [70] showed

that the non-operating experiments exhibit sindiaplet behavior to operating cells.
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Once the droplets emerge into the flow field ch#smeon-operating experiments
have shown various two-phase flow patterns inclgding, film, corner, and mist flows
depending on the superficial air velocity and GDboperties [75]. Film flow or stratified
flow is considered as a desirable pattern in felsdecause water is only covering the
channel walls, leaving the GDL surface exposedyés diffusion. However, the
superficial velocity needed to achieve this flovitgan varies with experimental setup,
with Trabold et al. [6] pointing out that a supeidi gas velocity of 5-6 msis needed
and Lu et al. [56] recommending more than 3 mThe value of the needed superficial
velocity may also change with operating currentsitgrj22].

A recently studied two-phase flow phenomenon isguee drop hysteresis [50, 55].
This behavior occurs when the gas and liquid flates (determined by a given current
density) are increased along a set path and thaeaked along the same path with
differing pressure drops. An application exhibitingreasing and decreasing currents is
the automobile, where the load varies based odrikieng cycle [138, 139]. Since the
load varies, the corresponding gas flow rates aagmproduction rate vary as well via
Faraday’s Law (Egn. 17 and Egn. 34). An exampleraotive load profile studied by
Automotive Fuel Cell Cooperation (AFCC) is showrfigure 35, which shows increases

and decreases in the load.
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Figure 35. Example automotive load profile from AFCC showiegeated increase and decreases in load,
which correspond to increases and decreases irrfites (reprinted from Kundu et al. [138] with
permission from Elsevier)

Additionally, flow regime hysteresis has been obedrn minichannels bounded by a
porous wall, where the transition between flow megidepended on whether the air flow
rate was varied in an ascending or descending m#§b4hle This is relevant to PEM fuel
cells due to the porous GDL structure defining wadl of the flow field channel.

Previous work examined the pressure drop hystepbgisomena over a wide range
of operating conditions, and an example resulinoéasitu study performed in acrylic

channels is shown in Figure 36 [55].
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Figure 36. Pressure drop hysteresis with air and water inpgamllel minichannels from ascending and
descending gas flow rates (reprinted from Zharaj.d65] with permission from Elsevier)

These results show a clear difference in pressue depending on the ascending or
descending approach. The pressure drop hysteeggr(superficial gas velocities
between ~1.5 and 3 n)soccurs here because of flow pattern changesieitilow
descending approach the flow pattern is stratified in both channels, but is stratified
flow in one channel and stagnant liquid in the otteannel during the gas ascending
approach. It should be noted this mechanism issstimed to be the pressure drop
hysteresis mechanism in an operating fuel cellyidde discussed throughout Chapters
4 and 5. It is also important to note that theseilte could only be confirmed with optical
visualization of the flow pattern.

This chapter explores pressure drop hysteresisardistinct stages: non-operating
‘cold’ (Section 4.2) and non-operating ‘hot’ (Secti4.3). Cold and hot refer to the test
conditions for the non-operating investigationdgdaexperiments were studied at ambient
temperature and pressure with dry air, while thieelxperiments were studied at relevant

temperatures with humidified air. The specific testditions for this chapter are
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explained in Section 3.2 (cold) and 3.3 (hot). Tgnsgression allowed the establishment
of a hydrodynamic baseline, to which results cahi&h be compared as the conditions
became more relevant to an operating PEM fuel Bedissure drop hysteresis in an
operating fuel cell is analyzed in Chapter 5.

The results of this thesis show that pressure bysgeresis is important at low
current densities (both simulated and operatingg gressure drop behavior is important
at lower current densities because low loads asmafsed for high energy conversion
efficiency [29,205]. Also, dynamic automotive fugglls can operate at less than 20% of
the rated power, with Barbir [140] noting an averagwer of 12% of maximum power
from the U.S. EPA Urban Dynamometer Driving Sched@05), making the regime of
lower gas flow important [141]. The compressor woak be related to the pressure drop
via Eqn. 44,

(44)

k-1
W _ rnair,in *Cp * Tl (&J k -1

comp
ﬂ comp Pl

where B is the pressure after compression (including piresgrop), P is the pressure
before compression, and k is the ratio of spebiéiats (1.4 for diatomic gases). A higher
pressure drop results in more compressor worktlaedvork is a parasitic power loss,
which lowers overall fuel cell efficiency as dissad [39]. Thus, the pressure drop
hysteresis work in Chapter 4 and Chapter 5 is fed¢ws understanding the pressure drop
towards the ends of higher total system efficiemoy,as a diagnostic tool. By better
understanding mechanisms that raise the pressope winnecessary power losses to the
compressor can be avoided, raising overall systéoiemcy. Further discussion on this

topic is given in the overall conclusions in Chapte
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4.2 Pressuredrop hysteresisin a non-operating cold fuel cell®

For clarity, the flow approaches are defined agaifollows in terms of the
‘simulated’ current density (the current densityinkes the relative flow rates of water
and air; simulated means the setup is non-opejafling ascending approach is 50, 100,
200, 400, 600, 800 mA cfn The corresponding descending approach is: 60I), 2D,
100, 50 mA crif. It should be noted that this simplified appro&zthe load cycle
(compared to Figure 35) is used to combine a tyjpickarization plot (increasing current
density) with an ascending and descending prdig¢ would be seen in automotive
applications. While this simplified profile is thamtificial, it is a reasonable baseline
profile for experimental investigation and is useughout the pressure drop hysteresis
study. The specific operating conditions and fuedl designs of this motivating
application (i.e. the automobile) should not befasad with our experimental setup
where simplifications are necessary to understaactdmplex two-phase flow.
421 Resultsand discussion

This section explains pressure drop hysteresisionaoperating cold fuel cell [142].
The non-operating approach taken here injects Wateugh a GDL into the cathode
flow field channel with gases that are neither hilifigd nor heated. The experimental
conditions for these tests are described in Se@i®nTo understand the principles of this
pressure drop hysteresis behavior, the non-opgrapproach examined several variables
including: the effect of air stoichiometry (Sectiér2.1.1), the GDL properties (the

inclusion of an MPL Section 4.2.1.2.1 and PTFE enhSection 4.2.1.2.2), the range of

® These results were published in [142]: R. Ander§nR. Wilkinson, X. Bi, L. Zhang, Two-phase flow
pressure drop hysteresis in parallel channelsppbton exchange membrane fuel cell, J. Power Seurce
195 (2010) 4168-4176.
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current densities (Section 4.2.1.3), the effetexfreasing step size (Section 4.2.1.4), and
the effect of initial state (dry vs. flooded; Secti4.2.1.5).
4.2.1.1 Effect of stoichiometry in the non-operating fuel cell

The ascending and descending pressure drop résu#ttoichiometries of 1 to 5,
which cover a typical range of fuel cell operati¢hé6], are shown in Figure 37a. SGL
25 BC was chosen as the GDL because it is a ty@bdl used on the cathode side of the
operating fuel cell. Triplicate experiments wer@éa@t each current density, and these
are the values reported in Figure 37a. Figure 3itbTable 10 show an individual result

for the third trial of the 25 BC GDL at a stoichietry of 2.

Table 10 Pressure drop results for the ascending and deiscepibcess for one experimental trial (25 BC
GDL, A4 = 2, Trial 3 result) (reprinted from Anderson kt[242] with permission from Elsevier)

Ascending Pressure Standard % Error
Process (ism) Drop (Pa) Deviation (Pa)
50 33 2 7
100 75 2 3
200 159 2 1
400 359 6 2
600 673 70 10
800 1085 36 3
Descending Pressure Standard % Error
Process (ism) Drop (Pa) Deviation (Pa)
600 763 32 4
400 532 21 4
200 233 17 7
100 115 24 21
50 61 32 52

The ascending case has a small percentage eriordfatandard deviation to overall
pressure drop). The high percentage error at lowlsited current densities during the
descending approach is a result of the large asioitls in pressure drop signal due to the

flow type. More discussion on the signal fluctuasos in Section 4.2.1.4.
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Figure 37. Effect of gas stoichiometry on two-phase pressuop tysteresis for the 25 BC GDLJEP=0
kPag, as= 20°C, dry air] (reprinted from Anderson et al. [142}twpermission from Elsevier)

The ascending pressure drop and descending prefsyrare not identical for
stoichiometries in the range of 1-4. However, staachiometry of 5, the pressure drops
from flow ascending and descending approaches neatci other. This pressure drop
hysteresis effect can be explained by how watesrsr@nd leaves the cathode flow field
channels. At low simulated current densities, ntews being introduced and the fluid
flow in the channels is essentially single-phasdlaiv. Figure 37b shows the results for
single phase flow (air only) with the 25 BC GDLaastoichiometry of 2, which illustrates
how the ascending pressure drop and single phassue drop at the same when the
simulated current density #8400 mA cn¥. Water breakthrough is evident at a higher
simulated current density600 mA cn¥. In this setup, it is not until these rates that a
critical breakthrough pressure is reached, as desmliby Bazylak et al. [193]. As the air
flow is lowered in the descending approach, theargd water is unable to be removed

from the channels convectively, and the residuaémeauses a higher pressure drop.
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This explanation is true for lower stoichiometrikat are less than or equal to four. At a
stoichiometry of 5, the air flow is sufficient temove all injected water and, as a result,
residual water is not accumulated. Due to the dayuilm addition and quick removal of
water, the ascending and descending pressure doopst display a hysteresis in this
higher stoichiometric range. It is also importantbte from other ex-situ work that once
breakthrough occurs, water continues to flow thiotige GDL even without the syringe
pumping in more water to maintain the same hydtiespaessure [74]. Thus, flooding
can be greater after breakthrough has occurred.

The extent of pressure drop hysteresis can betifjadrby the percentage change
between the descending and ascending pressure dsoglsown in Figure 38. This is a
useful metric as it relates the two approachesianother directly; it is a direct
comparison of how the descending path changes aqeshpathe ascending path,
regardless of how the ascending path’s behaviterdifrom the single-phase flow case.
The percentage change is defined as:

AIDDescending - AIDAS(:ending (45)

AF)Ascending

%Change{ }X1OO

i.e. a higher percentage change from ascendingdoethding pressure drops indicates a
more pronounced pressure drop hysteresis. Notandlgsis does not rely on the total
magnitude of the pressure drop hysteresis. Onemdaghat the comparison is often
inconclusive since such a wide range of overaksgues drops is studied (from
approximately 50 to 2500 Pa). Thus, magnitude chamngthe pressure drop do not
reflect the relative influence of the pressure dmggteresis, which is more important for
finding the relative increase in compressor wor& gtven current density. Further, since

this is a single cell in parallel channels, the niagle of these differences experimentally
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does not increase the compressor work apprecidiolyever, the magnitude of the
pressure drop increase would be more important whasidering a full stack where the

total flow and total pressure drop would be sulisaiy higher.
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Figure 38. Percentage change in ascending and descendingigreseps showing hysteresis is a larger
problem at lower air stoichiometries (lower ainfloates) (reprinted from Anderson et al. [142] with
permission from Elsevier)

Three different zones are drawn in this figureillostrative purposes. At a stoichiometry
of 1, the hysteresis effect is large for all sinedacurrent densities because the low air
flows are unable to remove the residual water éndéscending case (Zone 3). Operation
for stoichiometries in the range of 2-4 falls ione 2, where the hysteresis effect is not
noted at high current densities§00 mA cnif). However, at lower simulated current
densities, the air is unable to remove residuaématthe descending case and two-phase
flow hysteresis appears. For a higher stoichiomeftfy (Zone 1), the hysteresis effect is
eliminated because the air flow is sufficiently it prevent the accumulation of

residual water. In this region, the percentage ghdetween ascending and descending

pressure drop is consistently below 10%.
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These results clearly show higher air flow ratesreeeded to shear liquid water out
of the flow field channels, which relates backtie adhesion forces and shear forces
developed in 2.3.3. Droplet removal will only ocauenough force is applied to the
droplet to remove it from the channels, a critetiogit is met with increasing air flow.
4.2.1.2 Effect of GDL type: MPL inclusion and hydrophobicity

Five different GDLs were tested and comparedsabi@hiometry of 2 (the baseline
cathode stoichiometry for the operational fuel)cdlhese GDLs were chosen to
investigate the effect of a microporous layer (vatid without MPL) and PTFE content
(0, 5, 20%) on pressure drop hysteresis. Lee §a4] have shown these parameters to
have an impact on observed flow regime in fuel teW channels. The GDLs used in
this research and their relevant specificationshosvn in Table 3.
42.1.2.1 Effect of MPL

Figure 39 shows the effect of the MPL by compa&. 25 BC (with MPL) and 25
BA (no MPL), which have the same PTFE treatmentadifferent thickness due to the

inclusion of an MPL.
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Figure 39. Effect of MPL on pressure drop: 25 BC (with MPL) 28 BA (withouth MPL) at a
stoichiometry of 2 [R,s= 0 kPag, J.s= ambient, dry air] (reprinted from Anderson et[&42] with
permission from Elsevier)

These results show that both GDLs share similatateling pressure drops but different
ascending pressure drops. At the same descendifigvai the similar capability of
expelling the residual water suggests that theldt@@tachment/removal dynamics are
similar for the two types of GDLs, which have tlzere PTFE content. The ascending
pressure drop for the 25 BA GDL (no MPL) is lowegding to a larger percentage
hysteresis effect when compared with the descerajpgoach (Figure 41). This is a
combination of water injection and single-phasespuee drop, as the 25 BC GDL has a
higher single-phase pressure drop than the 25 BA 5I07% higher on average). Thus,
the percentage change appears smaller for the 26[BCdue to the higher ascending
pressure drop.

The effect of the MPL on two-phase flow hysteregss also studied by comparing
the 25 DC (20% PTFE, MPL) and TGPH-030 with 20% BT&DL (no MPL). These

results at a stoichiometry of 2 are shown in Figlbe
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Figure 40. Effect of MPL on pressure drop : 25 DC (with MRIs) TGPH-030 20% PTFE (without MPL)
at a stoichiometry of 2 [R= 0 kPag, T.s= ambient, dry air] (reprinted from Anderson et[a#2] with
permission from Elsevier)

Both GDLs exhibit pressure drop hysteresis. In thise, the 25 DC GDL has a higher
overall pressure drop in either approach. Howethes,does not directly show the

relative effect of the pressure drop hysteresisaddress this, Figure 41 shows the
percentage change between the descending and emreade for the four GDLs. The
data shows that the 25 DC GDL and 25 BC GDL (bath WMPL) allow for water
breakthrough at a lower simulated current dend#a], which reduces the difference
between the ascending and descending pressuresidagpthe water influences both
approaches. For the GDLs with no MPL, the latezatipn during the ascending
approach leads to a lower ascending pressure dibpharefore more hysteresis once the

water breaks through.
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Figure 41. Percentage change in pressure drop for four GDhSn@PTFE and MPL inclusion(reprinted
from Anderson et al. [142] with permission from &lger)

However, the results for the TGPH-030 20% PTFE GWithout MPL) and the 25 DC
GDL (20 % PTFE with MPL) are quite similar, soetnains uncertain if MPL is a major
parameter affecting the extent of pressure drogehgsis. This is more explicitly
addressed in Section 4.2.1.2.3.
4.2.1.2.2 Effect of hydrophobicity

Figure 42 b, c, and d show the effect of PTFEttneat by comparing TGPH-030
with 0% PTFE, TGPH-030 with 20% PTFE, and 25 BAhB26 PTFE respectively
(none with MPL). The single-phase pressure droplrésr each GDL is also included to

show the influence of two-phase flow on the pressliop.
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Figure 42. Effect of PTFE treatment on pressure drop: a) T@Bé&s b) THPG-030 with 0% PTFE c)
TGPH-030 with 20% PTFE d) and 25 BA with 5% PTFE.{P 0 kPag, J.s= ambient, dry Air] (reprinted
from Anderson et al. [142] with permission from &lger)

Water breaks through the plain TGPH GDL at a lofimv rate than the TGPH 20%
PTFE coated GDL, leading to a higher ascendingspresdrop (Figure 42a). Due to the
higher pressure drop in the ascending case, theregss effect is only noted for the plain
GDL at simulated current densities of 200 mA<and lower. Water is more efficiently
removed from the GDL surface with increasing PT&ig the TGPH-030 20% PTFE
coated GDL led to a lower ascending pressure dndplzerefore a wider hysteresis zone
when water accumulates in the descending apprédaaurrent densities below 200 mA
m’, the plain GDL also exhibits a larger pressurepdnothe descending approach

compared to the TGPH-030 20% PTFE coated GDL. iitaig be a result of the reduced
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PTFE content, which would hinder the droplet’s dataent from the GDL surface due to
higher hydrophilicity (wetting of the surface) [69]The 25 BA GDL shows very similar
results to the TGPH-030 20% PTFE coated GDL. Thegmtage difference between

these GDLS, defined as:

‘APZSBA - APTGPH—osqzoJ/o
APysea

(46)
]X100

is on average less than 4%. This result indicétasadditional PTFE (20% vs. 5%) does

% Changep, =[

not influence the extent of the hysteresis.
The percentage change between the descendingesading approach pressure

drop for the three GDLs in Figure 42 are showniguFe 43.
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Figure 43. Percentage change between the descending andiarpressure drop for three GDLs with
PTFE content of 0, 5, and 20% (reprinted from Asdaret al. [142] with permission from Elsevier)

This figure shows no clear trend, indicating thd=ETreatment is not a major
consideration in pressure drop hysteresis. Thisjmportant to study each GDL
individually and evaluate the results in termsha single-phase pressure drop and the

percentage change between approaches.
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4.2.1.2.3 Physical interpretation of GDL results

As has been discussed, the hysteresis results di@po¢only on the amount of
accumulation in the descending approach but alsdtéakthrough point of liquid water.
The total amount of water injected into the cathfbole field channels based on the

volumetric injection rate in Table 4 is shown inbl&all.

Table 11 Cumulativewater injection rates for the entire ascending @@stending cycle for simulated
current densities based on an active area of 367 ¢

Volumetric liquid Cumulative water
Current Density water injection rate injection (mL)
(mA cm?) (mL hr

50 (ascending) 0.6 0.1
100 (ascending) 1.2 0.2
200 (ascending) 2.5 0.6
400 (ascending) 4.9 1.2
600 (ascending) 7.4 2.2
800 (ascending) 9.9 3.5
600 (descending) 7.4 4.5
400 (descending) 4.9 5.2
200 (descending) 2.5 5.5
100 (descending) 1.2 5.7
50 (descending) 0.6 5.7

This is important because each GDL can lend iteddf different saturation point before
breakthrough occurs. Each GDL has its own spepifiperties: PTFE loading, thickness,
porosity, air diffusivity, MPL inclusion etc. Thepeoperties affect how water breaks
through from the anode chamber into the cathode field channels during the non-
operating tests. To study this point, a givgawas run until breakthrough occurred for
the 25 BC and TGPH-030 20% PTFE GDLs. The brealtftradime was noted when the

pressure drop signal suddenly changed, and an dgasrghown in Figure 44.
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Figure 44. Breakthrough determination from pressure transdsigegrals for flow rates corresponding to
400, 600, and 800 mA cfnthe breakthrough point occurs when the signalsitions from relatively stable
to high frequency oscillations (25 BC GDL)

The x-axis in this case is total data points ctdldat a frequency of 20 Hz, which for the
analysis is converted into seconds, and the yisstige pressure transducer signal in
volts. The results shown here make sense; the 400m test takes longer for water to
break into the GDL because it has half the voluiméow rate of the 800 mA cih
simulated current density. The time until injectaotted againstiy, (25 BC GDL,

Lair=2, T=ambient, dry gas) is shown in Figure 45.
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Figure 45. Breakthrough times a) vs;;i b) vs. water injection rate corresponding to a&giy;, with a
power law curve fit (25 BC GDL)

The results in a) and b) have the same shape letag,, and water injection rate are
coupled Faradaically. The curve fit shows a powerWwhere the exponent is —1.1403.
This exponent is approximately —1, implying that thjection rate x time is a constant
value. This result means that each GDL has a speaifuration point (water volume)
before water breakthrough will occur under a gisehof conditions. The implication to
hysteresis is that the two-phase pressure droptisated until water injection has
occurred. Only then do the removal/accumulationagiyics become important.
Experimentally, it was determined on average thatotal injected volume before
breakthrough was 1.6 mL under these conditions. évew the coefficient on the curve
fit (which represents the fitted amount of watgeated), is only 0.63 mL. This
difference is due to the exponent not being —1 tgxa&hen refitted with the exponent as

—1 and the coefficient set to 1.6 mL, the followjpigt was found:
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Figure 46. Breakthrough times a) vs;;i b) vs. water injection rate corresponding to &giy, with the
first power law curve fit and a modified power lawrve fit with an exponent of —1 and a coefficienitL.6
mL (25 BC GDL)

As shown in Figure 46b, the curve fit with an exponof —1 and a coefficient of 1.6 mL
(as found experimentally) is still in good agreemaith the data. This agreement means
that the physical interpretation of the resultadequate; each GDL has a constant water
saturation volume before breakthrough. Physic#g,25 BC GDL can only hold a
volume of 0.72 mL (25 BC GDU;x wx h =340.1 x 10.4 x 0.235 mm; porosity = 80%),
which means that the additional water builds uppitessure on the anode side until
breakthrough can occur. This pressure buildugkedylia function of the aforementioned
parameters. The pressure drop on the cathodelsm@areases slightly before the
breakthrough, as shown in Figure 44. The flooded. Gfay act like an impermeable
solid, which would increase the pressure drop {ghdiscussed in Appendix C.1.1).

This analysis was also done with the TGPH-030 ZD4 with the same result,
except the coefficient is 1.95 mL (found experinadlg). The exact set of factors that

contribute to this constant saturation volume atectear. Compared to the 25 BC GDL,
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the GDL properties are varied (20% PTFE, no MP1%&sbrosity, 0.110 mm thickness),
and the breakthrough may also be related to thespre in the cathode channels, which
is a function of the operating conditions. The wigproperties of each GDL further
highlight why studying pressure drop hysteresisanh GDL is needed and why no
dominant trends are noted in the percentage chasgés for the GDLs (varying MPL
and PTFE).
4.2.1.3 Effect of smulated current density range

The range of the simulated current density wareddry studying ascending
approaches up to 400 mA @mand up to 1600 mA cf The baseline GDL (SGL 25 BC)
and baseline operating conditions (dry gas, aml@mperaturéel,; = 2) were used in
this study. The results for the final ascendingenir densities to 1600 mA ém800 mA

cm? (baseline), and 400 mA ¢hare shown in Figure 47 a, b, and c, respectively.
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Figure 47. Effect of final current density on pressure drdpde ascending/descending approaches): a)
max ki at 1600 mA crif; b) max i at 800 mA crif; ¢) max ki, at 400 mA crif [Pgas= 0 kPag, Fas=
ambient, dry air] (reprinted from Anderson et 442] with permission from Elsevier)

If a minimum water injection rate is not reachesljrathe case of 400 mA émthere is

no water breakthrough so no hysteresis is obseivegl breakthrough results for 25 BC
show a 1.6 mL water injection is needed for breaktgh, which is not reached when the
maximum simulated current density is only 400 mA’ffiable 11). The average
percentage difference between descending and asgeaqgproaches in this case is only
6 +/- 1%. For a final current density of 800 mA €rthe breakthrough of water causes
accumulation that cannot be removed effectivelyieydescending airflow, leading to
hysteresis. The case of 1600 mA tfollows similar hysteresis behavior in the same
zone as the 800 mA cficase. However, above a current density of 800 mA, ¢he air

flow is able to remove the injected water at aisight rate in either approach (similar to
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the results of using an air stoichiometry of 5)u$hthere is no hysteresis effect in the
high flow rate range. Below 600 mA &nthe high air flow does not remove the liquid
water, so accumulated water in the channels atrlaiwdlows (below 600 mA cif)

causes a higher pressure drop in the descendieg Tais establishes two-phase pressure
drop hysteresis. Compared to the same points inase of 400 mA cif the average
percentage change between descending and ascapgiraach is 56 +/- 12%.

Thus, as explained in the GDL breakthrough sectiomhysteresis effect is first
explained by breakthrough, which is GDL dependand, then by the water removal
ability of the gas at a given flow rate.
4.2.1.4 Effect of descending step size

In the previous experiments, the simulated curdenisity was incrementally
increased to 800 mA cfrand then descended along the same path (6002@001.00,
50 mA cni®). Four experiments were run to analyze the efféthe initial descending
step size. Each experiment began at 800 mA gm ascending approach) and the
descending approach step size was changed, witthsetttng held for approximately 8

minutes. The experimental approaches are giveralmer12.

Table 12 Five descending approach experiments to determine feetef decreasing step size on pressure
drop (reprinted from Anderson et al. [142] with péssion from Elsevier)

Trial Number Descending Approach (mA cm?)
0 (previous baseline)  889600->400>200>100>50

1 800>400->200->100>50
2 800>200->100>50

3 800>100->50

4 800>50

Each cluster of results in Figure 48 shows thd thterence in pressure drop between

the pressure drop at 800 mA érand the pressure drop at each current density\Peso
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macm-2—APsomacm-2 For example, 808> 50 mA cn¥ contains five boxes since each trial
ended at 50 mA cthand 808>600 mA cn¥ only has one box since only one trial

includes the 600 mA choperating point.
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Figure 48. Difference in pressure drop from the 800 mAZpressure drop for the five approaches
described in Table 12 (reprinted from Andersonl.gtld2] with permission from Elsevier)

The results show that the decrease in pressurefanopthe pressure drop at

800 mA cn¥ to each lower current density is similar withirpekmental error regardless
of the size of the jump. For example, the presduwe at 50 mA crf is the same
whether the path goes from 88@00->200>100>50 mA cm? or simply from 806>50
mA cm. This result implies that the balance of waterddticed and subsequently
accumulated at each operating condition quicklgiea equilibrium. However, the
dynamic behavior of the pressure drop signalsfisrént depending on the size of the
descending step change, as reflected in the peedsop signals shown in Figure 49 for

the two cases of Trial 1 and Trial 4 at 50 mAZTm
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Figure 49. Pressure fluctuation signals for the Trial 1 ani&4 approaches (Table 12) to 50 mAtm
(reprinted from Anderson et al. [142] with permigsfrom Elsevier)

The average pressure drops are within the starttiasidtion of the data set despite
clearly different dynamic behavior. The averagaigand standard deviations of the

pressure signals for both approaches are calcudaigdhown in Table 13.

Table 13 Pressure drop and standard deviations for TriadlTaial 4 paths (Table 12) to 50 mA ém
(reprinted from Anderson et al. [142] with permigsfrom Elsevier)

Simulated i PressureDrop A P St.dev

(mA cm? (Pa) (Pa)
50 88 57
100 108 37
200 199 26
400 525 23
800 1074 31

Simulated i PressureDrop A P St.dev

(mA cm?) (Pa) (Pa)
50 59 25
800 1123 38

The average value of the pressure drop at 50 mAismimilar for both cases. However,
when a multi-step approach is used (800 to 400120050 mA crif), the resulting

pressure drop at 50 mA énfluctuates much more than the single-step appraaéb
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mA cm? from 800 mA crif (standard deviations of 57 and 25 Pa, respec)ivélyom
visual inspection using the optical window in theelfcell, no noticeable/quantitative
difference was observed in the flow pattern andange slugs were noticeable. However,
it is likely more water was accumulated with mateps, hence a slightly larger pressure
drop and greater oscillations in the pressure digpal, which is consistent with the
work of Ma et al. [32]. This is due to the total @mt of injected water in each case,
which is shown in Table 14. In the case of thelTkipath, nearly 2.5 mL of water is

injected vs. only 1.4 mL in the case of the Trigdath.

Table 14 Water injection rates and total cumulative injestaaomount based on 8 minutes per point for Trial
1 and Trial 4 from Table 12 and Figure 49

Volumetric Cumulative Volumetric Cumulative
Current density| liquid water liquid water Current density | liquid water liquid water
(mA cm?)-Trial | injection rate | injection (mL) | (mA cmi?-Trial | injection rate| injection (mL)
1 path (mL hr?) 4 path (mL hr?)

800 9.9 1.3 800 9.9 1.3

400 4.9 2.0 50 0.6 1.4

200 25 2.3

100 1.2 25

50 0.6 2.5

It should be noted that the potential for additiaaumulation would be difficult to see
visually since the total volume of water injectsdso small, but a potential for additional
accumulation does explain the observed results.
4.2.1.5 Effect of aninitially flooded state

All previous experiments began with dry cathodevffeld channels. However, it is
also important to explore the pressure drop hysierehen the channels are already
flooded since the current density of an operatidumall cell will likely be changed in
either an ascending or descending manner once watkeady in the channels. Initial
flooding in the channels was accomplished by imecthe cathode flow channel full of

water with the syringe pump injecting water throdlgh GDL into the channel. Once air
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flow began, the initial condition in all floodingses quickly became a combination of
droplets on the GDL surface, liquid slugs (watepdets touching all four walls), and
annular droplets (water film on the gold-coatedreted walls).

The initially flooded case exhibited pressure dngpteresis, but the ascending
pressure drop was higher than the descending Thseresult is the opposite of the dry
start case. A typical case is shown in Figure $@He SGL 25 BC GDL at an air

stoichiometry of 2.
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Figure 50. Effect of initial condition on pressure drop: dry. flooded for the SGL 25 BC GDL {R=0
kPag, Tas= ambient, dry air] (reprinted from Anderson et[&#2] with permission from Elsevier)

In the dry case, the pressure drop for the ascgrudige is lower than the descending case
because the accumulated water from the descendprgach is not removed by the

lower air flow rates. Since the amount of watetiatly present in the flooded channels is
greater than the amount accumulating from wateakiheough after a dry start, the
ascending pressure drop for a flooded start wasehithan the initially dry ascending or
descending pressure drop. Once a sufficient air #foreached in the initially flooded
ascending case (eXg=2, i = 800 mA crif), most of the initial water is expelled from

the channels, lowering the pressure drop of theeqeent descending approach. Enough
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water accumulates in the channel in either casause the descending approaches to be
higher than the ascending approach from a dry. stdré higher descending approach
from a flooded start can be attributed to the cardus flow of water through the GDL
since the flooded start begins after breakthrowamghaiready occurred. Thus, more total
water can enter and subsequently accumulate ifiavefield channels in this case.

Similar results were observed with the SGL 25 B#(PTFE) and TGPH-030 (20%
PTFE) GDLs. In both cases, the ascending pressapeveas higher than the descending
pressure drop when the channels were initiallydexh However, a different behavior
was observed with the plain TGPH-030 (0% PTFE) GIte less hydrophobic nature of
this GDL did not facilitate water removal like tbéhers and no hysteresis effect was
noted between the ascending and descending catesioftially flooded experiments.

All of these specific results also depend on tidase wettability of the landings and
channel walls. Bazylak et al. [77] studied surfaggtability and showed a hydrophilic
solid surface, like the gold coated flow field usedhis study, favors droplet spreading
and liquid water entrapment between the GDL anditanwidth. These observations
help explain why water spreads in the initial stardf the flooded experiments. In
addition, land touching droplets tend to grow fagtean operating fuel cell as shown by
Ous et al. [11], which complicates the water renhovachanism and can influence the
pressure drop.
4.2.1.6 Non-operating cold study conclusions

Two-phase flow pressure drop hysteresis was sdudia fuel cell in non-operating
cold model conditions. Hysteresis is noted wheraihélow rate and water injection rate

(determined from Faraday’s law) are increased hed tlecreased along the same path.
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Initially, little water is able to enter the chahbecause the pressure barrier through the
GDL is too high. At sufficiently high current detiss, enough water is forced into the
cathode flow field channels to cause two-phase.flasvthe air flow rate decreases along
the same path, the water is not sufficiently exgqeelind remains in the channels, leading
to a higher pressure drop. This results in pressiuop hysteresis between the ascending
and descending cases. The following conclusione wewn from the non-operating
experiment:
1. Two-phase flow hysteresis is noted only once &catisimulated current density
(water injection rate) is reached to allow suffitigvater to enter the channels.
Thus, a hysteresis zone is only noted when enowgéras entered the channels
and the subsequent descending air flow is too towvter to be removed.
2. Two-phase flow hysteresis is eliminated at a biometry of 5. Sufficient air
flow is able to remove the same amount of wategrerg the channels in the
ascending and descending case at this stoichionheaying no residual water to
induce two-phase pressure drop hysteresis. Stomatrces less than 5 here lead
to accumulation at lower air flow rates, causingssure drop hysteresis.
3. The inclusion of an MPL and PTFE coating changedattcending pressure drop.
In some cases, water is able to break through DlesGvith MPL at lower
ascending current densities, reducing the extetiteohysteresis. While the GDLs
with differing PTFE content can have different m@® drops, there is no
consistent trend between the pressure drop hyseessilts for the GDLs with O,
5, and 20% PTFE when no MPL is used. Due to th&rdikar breakthrough

characteristics, each GDL should be evaluated iddally.
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4. The step size in the descending approach doedfaot the magnitude of the
two-phase flow pressure drop hysteresis. Howelierptessure drop signal with a
large decreasing step size shows lower fluctuatioaus the signal with more
small steps.

5. The hysteresis effect is inverted when the chastaets as initially flooded for the
25 BA, 25 BC, and TGPH-030 with 20% PTFE GDLs. Wheter is originally
in the channels, the ascending pressure drop Iiehithan the descending case
since the air flow at low current densities is iifistent to remove the initial
water. An exception to this is the plain GDL, wharehysteresis is noted for an
initially flooded case.

4.3 Pressuredrop hysteresisin a non-operating hot model fuel cell*

This section explores pressure drop hysteresisisonaoperating fuel cell but at
practical fuel cell operating temperatures withyfilumidified air [144]. Thus, it is
referred to as the non-operating hot model. Thitige continues the work from Section
4.2 by making the conditions more relevant to aarapng PEM fuel cell. The
temperature [10,83 ,41], GDL properties [145,16,3b[ air stoichiometry [10,83
,146,38] were chosen for investigation due to thegvance to fuel cell performance
[10,146,145,16,31] and two-phase flow pressure {88p11,38,69]. This section again
focuses on the GDL, specifically the PTFE conterat the inclusion of a microporous
layer (MPL), since the hydrodynamic conditionshe flow channels differ from those of

non-operating cold study (Section 4.2).

* These results were published in [144]: R. Ander§nR. Wilkinson, X. Bi, L. Zhang, Two-Phase Flow
Pressure Drop Hysteresis under Typical Operatingd@fions for a Proton Exchange Membrane Fuel Cell,
ECS Trans. 28 (2010) 127-137.
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4.3.1 Resultsand discussion

The baseline pressure drop hysteresis resultsiakglahis phenomenon are shown
in Figure 51. The same mechanism is noted for hgsitein these conditions as was
discussed in the non-operating cold model cases iShielevant because other pressure
drop hysteresis results [55] were based on diftdtew patterns depending on the
direction the gas flow rates were changed. Hersinatilated current densities < 400 mA
cm?, the injected water does not break through the @Bd.the pressure drop is similar
to the behavior of single-phase flow. Breakthroigjfirst noted at 400 mA cf and the
two-phase pressure drop for 600 mAtand 800 mA crii are higher than the single-
phase case. As the simulated current density isredvon the descending path, the
pressure drop is greater than both the single-pteseand the ascending approach. This
behavior occurs when the air cannot convectivatyaee the water that enters the
channels. As the water is not removed, the desogratessure drop is continually higher
than the ascending counterpart. This differencefesred to as the pressure drop
hysteresis. Exacerbating this problem is the cosakson of liquid water, which must be
considered here as an additional water source TH$. source is a particular problem
when fully saturated air is used, since the rateooidensation is much greater than the

rate of evaporation when the gas stream is fullyikified [147].
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Figure51. a) Photographs of cathode flow channels at basetinditions (Table 5) for the ascending and
descending case of the 50 mA €simulated current density b) Pressure drop refatthe ascending and
descending paths depicted in (a) (reprinted frordekson et al. [144] reproduced by permission from
Elsevier)

In the 50 mA crif ascending photograph, no liquid water is presasttd the low water
injection rate not producing breakthrough, and @nhgle-phase behavior is observed. In
the 50 mA crif descending photograph, water not removed by thitoai has
accumulated in the channels. A closer view intod@enA cn’ descending case shows a
combination of droplets and film flow developing e channel walls. The liquid water
blockage increases the pressure drop, causingéssype drop hysteresis. In Figure 51b,
the error bars represent the standard deviatidimeodlata set for the one trial in Figure
51a. Before water breaks through the GDQJs & 400 mA crif), the pressure drop signal
is steady and the standard deviation is low, wddiler this point the two-phase flow
creates a more oscillatory pressure drop signatwik indicated in the larger error bars.
The results are also repeatable between trialstrendrror bars in Figure 53d are the

standard deviation from three trials for the bamebtperating case.
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4.3.1.1 Effect of gasdiffusion layer on pressuredrop hysteresis

The chosen GDLs (listed in Table 3) address varthed? TFE content (GDL
hydrophobicity) and including or excluding a micoopus layer (MPL). The remaining
operating variables are set to the baseline camditirom Section 3.3. These are similar
to the results shown in the non-operating cold rhdseussion, but are included here
since the temperature and relative humidity ofdinestream effect the hydrodynamics in
the channel. Thus, the droplet detachment behavayrdiffer, warranting further study
into these GDLs. Each GDL also alters the wategditnpn into the flow field channel, as
discussed in Section 4.2.1.2.3 on the physicatpnegation of the GDL results.
4.3.1.1.1 Effect of PTFE content on pressuredrop hysteresis
The PTFE results show that the hydrophobicity alcarenot sufficiently describe the
pressure drop hysteresis, and the water breakthrpoigt must be considered. These

results are shown in Figure 52 a-d, which highbgBDLs with 0, 5, and 20% PTFE.
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Figure52. a) Percentage change between descending and asgapgiroach for 3 GDLS b) Pressure drop
hysteresis for TGPH-030 0% PTFE c) Pressure drstehssis for TGPH-030 20% PTFE (d) Pressure drop
hysteresis for 25 BA 5% PTFE (reprinted from Anderst al. [144] reproduced by permission of ECS-
The Electrochemical Society)

Figure 52a shows the percentage change betweelesicending and ascending pressure
drops for a given simulated current density (Edy). Fhese results show that the relative
degree of pressure drop hysteresis in terms okpé&age change is not a function of
PTFE content. This is consistent with the resuithe non-operating cold model study in
Section 4.2.1.2. Also consistent with previous ltssthe hysteresis effect is lower at
higher simulated current densities (higher air jlolwe to the convective removal of the
injected water and higher at lower simulated curdamsities due to accumulating water

in the descending approach.
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Figure 52 b-d show the pressure drop of single-pflasy and two-phase flow for the
ascending and descending approach for 0, 5, andPZlB& GDLs. These results show
how the hysteresis varies between GDLs due toferahi§ breakthrough point of liquid
water, which is apparent when the ascending preskop becomes higher than the
single-phase pressure drop at a given current tiyefar the 25 BA GDL with 5 %
PTFE and the TGPH-030 GDL with 20% PTFE, breaktghoaccurs ford,> 400 mA
cm’?, while for the TGPH-030 GDL with no PTFE the brérakugh occurs sooner g
> 200 mA cn?. An earlier breakthrough, as in the case of nof2 Tireans the water can
increase the two-phase pressure drop earlier ingbending pressure drop, implying that
the relative increase in the descending approalciwisr.
4.3.1.1.2 Effect of MPL on pressuredrop hysteresis

The inclusion of a microporous layer (MPL) alsotdies how water enters the

cathode flow field channels. The hysteresis resukshighlighted in Figure 53.

128



150 150

o —a— 25 BC (MPL) —&— 25 DC (MPL)
T 9 125{ m_ —e— 25 BA (no MPL) 2 g 1254 —w— TGPH-030 (no MPL)
c ]
8 % " Each with 5% PTFE S 5 A Each with 20% PTFE
@ £ 1004 % o 1004
o)
Q3 %
c o 751 . - 8 75
3 & g a A
z o 501 2 D 50-
o £ * . o % v
[ |
% g 251 \\-\ @ 25+ \
S < 0] pe S 0 v
c T T T T T T o T T T T T T
(@] % 0 100 200 300 400 500 600 X % 0 100 200 300 400 500 600
X
° Simulated Current Density (mA cm?) Simulated Current Density (mA cm?)
2000 2000 -
—+— 25 DC Single-Phase —+— 25 BC Single-Phase E
—h— —8—25BCA di
1600 25 DC Ascending 16004 scen |n_g
. - -A-- 25 DC Descending . 0O- - 25 BC Descending n
®© ®©
< 1200- / S 1200
o o
o o
% 800 . f % 800 P % /
3 e ’ + S /+
§ 00 , : e § 400l %/
o A// o
o] & c o ﬂ d
0 200 400 600 800 0 200 400 600 800
Simulated Current Density (mA cm’2) Simulated Current Density (mA cm’Z)

Figure53. a) Percentage change between descending and asgapgiroach for 5% PTFE GDLs 25 BA
and 25 BC b) Percentage change between descenmtiraseending approach for 20% PTFE GDLs 25 DC
and TGPH-030 20% PTFE c) Pressure drop hystersbfDC GDL (d) Pressure drop hysteresis for 25
BC GDL (reprinted from Anderson et al. [144] repuodd by permission of ECS-The Electrochemical
Society)

Figure 53a and Figure 53b show no correlation betwhke inclusion of an MPL and the
pressure drop hysteresis (with PTFE content hetdtemt in each figure). There is also
no clear trend in terms of the point of water bteadugh, which has an influence on the
extent of the pressure drop hysteresis. An interg@stxample of this behavior helps
explain the results in Figure 53a, where the peaggnchange both decreases and
increases withsiy, for the 25 BA GDL. Particularly interesting is thercentage change
for the 25 BA GDL at 200 mA cih The pressure drop results that explain this biehav
are shown in Figure 54, the results highlighte&igure 54a are examined more closely

in Figure 54b.
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Figure54. a) Pressure drop for the 25 BC and 25 BA GDLs ifugle-phase, ascending approach, and
descending approach at all simulated current deasind b) pressure drop for the 25 BC and 25 BA
GDLs for single-phase, ascending approach, ancedédsty approach at 200 mA @rfis;,)

The results in Figure 54b show two important poitite 25 BA ascending pressure drop
is the same as the single-phase pressure drop tkilg5 BC GDL has experienced
breakthrough and its ascending pressure drop fehidpan the single-phase; the
difference between ascending and descending agpreacuch higher for the 25 BA
GDL due to the lower ascending pressure drop. Talege percentage change is noted
at 200 mA crif with the 25 BA GDL, causing the increased hysiemested in Figure
53a. This behavior is consistent over the thresstri

Overall, the pressure drop hysteresis effect megMaluated for each GDL due to
the differing water breakthrough points. These ltesalso suggest that water condensing
from the humidified air stream plays a role in #ueumulation of liquid water, since this
accumulation can occur independently of the MPIndividual GDL properties.
4.3.1.2 Effect of air stoichiometry on pressuredrop hysteresis

Air stoichiometry is an important variable in pressdrop hysteresis because a
sufficiently high air flow can convectively remowesidual injected water, negating the

hysteresis [142]. The results for stoichiometriesdre shown in Figure 55. This variable
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is important to consider again (having already bestablished in the non-operating cold
model study, Section 4.2.1.1) since the temperanderelative humidity effects alter the
water removal abilities of the air steam. The petage change between the descending
and ascending approach is shown in Figure 55athengressure drop hysteresis results
for stoichiometries 1 and 4 are shown in Figure. #8bother variables are held at the

baseline conditions.
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Figure 55. Effect of air stoichiometry on pressure drop hystées:a) Percentage change between the
descending and ascending pressure drop at baselidéions for air stoichiometries 1 through 4, b)
Pressure drop results for air stoichiometries 14fm@printed from Anderson et al. [144] reprodubgd
permission of ECS-The Electrochemical Society)

To clearly illustrate the relative effect of pressdrop hysteresis, Figure 55a identifies
three zones (1, 2, and 3) that represent quaktdgivels of hysteresis: zone 1 indicates
low hysteresis while 3 represents high hysterd$iese results show that the higher air
stoichiometry of 4 is more successful at removirgess water, which reduces the
overall degree of hysteresis. For a stoichiometd at simulated current densitie200
mA cm?, the hysteresis is low, while for a stoichiomaifyl the hysteresis is always at

least moderate and is high for simulated currensities< 400 mA cn¥. The hysteresis
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effect is high fordim < 200 mA cnf for all stoichiometries studied, even at the highe
stoichiometries. While higher flows can reducelhlgsteresis, it should be noted that high
stoichiometries are coupled with an additional pgi@power loss due to an increased
overall pressure drop. Compared to the non-opegrahd model (Figure 38), the
percentage change is higher due to more water adation on the descending approach
from condensation.
4.3.1.3 Effect of temperature on pressuredrop hysteresis

The effect of temperature is seen on both the dvaagnitude of the pressure drop
and the extent of the pressure drop hysteresistérhperatures studied were’G050C,
75°C, and 96C with all other variables at baseline conditioais $toichiometry = 2, RH
= 100%, 25 BC GDL). Figure 56a presents the re$oitthe percentage change between
the descending and ascending curves and Figurshgiis the pressure drop hysteresis

results for 36C and 96C.
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Figure 56. Effect of temperature on pressure drop hystergdteecentage change between the descending
and ascending pressure drop at 30, 50, 75, at@] ®) Pressure drop results for’@tand 96C (reprinted
from Anderson et al. [144] reproduced by permissibBECS-The Electrochemical Society)
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As shown in Figure 56b, the pressure drop 8€96 either the ascending or descending
approach is higher than at®8Ddue to the increased gas viscosity and gas vglaci
higher temperatures. Regardless of the temperasa@ in this study, at a stoichiometry
of 2 the Reynolds number of the air is still in tAminar region (foh;= 2, kin= 800
mA cm? T = 9C°C,Re=~ 400). Hysteresis is noted in either case, thotightinclear,
especially at current densities < 200 mA%Gwhat the relative magnitude of the effect is
based on Figure 56b alone. Figure 56a addressesshie by showing the percentage
change between the descending and ascending preksprat a given simulated current
density for each temperature studied. Lines haaeadgeen drawn in Figure 56a for
gualitative purposes to divide the figure into thregions, 1, 2, and 3, to further show the
extent of hysteresis. In zone 3, the hysteresislmagjor effect relative to the ascending
pressure drop (>50%). This zone is of particularceon at low temperatures (&) and
low air flows (isim < 200 mA cnif) because the low air flow rate is insufficientrémove
excess water and more condensation can occur at lewperatures. Conversely, zone 1
has a diminished hysteresis effect (<10%) becawesait flow rate is sufficiently high to
remove residual water injected into the channaisieZ2 has intermediate hysteresis
because the moderate air flows can remove someobatd| of the residual water, causing
a higher pressure drop for the descending approach.

These results show that a’@dfor isim < 200 mA cnif the percentage increase in
pressure drop is between approximately 40 and 6@%te at 30C the percentage
increase is between approximately 60 and 200%. fEBidt means a higher temperature

lowers the relative degree of the pressure dropehgsis at lows|,,. However, above 200
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mA cm?, the results in Figure 56a show a similar trend #uere is no clear influence of
temperature on the relative influence of the hgstisreffect.

These results are consistent with theory aboutveatsumulation in the flow field
channel. Firstly, the higher temperature leadsdlight increase in the gas velocity,
which increases the convective water removal gholitthe air, offsetting accumulation.
Secondly, the increase in temperature lowers tHa®itension of the water [18],
allowing it to be removed more easily from the floeld channels, again lowering
accumulation. Finally, the higher temperature gase&vaporate water more readily than
the lower temperature gas (both in terms of the odevaporation and the total amount
of water vapor that can exist in the gas streams]T36C is more prone to additional
condensation while §C is more prone to additional evaporation if thare any local
deviations from 100% RH.

4.3.2 Non-operating hot study conclusions

This work is an extension of the hydrodynamic basetstablished in the non-
operating cold model, and here pressure drop hegtewas noted over a range of
conditions relevant to an operating fuel cell.

» Higher air flow rates (either via higher simuladrent density or higher air
stoichiometry) can reduce the extent of the hyster&his is because the
higher air flow rate can convectively remove mogev from the descending
approach, mitigating the accumulation of liquid araHowever, the overall
pressure drop is increased and thus increasedhistmietry alone may not be

a suitable mitigation strategy.
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While the water detachment mechanism can be inflegiby the
hydrophobicity of the GDL due to increased PTFEtent) the hysteresis is
largely related to the mechanism of water accurariah the descending
approach. Condensation, which can occur in the field channels regardless
of the GDL, plays a large role in addition to thatar breakthrough, which is
a function of the GDL. The higher two-phase presslrop occurs once water
enters the channels, and the breakthrough poinboeur at differentsjm,
depending on the GDL. Thus, each GDL must be stiudidividually.

A higher temperature lowers the relative influentéhe pressure drop
hysteresis, but more energy is needed to sustgirehtemperatures, which
represents another potential parasitic power [Bssater pressure drop
hysteresis at lower temperature is due to increesedensation, higher
surface tension, and lower gas flow rates at |demperatures, which

increases the accumulation of liquid water on tbscénding approach.
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5 Two-phase flow pressuredrop hysteresisin an operating proton

exchange membrane fuel cell®

The hydrodynamic baseline for pressure drop hysiemeas established in Chapter 4.
This chapter explores pressure drop hysteresis oparating fuel cell at practical fuel
cell operating conditions [148].The current dengtyo longer ‘simulated’ since the
water is produced electrochemically. This is areegion of the work done in the non-
operating setup (Sections 4.2 and 4.3).

5.1 Introduction

As in Chapter 4, pressure drop hysteresis is eg@lm ascending and descending
approaches. The ascending approach was as foli®y400, 200, 400, 600, 800, 1000
mA cm®. The descending approach was this path in reweagEning at 800 mA cin
This includes an additional point on the ascendimgroach (1000 mA cf?) compared to
the path studied in the non-operating setup. Tlais taken as the approximate maximum
current density since under these baseline comdiiiais close to the limiting current
density, thus the range covers all current dessiassible in this experimental setup.
The experimental conditions are described in Se@id.

As in Section 4.3, variables studied include tihestichiometry, temperature, and
inclusion of a microporous layer (MPL). The tempera [10,83 ,41], GDL properties
[145,16 ,31], and air stoichiometry [10,83 ,146],88re chosen for investigation due to
their relevance to fuel cell performance [10,14%,31 ,146] and two-phase flow
pressure drop [83,41 ,38 ,69]. An empirical appha@acpredicting the two-phase pressure

drop based on the Lockhart-Martinelli approachrespnted. A purging method is also

® Portions of these results were published in [1B8]Anderson, D.P. Wilkinson, X. Bi, L. Zhang, Two-
phase flow pressure drop hysteresis in an operptioigpn exchange membrane fuel cell, J. Power surc
196 (2011) 8031- 8040.
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presented that can lower the pressure drop hysefidss chapter also includes a
summary and comparison of the three experimentalbaghes (non-operating cold
through operating) with a focus on dimensionlegsatations. This work concludes with
a preliminary study into pressure drop hysterase imore typical (non-visualization)
fuel cell.
5.2 Experimental resultsand discussion

Pressure drop data and polarization curves asepted for the variables studied. It
should be noted that while the ascending and ddstgapproaches show differences in
pressure drop, the electrochemical performancéhereapproach is generally within 10
mV at a given current density. Thus, only the adoepapproaches of the
electrochemical polarization curves are preserdedlérity unless otherwise noted. Also,
in the visualization cell, the limiting current daty is approached or reached at
approximately 1000 mA cif leading to low repeatability and accuracy at ¢hgsints.
These data points are included only to indicatettiefuel cell has reached the limiting
current density. The results also indicate that thel cell performs as well as or better
than other visualization cells with parallel chalsne the literature [10], where it is noted
that visualization cells have lower performancenttraditional fuel cells [149]. These
losses are often attributed to ohmic losses dtieetmovel materials used in transparent
cells. However, this effect is not limiting behavigere since the gold coating of the flow
field plates provides sufficient conductivity. Rbe visualization cell in this thesis, there
are losses at higher current densities due toaetintovement between flow field
channels due to imperfect sealing and compressbtmden the optical manifold and the

flow field plate. Since the transparent fuel cellsw direct observation of the water in
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the cathode channels, the reduction in perform&owards higher current densities is
considered acceptable.

The pressure drop data is presented as the pageethhange between the descending
and ascending approach (Egn. 45) and also as thphase flow multiplier (Eqn. 37).
The two-phase flow multiplier is utilized in theaxating fuel cell pressure drop analysis
because the overall pressure drop is closely tig¢dd overall efficiency of the fuel cell.
Thus, the relevance to the PEM fuel cell is moeadi highlighted.

5.2.1 Causesof pressuredrop hysteresisin an operating fuel cell

Pressure drop hysteresis results for air stoicatoyr.5 are shown in Figure 57a. A
stoichiometry of 1 was not considered due to urnstalectrochemical performance. The
highlighted area focuses on the hysteresis, winereéscending pressure drop is higher
than the ascending pressure drop at current desisiti200 mA cri. The magnitude of
the pressure drop is consistent with fuel cellditere for parallel channels [149,150].
Figure 57b shows the ratio of the descending presdnop to the single-phase pressure
drop at all stoichiometries studied and at eachectirdensity (descending two-phase
flow multiplier). The fitted surface plot is prowad for visualization purposes. It is
apparent that there is a sharp increase in predsopeat lower current densities and
stoichiometries. The pressure drop behavior is mand at lower current densities
because low loads are often used for high energyeassion efficiency [205] and
dynamic automotive fuel cells often operate at thas 20% of the rated power, making
the regime of lower gas flow important [151]. Lua¢t[62] also showed that flow
fluctuation is greatest at low flow and the two-padlow multiplier (in the range of 1.5-

2.5) is also higher at lower air flow.
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pressure drop at;; = 1.5, 2, 3, 4 for all current densities (repréhfeom Anderson et al. [148] with
permission from Elsevier)

At an air stoichiometry of 1.5, the two-phase puesgirop in both the ascending and
descending approach is higher than the single-phr@ssure drop at current densities
200 mA cni. Also, at i > 200 mA cif, the ascending and descending approach exhibit
similar behavior, meaning that there is similar{@hase behavior in either approach.
However, below 200 mA ci) the descending pressure drop is noticeably hightire
lower stoichiometry due to more liquid water acclating in the descending approach.
As in the case of the non-operating hot model, matéers the flow field channels via
two mechanisms: i) liquid water breakthrough frdra GDL and ii) humidified gas
condensation. Condensation is a particular proldiece the rate of condensation is
greater than the rate of evaporation when the tgaars is at 100% relative humidity
[152]. These relative rates of evaporation and eosdtion mean the liquid water must
be removed convectively.

The hysteresis highlighted in Figure 57a is exy@diby an accumulation of liquid
water in the descending approach that is greaser tthe accumulation in the ascending

approach. Water accumulation during the ascendidgdascending approaches at 50 mA
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cm? at baseline conditions (Table 6) is shown in FégsBa and Figure 58b, respectively.

The same location is photographed in both appr@aahthe channels’ exit.

Direction of Air Flow

Direction of Air Flow =
Mist

Manifold Emerging wall
droplet droplet

Large wall
1 droplet

Figure 58. a) Cathode flow channels at 50 mA Efior an ascending path; b) Cathode flow channef®at
mA cm” for a descending path;; = 1.5 with all other conditions at the baselinalfle 6) (reprinted from
Anderson et al. [148] with permission from Elseyier

In the ascending approach, the only two-phase flatiern is a mist flow that develops

on the manifold surface (top wall). In the descagdipproach, accumulated liquid water
led to a combination of slugs, films, wall dropleasd manifold droplets. It is also
interesting to note that these descending flonepagtvary with channel, indicative of
two-phase flow maldistribution. The increased flmgdcauses an increase in the pressure
drop, resulting in pressure drop hysteresis. Spkrej al. [149] found a similar flooding
mechanism in parallel channels via neutron imagwitggre stationary droplets grew over
time to form slugs before expulsion. Cathode wateumulation is also noted by

Kimball et al. [71] when the cathode is facing ‘uphere gravity acts to pull the droplet

onto the GDL perpendicular to the direction of fld8y a similar mechanism, the slightly
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higher ascending pressure drop (at 400 and 600m? is likely due to some water
condensation at the lower flow rates. This wat@oisvectively removed by higher air
flow rates later in the ascending approach (800am®) and does not re-accumulate in
the descending approach at the moderate to highrtutensities (att 400 mA cn¥ the
higher flow rates are less prone to this condeoshti

The mechanism described here qualitatively matttieeexperimental results from
the non-operating studies [142,144]. A comparisetwben the current operating study
and the non-operating hot model fuel cell resuktssthown in Figure 59a and Figure 59b,
respectively. Both experiments are with the 25 BOLGit 75C with fully humidified air
and an air stoichiometry of 2. However, in the rmperating case, the pressure is ambient
(vs. 206.8 kPag in the operating cell) and wates inpected externally into the cathode
to simulate water production under the assumphanll of the water would enter the
cathode. As that assumption is removed in the tipgréuel cell, the hysteresis zone
changes but is still a relevant considerationhinrion-operating case, the overall
pressure drop increases due to the increased pasty€no increased backpressure).
GDL saturation and water breakthrough dynamicsatem be alerted in the operating
case since electrochemically produced water isidiged with the current distribution.
Also in the operating cell, water can move towdne anode, which limits the amount of
water entering the cathode, reducing the impatwofphase flow. However, this
transport mechanism is likely small when both ananié cathode gas streams are fully
humidified. Thus, in fuel cells experiencing lith@ode water removal, cathode pressure

drop hysteresis may be a greater concern.
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Figure59. Pressure drop results at the baseline conditians)fthe operating fuel cell (baseline conditions
from Table 6); b) the non-operating hot fuel c&li{ 75°C, RH = 100%, GDL = SGL 25 BC,R=0
kPag) (reprinted from Anderson et al. [148] withipession from Elsevier)

These results are also relevant to fuel cells typiical graphite bipolar plates. The
water emerging from the hydrophobic GDL surface gjaread to the hydrophilic walls as
shown in Figure 58b. In this study, the contactemgf the gold-coated flow field plates
and the clear manifold are both ©6Uhese values are comparable to typical graphite
plates where the contact angle is between ?(8), with some experimental graphite
plates measured lower at°487]. Graphite plate fuel cells thus approximateigtch the
wetting properties of the experimental apparatiized in this study. Preliminary
pressure drop hysteresis results in typical grapgtidtes are discussed in Section 5.5.
5.2.2 Effect of stoichiometry

The additional accumulation of water between dedicgnand ascending approaches
depends on the ability of the air to convectivagove the liquid water, which is
dependent on the gas velocity and therefore gashgimetry. Air stoichiometries of 1.5,
2, 3, and 4 were studied as practical fuel celchiometries. This variable is again

studied in pressure drop hysteresis (having preWdaeen explored in Chapter 4)
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because the increased backpressure reduces tlogyelahe air, altering the
hydrodynamics in the flow field channels. The remvay operating conditions were set to
the baseline conditions described in Table 6. Tuwgahe extent of the hysteresis, the
percentage change between the descending and egrapgroach is used, which is
defined previously in Eqn. 45.

The results of this analysis are shown in Figure &0ng with the electrochemical
performance results shown in Figure 60b. The presswop hysteresis is clearly noted at
current densities < 200 mA &m In this region, the percentage change between
approaches is most noted for the lowest stoichiopm#t5, and is reduced with each
increase in air flow rate. The increasing air flate (and therefore increasing convective
water removal ability) allows less accumulatiorliqbiid water in the descending
approach, causing the hysteresis to diminish; ithee#ocity at a stoichiometry of 1.5 is
0.08 m & and at a stoichiometry of 4 is 0.21 th §he Reynolds number for this
situation is discussed in greater depth in Se@&i8ril (Figure 77).

A percentage change less than zero (200-600 mi4) amdicates the descending
pressure drop is lower than the ascending pressape which is the result of slight
condensed water accumulation on the ascending agptbat is subsequently removed
before the descending approach. However, thisngar effect compared to the lower

current densities.
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Figure 60. a) Percentage change between descending and asgenessure drop fag;, = 1.5, 2, 3, 4; b)
Ascending polarization curves fag, = 1.5, 2, 3, 4 (reprinted from Anderson et al.g[lwith permission

from Elsevier)

The two-phase flow multiplier for the ascending aledcending approaches is

highlighted in Figure 61a and Figure 61b, respetyivT he ascending approach

highlights the increased pressure drop due to tase flow, meaning that the product

water and condensation are increasing the predsope This influence is seen at all

stoichiometries, which implies that the productevaepresents an inevitable parasitic

power loss for the system due to an increased ymesisop. The descending approach

two-phase flow multiplier shows a large increasethenmultiplier in the hysteresis zone

(< 400 mA cn). As discussed, it is at these lower current dirssivhere additional

water accumulates since the low air flow cannotvegctively remove the liquid water.

The descending two-phase multiplier is also shawigure 57b for describing the

general mechanism of pressure drop hysteresis.
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Figure 61. Two-phase flow multiplier for air stoichiometries h5-4 for a) the ascending approach and b)
the descending approach with the higher two-phaserhultiplier at low air flow rates highlighted
(reprinted from Anderson et al. [148] with permigsirom Elsevier)

In addition to larger pressure drop hystereses ftiel cell does not perform as well
electrochemically at an air stoichiometry of 1.5npared to higher stoichiometries. The
lower performance is further exacerbated by vol&igeal fluctuations at low current
densities, which improve with increasing air staachetry as shown in Figure 62. The

voltages signals at 100 mA &are shown in Figure 62 for the stoichiometriesligtd.
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Figure 62. Voltage signals at 100 mA cfrat a)dir =1.5; b)Aar = 2; €)Aair = 3; d)Aair = 4 Showing
improved stability with stoichiometry (reprintecbfn Anderson et al. [148] with permission from Eisey

While there is not a direct relationship betweenpghessure drop hysteresis behavior and
the overall voltage signal, increased floodingoatdr flow rates clearly affects the
overall stability of the voltage signal. Lower flewan also cause maldistribution in flow
field channels and from cell to cell in stacks.tAlde signal is advantageous in operation,
so mitigating flooding in either approach (ascegdin descending) is a priority.
5.2.3 Effect of temperature

The pressure drop hysteresis and cell performasce measured at 50, 75, and
90°C. All other operating conditions were set to tlheddine conditions in Table 6. The
percentage change between the descending and ssrapgroaches at these
temperatures and the electrochemical performarecstawn in Figure 63a and Figure
63b, respectively. It should be noted that at ltighrent densities (around 1000 mA®m
the voltage oscillations were very large and nargvrial was able to sustain the voltage.
Thus, the accuracy of these high current densityegas reduced and the data is shown

only to point out the limiting current density beia.
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Figure 63. a) Percentage change between descending and asgapgiroaches for T = 50, 75,°80and
b) Ascending polarization curves for T = 50, 75®@Qreprinted from Anderson et al. [148] with
permission from Elsevier)

The lowest temperature has the highest extentsikhgsis, and the hysteresis is reduced
with increasing temperature until at’@0there is little hysteresis. These results aretdue
the increased air velocity and lower surface tematohigher temperatures, which results
in higher convective removal abilities. The increiysteresis at lower temperatures is
also due to the increased condensation rates at i@mmperature, resulting in more liquid
water accumulation. Also, air at @ can evaporate liquid water (if the RH drops below
100% locally) at a faster rate thar’6(152], which lessens the accumulation at higher
temperatures. The higher overall pressure drop‘é @lso means more water can exist
in the vapor phase in the gas stream, loweringtteet of condensation in the channels.
More liquid water present in the flow channelsaatér operating temperatures also
agrees with the work of Liu et al. [10] and Owegral. [151], who noted liquid water is
a problem for automotive applications travelingrsitistances where lower temperature

operation is expected.
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As with the stoichiometry, the two-phase flow mplier provides additional insight
into the influence of the two-phase flow presswepdFigure 64a and Figure 64b show
the two-phase flow multiplier for the ascending a@edcending approaches, respectively,
at 50, 75, and 9C. For all the temperatures during the ascendipgageh, the value of
P2-phaseStays less than 2 and in some cases is approXynatehis increase in pressure
drop from the single-phase is caused by the twe@lflaw resulting from water
breakthrough and humidified gas condensation. Hewen the descending approach at
these temperatures, additional water accumulasareases the pressure drop, shown
by the increased,-pnasefor current densities < 400 mA &m This corresponds directly

with the hysteresis zone in Figure 63a.
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Figure 64. a) Two-phase flow multipliers for a) the ascendapgproach; b) the descending approach with
the higher multipliers at low air flow rates anavitemperatures highlighted (reprinted from Andersbn
al. [148] with permission from Elsevier)

5.2.3.1 Hysteresisat low temperatures, 30°C
The value of the two-phase flow multiplier for°80rises higher than the other

temperatures on the ascending approach due tadhease in the cell temperature caused
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by the heat of reaction. This issue is further datethe descending case where the two-
phase flow multiplier at 3 ranges from 2-5, highlighting the combined efeuft

higher temperature gas and liquid water accumudaiibe temperature profiles for the
30°C trial and the 7% baseline are shown in Figure 65, indicating thatheat from the
reaction heats the fuel cell even though the teatpes is set at 3C (the surrounding air
is unable to remove the additional heat). A higharent produces more heat, and thus
the temperature rises and falls with an increagedacrease in the operating current.
Dillet et al. [137] noted significant thermal gradts in their visualization cell as well.
The additional heat increases the air temperatanesing an increase in the air viscosity

and velocity, which results in a higher pressudr
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Figure 65. Effect of heat of reaction with an increase in eantrdensity on cathode plate temperataje:
Cathode plate temperature profile fagdein= 30°C b) Cathode plate temperature profile fQgphine= 75°C

Since the temperature at°80could not be controlled, the results were nahfer
analyzed, and no other electrochemical studies perfermed at 3.
5.2.4 Effect of microporouslayer (MPL)

Lu et al. [153] studied the breakthrough and tvmage flow characteristics of GDLs

with and without a microporous layer. Their worlogls that GDLs with an MPL exhibit

149



lower GDL saturation and that the MPL promotesIstaater paths with fewer water
entry points into the GDL. Conversely, GDLs withaut MPL exhibit greater saturation
and dynamic breakthrough locations into the flowrutels. The observed effect on two-
phase flow in the flow channels was that GDLs with@n MPL had more uniform water
breakthrough over the GDL surface, leading to filoav on the channel walls, while the
GDLs with an MPL tend toward the formation of siimv.

The results for SGL 25 BC (with MPL) and SGL 25 B#ithout MPL) on the
cathode side are presented in Figure 66. All abiperating conditions are at the baseline
conditions shown in Table 6. While the 25 BC GDltgmrforms the 25 BA GDL
electrochemically, which is consistent with theréture [16,31], there is no clear
difference in the pressure drop hysteresis, whidonsistent with the results of the non-
operating hysteresis studies in Section 4.2 andTh& percentage change shows similar
behavior between descending and ascending predsapdor the two GDLs, with each

GDL exhibiting hysteresis behavior at current déesi< 200 mA cr.
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Figure 66. Effect of MPL on a) Percentage change between ddsug and ascending pressure drop for 25
BC (MPL) and 25 BA (no MPL) and b) Polarization wes at baseline conditions for 25 BC (MPL) and 25
BA (no MPL) (reprinted from Anderson et al. [148ithvpermission from Elsevier)

With or without MPL, Figure 67b shows both GDLs #ihsimilar single-phase

behavior (gas-phase only with no electrochemicattren) and show similar ascending
and descending pressure drop behavior. This regans that while the method of water
injection may differ, the bulk influence of the ligl water on the two-phase flow
pressure drop is similar. The similar influencetd two-phase flow is highlighted in
Figure 67a, where the two-phase flow multipliesimgilar for either GDL for both the
ascending and descending approach, with the m#jaence of the liquid water being
consistently noted below 200 mA @xriThese results do not necessarily contradict the
MPL influence/flow pattern developments discussexvipusly by Lu et al. [153]
because for the superficial gas and liquid velesitn this work, our results are consistent
with their flow pattern map, where slug flow is exped with either the 25 BC or 25 BA
GDL. It should also be noted that those resultevadtained with an ex-situ apparatus

(no electrochemical reaction, external water ingggt and Lu et al. [153] pointed out
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that in-situ results [23,154] have shown more dgtspbn the GDL surface due to water

vapor being transported from the active catalygtdahrough the MPL, which is

consistent with this work.
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Figure 67. Effect of MPL on a) Two-phase flow multiplier anyl Bressure drop results for 25 BA and 25
BC for single and two-phase flow (reprinted fromd&nson et al. [148] with permission from Elsevier)

5.2.5 Further investigation into low current densities

As the hysteresis effect is not large at higheresurdensities, additional current
densities were studied below 200 mA€rithese results are presented here in Figure 68,
which shows the percentage change between desgemuinascending approach for the
baseline case and the case with additional datdgat low current densities. The

behavior in both tests is similar with the inclusiof the additional data points.
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Since the magnitude of the pressure drop can thedegtendant, the two-phase flow

multiplier for the baseline and path with additibloav current densities is shown in

Figure 69.
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The new path raises the pressure drop more thdmg®dine path in both the ascending
and descending cases. This is due to more watakibgethrough the GDL at the lower
current densities and additional water condensdtan humidified reactants. This is
particularly relevant in the ascending approach.
5.2.6 Two-phaseflow pressuredrop prediction

While the single-phase pressure drop in laminaditimms is well predicted and
understood, predicting the two-phase pressure iggs on empirical approaches. The
Lockhart-Martinelli (LM) approach is often usedgredict the two-phase flow pressure
drop. The LM approach uses the two-phase flow mpligti, which is the ratio of the two-
phase pressure drop to the single-phase pressypedrdiscussed in the experimental
results (Eqn. 37). The two-phase multiplier is etated to the Martinelli parametq?,
which is defined by:

2 _ AR (47)
AP,

Chisholm correlate,.phase@s a function of? with a constant, C, where C is a flow-

regime dependant parameter.

=1+Cy + 2_AP9I
(Pz—phase_ XTX _F

g

(48)

For laminar liquids and gases, a value of C =typsgally used, though English and
Kandlikar [53] modified C for non-circular minichaels.

However, Zhang et al. [155] found that this catien did not match experimental
data when permeable walls were considered. Thasetborrelations are not appropriate

for fuel cells due to the porous GDL. To correés foroblem, they proposed a variation
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of liquid water velocity along the channel, whidtosld more closely resemble the actual

water flow in a PEM fuel cell. This type of flow shown in Figure 70.

-

Water flow through the GDL

Figure 70. Fuel cell water injection schematic showing wakgedtion rate as a function of channel length
(reprinted from Anderson et al. [148] with permigsirom Elsevier)

Assuming liquid is introduced continuously fromermeable wall, the pressure drop can

be expressed as:

P

X

-P

x+dx Z(PZAPQdX:(1+CX+X2)xAPng (49)
where theg® parameter is determined by the local liquid veioci

2 = Uk b (50)

X Ix Uit
wherep refers to the viscosity andrefers to the velocity of the respective fluids. |
theory, the liquid velocity should follow a linegalationship with the pressure difference
assuming the water flowing through the porous metlieys Darcy’s law. Integrating the
above expression for a uniform and non-uniforme@inrelationship with pressure) case,
the expressions for the two-phase pressure drapcatens for both uniform and non-

uniform injection are [156]:

uniform:

AP, = AP, [+ (2/3)Cy + (1/2)x?) (51)
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non-uniform:
AP, = AP, {1+ (L12)cy + (1/3)?) (52)

The Martinelli parameter is particularly interesfiin fuel cells because for a given
set of conditions it is constant at every currerigity due to the coupling of the gas and
liquid flow rates via Faraday’s law. For typicakficell operating conditiong?< 0.1.
For the operating conditions studied during thetebehemically active hysteresis
experiments (T = 50-9%C, L4 = 1.5-4), typical values weré< 0.02. The results of this
analysis are shown in Figure 71 with the classpmragch, uniform injection approach,
and non-uniform injection approach highlighted. Thwe-phase flow multiplier presented
here is the average multiplier at a given condifmrthe ascending approach, excluding
the initial 50 mA cnif data point since this is confirmed as single-plitase (P2-phase=
1). The liquid water velocity is calculated frohetvolumetric water production rate
divided by the cross sectional area of the chanmdikch assumes all product water

enters the cathode channels.
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Figure 71. Ascending approach experimental data and two-pl@seressure drop prediction for the
classic, non-uniform, and uniform approaches (répd from Anderson et al. [148] with permissiomfro
Elsevier)

There is some agreement between the data and ttiéedgredictions for non-uniform
and uniform water introduction. Generally, the slaspproach over-predicts the data.
The descending approach is currently neglectec $hie models do not take into account
the additional accumulation of liquid water in flt@wv field channels during the
descending approach, which greatly raises the arpatal values 0p,.phase TWO-phase
flow multipliers reaching as high as 10 at low gakcities (where liquid water
accumulation is highest) [157] have been studieskisitu experiments, though it should
be noted that study only had reasonable agreem#nthve LM approach at high gas
flow rates, and the multiplier values are high canegl to other studies [38].

While the prediction here is satisfactory on theeasling approach, the model fails to
capture all of the water transport phenomena ogcaguwithin the fuel cell. In particular,
it neglects the effect of condensation on the tatabunt of water in the channel. Also,

the magnitude of the constant C may be optimizedute cell applications, where
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multiple and changing flow patterns can exist. Bhesults illustrate a method to
establish expected two-phase pressure drop valleesdhe unavoidable influence of
liquid water in the fuel cell.
5.3 Comparingthethreehysteresis sections

The three hysteresis sections increased in complaxd relevance to PEM fuel cells
from external water injection at ambient conditit@®lectrochemical water production
at typical PEM operating conditions. The sectiomsaranalyzed separately due to the
largely different operating conditions. These d#feces included water
injection/production method, gas temperature argsure (therefore gas velocity), and
gas humidification (another potential water souecen). Furthermore, no dimensionless
analysis (such as using the gas-phase Re) wasoatdegmalize the data for a direct
comparison. However, it is still useful to comptre results together to further
understand the results and differences. Two comvadables studied in each case are
air stoichiometry and GDL. This section focusestanbaseline air stoichiometry of 2
(most typical of fuel cell operation) and the 25 B& 25 BA GDL (MPL vs. no MPL).

The single-phase pressure drop at the baselinaetmsdand an air stoichiometry of
2 are shown in Figure 72. These results show therent differences in flow conditions

between the three hysteresis studies.
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Figure 72. Comparing the pressure drop at baseline condifmmihe three hysteresis sections (non-
operating cold model, non-operating hot model, @perating); all ak,; = 2 with the 25 BC GDL

The non-operating cold fuel cell (ambient condiiphas the lowest pressure drop. When
the gas was heated and humidified, as was theofdlse non-operating hot fuel cell, the
change in gas properties and the potential for ensaltion caused the pressure drop to
greatly increase. However, since the operatingdakloperates at 206.8 kPag
backpressure, the gas velocity decreases. The lel@city decreases the pressure drop
back to a value near the non-operating cold fukl Teese variables factor into the
single-phase Reynolds number. Any changes in teelgsis behavior have to be
analyzed with this context in mind.

The percentage change between descending and esrapgroach along with the
two-phase flow multiplier for each approach is shawFigure 73. Lu et al. [62] show
results of similar magnitude for two-phase flow tiplier in an ex-situ approach (in the
range of 2-3 at low flow rates). In each case hwesame air stoichiometry, GDL, and

flow field is used.
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Figure 73. Comparing the three hysteresis studies (non-opgratld model, non-operating hot model,
and operating) in terms of: a) Percentage chantyeglee descending and ascending approach b) twephas
flow multiplier for the ascending and descendingrapch

The two-phase flow multiplier is highest in the esding approach for the non-operating
cold model fuel cell. This result can be explaibgdhe lowest experimental single-phase
pressure drop in Figure 72. Since the single-pbesssure drop is so low, the influence
of the injected liquid water is more pronouncedsdlthe descending approach two-
phase flow multiplier is the lowest in this studyus, the percentage change between
approaches is diminished. Conversely, in the adtieecell the ascending two-phase
flow multiplier is lowest and the descending twaaph flow multiplier is highest. The
higher descending multiplier is explained by the kr velocity, which causes an
increase in condensation and a decrease in theectivey removal abilities (increase in
accumulation). Thus, the percentage change betag@waches appears very high.
These results stress the importance of initial @@ single-phase pressure drop, and

water injection/accumulation method.
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Each study also compared the 25 BC and 25 BA seduoleach case, the effect of
MPL was ambiguous. Comparing the results in terhpeacentage change between
descending and ascending approach, Figure 74 smowigar trends. As with the case of
the stoichiometry, each study changed the gas grepand velocities, which had an

influence on the results. The effect of the MPL wasconsistent between trials.
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Figure 74. Percentage change results for all three studies-¢perating cold model, non-operating hot
model, and operating) for the 25 BC GDL vs. 25 BBIG

This may be due to the changes in water injectiethod, changes in GDL saturation,
and changes in the resultant flow patterns in t@moel. The spread in the data does not
seem to support any consistent trend, showingaheptexity and often debated effects
of the MPL.

5.3.1 Additional dimensionless groups

The Quraishi-Fahidy method is a simplified dimensicanalysis procedure that is useful
when the equations involved contain a large nurobparameters [158,159]. Quraishi-
Fahidy used this method for the single-phase cuoityirrquation and the equation of

motion as governing equations. They note sevenaédsionless variables relevant to
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Newtonian fluid flow, including the Reynolds numi§&e), Froude number (Fr), Weber

number (We), friction factor (f), and Euler numi§Eu). Algebraic combinations of these

groups can then form other dimensionless grougtjding the Bond number (Bo i.e.

Eo6tvds number), Laplace number (La), and Capilfamber (Ca). An explanation of

dimensionless groups studied in literature relet@amEM fuel cells is shown in Table

15.

Table 15 Relevant dimensionless groups in fuel cell flowrate analysis including the relevant forces
considered and typical values in PEM fuel cells

Dimensionless Group

Reynolds (Re)

Bond (Bo)

Weber (We)

Capillary (Ca)

Laplace (La)

Equation
_pDv _ Dv

B n

Forcesin Ratio
Inertia: Viscous

Body: Surface tension

Inertia: Surface tension

Viscous: Surface
tensions

Surface tension:
momentum

Explanation/Values
Stoich 2, ambient conditions
Re <500

Liquid water holdup is a
concern for low Bond number
(10*<Bo<10™") numbers [10]

Plug to stratified trapsit
~0.25 (specific GDL setup) [54]

0.014 to 0.219, droplet
deformation was a strong
function of Ca when it is large
[79]

Liquid water holdup is a
concern for low La numbers:
(10°<La<10) [10]

As was discussed in the literature review, thesebers are particularity difficult to

introduce into the fuel cell flow channel becauyéhe gas-liquid ratio is so large 2) the

contact angles vary 3) the GDL is porous and thiemiatroduction is from this GDL

surface. The various contact angles used in thdysire displayed in Figure 75.
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Figure 75. Schematic of the hydrophobicity of the materialthi@ visualization cell flow channels
including the GDL (‘bottom’ wall), gold coated flofield plate (‘side’ walls), and acrylic manifolddp’
wall)

The visualization cell has shown that the wategrftollects on the gold sidewalls and
the top acrylic manifold. This problem is in additito water breaking through the GDL.
Thus, dimensionless numbers relying on surfacederae not directly applicable to the
PEM fuel cell to help normalize the three setsxgfezgiments, suggesting the pressure
drop hysteresis should be examined on a case-leybzesss depending on the
experimental setup.

The results for the Re vs. the percentage chaetyeelen approaches are shown in

Figure 76, as they do not rely on the surface tensi
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Figure 76. Comparing the three hysteresis studies (non-opgratld model, non-operating hot model,

and operating) in terms of: a) Percentage chantyeslee descending and ascending approach b) twephas

flow multiplier for the ascending and descendingrapch

These values refer to the baseline testing comditior each of the three hysteresis

studies. As can be seen, the Re does not predicesults. This is because the two-phase

behavior is not captured by this dimensionlessmatar.

While it is difficult to use dimensionless numb&rsompare the three approaches

(active, non-operating hot, non-operating coldg, Re number analysis is very consistent

between the 4 stoichiometries studied in the aa@ale(1.5, 2, 3, and 4) and is somewhat

consistent between the three temperatures (5@&ntb90C). The percentage change

between descending and ascending approachesgadhghase Re for each of these trials

is shown in Figure 77.
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Figure 77. Percentage change between approaches vs. gasRdn&sea) temperatures studied b)
stoichiometries studied

In Figure 77b, the percentage change clearly fadldve Re. In some cases, the same Re
occurs twice (ex. stoichiometry of 2 at i = 400 A * and stoichiometry of 4 at i = 200
mA cm?), and the percentage change results are veryasirhibwever, in Figure 77a at
Re < 50, the percentage change between approaseesdt exactly follow Re. This is
because the condensation/evaporation rates arsiitfaee tension change with
temperature, where lower temperatures exacerbatéotbding problem. Thus, the
hysteresis problem cannot be analyzed in termseoRE in these cases.
54 Operating fuel cell: Mitigation via purging

A purging strategy is proposed that can reducévibephase flow hysteresis for the
baseline operating conditions in the operating tedll The purge consists of temporarily
increasing the gas stoichiometry to remove accuradiaater in the flow field channels.
This strategy works because the drag force ondelwater in the channels increases
with the gas velocity, which can cause dropletahsity and eventually detachment [69].
However, an excessively long purge will increasedterall pressure drop, while too

short of a purge will not remove enough liquid watenger purges can also dry out the
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membrane, which would cause an undesirable inciaabe membrane resistance
[86,102,85]. While several purging strategies wetamined (varying duration and flow
rate), not all were able to reduce the pressurg dysteresis, and only one successful
strategy is presented in this section.

A stoichiometry of 5 was used at each current ithef both air and hydrogen
during the purge. Since the water produced by mlelsemical reaction can also proceed
to the anode side, a preemptive purge on the asiddevas utilized to mitigate possible
water accumulation in conjunction with the air peirés each current density is held for
10 minutes, the middle purges refer#@.tec= 4:40-5:00 and the end purges refer to
tmin:sec= 9:40-10:00. The gas is switched from fully hurinedl to dry 10 seconds before
each purge and remains dry only for the duratiothefpurge, which adds an additional
water removal mechanism via evaporation [102]. Thial purge duration (40 seconds)
represents purging for 6.7% of the total 10 miragerating time. The resulting Reynolds
number in the cathode flow field channels undes¢hsonditions are presented in Table
16, which shows that the Reynolds number at eaglermudensity is increased by a factor
of 1.6. It was important to maintain such a smatréase as not to increase the single-
phase (gas) pressure drop too much, which would tteyundesirable effect of raising
the net pressure drop over 10 minutes.

Table 16 Air Reynolds numbers on the descending approacthébaseline (Table 6) and purging method

Descending Current Reynolds Number  Reynolds Number

Density (mA cm™) Basdline Purging
600 98 152
400 65 101
200 33 51
100 16 25
50 8 13
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Tests revealed that a 20 second purge of dry gaseth anode and cathode
stoichiometries at 5 during only the descending@ag@gh significantly lowered th&P
hysteresis, as shown in Figure 78. This resuluestd the accumulating water being
convectively removed during the purge, which lowlesnet pressure drop over the 10
minutes. Shorter purge times and only a single @were unable to have the same effect.
It was also found that the purge had to be domaet current density on the descending

approach to ensure less water accumulation abtherlcurrent densities.
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Figure 78. a) Percentage change between descending and asgepgiroach for the baseline and the
purging strategy; b) Ascending and descending amprpolarization curve for the baseline and desognd
approach polarization curve for the purging strateg

This purging strategy on the descending approaekried the percentage change
between descending and ascending pressure dré@pnadEni? from 242 % to 56 %.
Purging on only the descending approach also lebehefit of not increasing the
ascending pressure drop unnecessarily, since flaemce of two-phase flow is not as
pronounced in the ascending approach. The reswis that the short purges on the

descending approach do not dry out the membrae #ire electrochemical performance
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is the same as the baseline results (Figure 78I9.sSfrategy is a recommendation that
would have to be optimized for a particular syssanbf conditions to be successful.
5.5 Pressuredrop hysteresisin a serpentine channe fuel cell

As has been explained, the results in Chapter $esdous results in this chapter
were studied in a visualization fuel cell with @splized design. To further confirm the
relevancy to realistic PEM fuel cells, prelimindaegts were carried out in a larger fuel
cell with traditional plates in serpentine flowléis. The remaining conditions were at the
baseline operating conditions from the operatingténesis study in parallel channels
(Table 6; 25 BC GDL on the cathode, T £C5RH = 100%, Rs= 206.8 kPag).), which
are consistent with standard protocols [136]. Aceading and descending polarization
curve was performed in a TP50 fuel cell (the sane ¢ell as the AWR results in
Chapter 6 [104]). This fuel cell uses a 27-paspesgine flow channel on both the anode
and cathode and reaches limiting current densitiepproximately 2,000 mA ¢fnThe
channels are machined into traditional graphitéeglalhe pressure transducers on the
Hydrogenics station (model no. G100) are not asrate at low flows, so a curve fit has
been used in both approaches for the pressureddtap The results were tested in

constant flow and constant stoichiometry mode.
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Figure 79. Two-phase flow multiplier results f@erpentine flow field channels in graphétea) Constant
air flow and b) constant air stoichiometry

The results in Figure 79a show that under condkawwtconditions (based on i =
1800 mA cn¥, hair = 2, 2= 1.5) the cathode two-phase flow multiplier stéaiticreases
as the influence of the liquid water becomes melevant. On the anode side, since the
hydrogen is a pure gas and the stoichiometry &ivelly low, the consumption of the gas
causes the two-phase flow multiplier to be less thae. Thus, two-phase flow is a
relevant consideration in this traditional fuellc&he results in Figure 79b show the
results under constant stoichiometry operatign$ 2,\4,= 1.5) to compare the two-
phase flow multipliers in an ascending and descendpproach. On the anode side, the
two-phase flow multiplier is always less than one ¢tb consumption in the reaction.
However, on the cathode side, both the ascendidglescending approaches show large
two-phase flow multipliers. These results corrob®nsith the parallel channel
visualization cell because the descending approadtipliers are higher than the

ascending approach multipliers.
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Figure 80. Percentage change between descending and asceneasgre drop in graphite flow fields with
serpentine channels

Figure 80 shows the percentage change in pressapebdtween descending and
ascending approach. While the percentage chang# &s high at low current densities
as was seen in the visualization cell, the chasg#ll approximately 22% higher.
Though visualization was not accomplished in thedsmnnels, the hysteresis is likely due
to water accumulation in the descending approathdrserpentine bends where flooding
is most common. Flooding in these bends may alsedy@nsible for the high two-phase
flow multiplier in the ascending approach. The lowercentage change is attributed to
the larger convective water removal abilities & #ingle serpentine channel, where the
single-phase air Reynolds number is approximatélgt0 mA cnf, which is much
higher than the Reynolds number in the visualizegiell (Re = 10 at 50 mA cfy Figure
77). Also, the total magnitude of the pressure drggteresis is higher with the serpentine
channels, so the system efficiency may still deswaaa additional compressor work
(Egn. 44) even at lower percentage changes. Thessyre drop hysteresis is a relevant

consideration in PEM fuel cells.
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5.6 Operating fuel cell conclusions

Two-phase flow pressure drop hysteresis occurs e pressure drop differs
depending on the path by which the current demsitjhhanged in an operating fuel cell.
When the current density is increased, water frloenelectrochemical reaction and
condensation of humidified air enters the cathdole field channels and causes the
pressure drop to increase over the single-phassymedrop. However, when the current
density is subsequently decreased, additional veatrmulates in the flow field
channels, causing the pressure drop at low cudemsities (generally < 400 mA &nto
be higher than both the single-phase and ascehdoyghase pressure drop. The water
accumulates further in the descending approacle sheclower air flow rate cannot
remove as much residual water (from the previouseatidensity) convectively. This
mechanism was confirmed with direct visual obseovabf the cathode flow field
channels and is consistent with the non-operagsglts in Sections 4.2 and 4.3. Main
observations include:

1. Increased air stoichiometry (in the range of 1.5ldjreases the extent of the
pressure drop hysteresis. This behavior occursusedae ability of the gas to
convectively remove water increases with incredssd rate, causing the
ascending and descending pressure drops to bartie slowever, higher air
flow rates cause the total magnitude of the presdtop to increase.

2. Increased operating temperature (56c90decreases the extent of the pressure
drop hysteresis. This result occurs because thieased air temperature increases
the convective water removal capabilities of the @agher velocity and lower

surface tension), and the condensation rate isrlateigher temperatures when
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4.

6.

fully humidified reactants are used. Converselwdotemperatures increase the
condensation rate and decrease the gas velocitghwitreases the accumulation
of liquid water on the descending approach.

The inclusion/exclusion of an MPL does not chargedressure drop hysteresis.
Though the mechanism of water injection may difigyid water entering the
channels increases the two-phase pressure drogimmlar manner due to the
same flow patterns.

A modified Lockhart-Martinelli (LM) approach can beed to moderately predict
the two-phase pressure drop hysteresis. The matidictakes into account how
liquid water enters the flow channels from a porGBi wall, which leads to
deviations from the classic LM approach. Furtherkne needed to predict the
descending approach due to the accumulation ofllieyater along this path.
Dimensionless numbers that rely on surface termierdifficult to use in practical
PEM fuel cells due to multiple surfaces in the flbgld channels. Furthermore,
the single-phase Re number is unable to normdizdysteresis results between
the three experimental approaches (non-operatiltly mon-operating hot,
operating). However, the single-phase Re numbes dbew consistent results in
a given experimental approach (e.g. operating) vdoemparing the hysteresis
effect at different stoichiometries and temperaure

A purging strategy has been developed that rehetsvo short purges during each
current density during the descending approachsdkkort purges can remove
residual water, lowering the overall pressure daba given current density

during the duration of the test. The purge was @blewer the percentage change
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between descending and ascending pressure dr@34drém 242% at 50 mA

cm,
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6 Anodewater removal in an active PEM fudl cdll

The pressure drop hysteresis work fits into thercategory of PEM fuel cell water
management. In a similar theme, this study on amater removal (AWR) furthers the
understanding of water management in fuel cellodenwater removal was used as a
diagnostic tool to determine maximum performancthéabsence of cathode mass
transport limitations.

6.1 Introduction

To have a better understanding of how differentdatons and fuel cell components
(e.g., the GDL and MPL) improve the water managdroéthe fuel cell, researchers
have developed a number of diagnostic tools dedigmeisualize water transport inside
the cell. These techniques include neutron radpgr§160,161], magnetic resonance
imaging (MRI) [162], x-ray micro tomography [163jnd direct optical visualization
[164,165]. Unfortunately, most of these techniqaksexpensive and/or require the fuel
cell to be designed differently from practical fueells. Therefore, there is a need for a
diagnostic technique that is easily used and allbwsesearcher to have a better idea of
where the liquid water accumulation is occurringpending on the conditions and fuel
cell components.

To achieve this goal, Wilkinson et al. at Balla@\fer Systems first proposed a
method called anode water removal (AWR), which wsed to understand mass
transport issues inside fuel cells [166,167,168this method, water in the cathode is
drawn by a concentration gradient across the memeltaa dry anode stream. Therefore,
the effects due to water accumulation in the cathere reduced or eliminated,
consequently separating mass transport from offemte. This diagnostic technique is

accomplished by creating a pressure gradient dlongnode flow field channel in order
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to increase the ability of the fuel stream to cavater vapor [167]. By observing how the
cell voltage increases with higher fuel flow ratesnclusions can be made regarding the
different components used in the cell, especiailyi® cathode side. A schematic of this
voltage increase with hydrogen stoichiometry isvaihan Figure 81 with previous

literature results noted in Figure 17.

Membrane
Voltage improvement with AWR dehydration

e —

/\

Hydrogen stoichiometry

Figure 81. Schematic of AWR voltage results where the incréasiey hydrogen stoichiometry leads to an
increase in voltage until membrane dehydration besolimiting

Voltage

A clear advantage of this method, especially ifftred cell system recycles the hydrogen,
is that it does not increase the parasitic logseslved with the use of high air flow rates.
However, one concern with this approach is theiptesdegradation (and possible
rupture) of the membrane caused by the pressumratites between the anode and
cathode sides. Another issue with this methodagtrasitic losses involved with the
increase of the hydrogen flow rate and the dineqtact that this has on the overall fuel
efficiency in the system.

This chapter describes in detail how the anoderwateoval method can be used as a
simple diagnostic tool to understand liquid wateruamulation and transport within a
PEM fuel cell. In particular, it is found that tmsethod is effective at determining when
cathode GDL flooding is lowering the cell voltag&riables studied include various

cathode GDLs (with and without MPLS), operating pemature (25, 50, 75, and @),
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and cathode relative humidity (25, 50, 75, and 100%n additional GDL layer on the
cathode side was also used to exacerbate GDL figddidetermine how AWR isolates
GDL flooding. Injecting water into the cathode fldwld also exacerbated flooding to
further gauge the effectiveness of AWR.

The analysis examines the change in voltage dah@@®WR process (i.e. Figure 81)
and also utilizes the pressure drop multiplier. phessure drop multiplier is defined here
as a separate parameter from the two-phase flowpined of Eqn. 37. The two-phase
flow multiplier isolates the effect of liquid waten the pressure drop. Here, the pressure
drop multiplier (0,p; Egn. 53) is used since the AWR pressure drop incgase due to
the addition of water vapor to the dry anode streamtecrease due to the removal of
liquid water from the cathode flow channels:

(53)

APAWR,)»hydmgefl.Sa 15

Dp =

APocv,xhydmgenzl.sq 15

This multiplier is the ratio of the pressure drapidg the AWR test (at constant current
density i.e. 1000 mA cif) to the pressure drop of the single-phase gdseatame flow
rates (run at the open circuit voltage). This puessirop multiplier is calculated based on
both the anode and cathode pressure drops. Abevilbted, the anode pressure drop
multiplier in the AWR experiments tends to levet aith an increase in anode
stoichiometry, indicative of saturation but not @esarily anode channel flooding.

The experimental details for these tests are de=ttiin Section 3.5. It should be
noted that the fuel cell used in the AWR testsoisthe visualization cell from Chapters 4
and 5. This uses the TP50 (no visualization) watpsentine flow field channels on both

the anode and cathode. This was chosen for cotytimith previous work [104], the
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ability to operate over a larger range of curremsities (jin > 2000 mA crif), and the
higher pressure drop associated with serpentinengts on the anode, which aids in the
AWR process.
6.2 Resultsand discussion

Anode water removal can be utilized by increashggressure drop in the anode.

The water vapor content in a gas stream (fractiomdbume), f20, iS given by:

_ (Pgas * va (54)

M,ovol = P

whereggasis the relative humidity of the gas stream, i® the saturated vapor pressure,
and P is the total pressure. As the flow rate alrbgen is increased, the pressure drop
increases. Thus, the average pressure in the dsafmés decreased, leading to an
increase in the volume fraction of water vaporia tjas stream. Also, as the hydrogen
stoichiometry is increased, the volumetric floneraf the hydrogen gas increases.
Combined with the increasing volume fraction froonE54, the water removal ability of
the gas increases exponentially. Furthermore,dheaion pressure (in Pa) increases
exponentially with temperature, as shown in Eqn.T3fus, an increase in the operating

temperature leads to an exponential increasg#a r

P = eaT‘1+ b+ cT+dT2 +eT3+fn(T) (55)
Vs

An example of the amount of water vapor that carebgoved by the hydrogen
stream is shown in Figure 82. The water produatate, assuming the water is in the
vapor phase, is also depicted. In this case, thdeolggn stream can remove all of the
product water (fully humidifying the hydrogen stéaamha stoichiometry of

approximately 6.
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Figure 82. Water removal capability of the dry hydrogen stressma function of hydrogen stoichiometry.
The dashed line is the water production rate ab168 cm? (assuming vapor is formed). The pressure
drop results are from the 25 BA GDL results (Figg4e.

However, while the hydrogen has the capacity tooneproduct water in the vapor
phase, it is limited by resistance to mass tran3tee rate of convective mass transfer
into the gas phase can be described by:

r.T‘IHzo =hm(ps—pv) (56)

whereps is the density of saturated vapor on the membsanface assuming the water
and vapor are in equilibrium in saturated ggss the density of water vapor in the bulk
gas stream, andyhs the convective mass transfer coefficient. Exigression is
analogous to convective heat transfer, and as suel§herwood (Sh) number is
described analogously to the heat transfer Nussetiber:

57
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where | is a characteristic length dnds the water vapor diffusivity in the gas. Several
empirical relationships exist for the Sherwood nemds a positive function of the

Reynolds (Re) number and the Schmidt (Sc) number.

Re= psDrly (58)
Ky

59

Scz& ( )
pyD

As the gas velocity increases with an increase/@rdgen stoichiometry, the Reynolds
number increases. This in turn increases the Steehwamber and thus the mass transfer
coefficient. Thus, AWR is a function of removal potial and convective water removal
ability. Additionally, while the hydrogen streamshthe potential to remove water vapor,
it must overcome the resistances in individual tayd the MEA as water from the
cathode must be drawn through the cathode cafalgst membrane, and anode catalyst
layer.
6.2.1 Effect of cathode GDL propertieson voltage

The GDLs, listed in Table 9, vary with the inclusiexclusion of an MPL, the GDL
hydrophobicity, the MPL hydrophobicity, and thiclese The polarization curves (non-
AWR results) for each GDL studied are shown in Feg83. Each curve was produced at
the same baseline operating conditions listed ivlel'8, except the anode gas is
humidified and the anode stoichiometry is consédrit5. These tests were done to
ensure reasonable electrochemical performancecbf @BL before further study in the

AWR tests.
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Figure 83. Polarization curves for the 6 GDLs studied to detee baseline electrochemical performance;
N.B. the anode and cathode relative humiditieshath set to 100%, which is different than the AVéRt$
where the anode humidity is 0% (dry gas)

These GDLs show similar performance in the kindfiaantrolled regime but differ in
the ohmic and mass transfer limiting regimes of é@#l operation (for these testgdic <
150 mA cn?; 150 mA cn? < iohmic < 1400 MA CIiT; imass ranste 1400 mA cnf). In
general, the 25 BA nitric acid treated GDL (254) and 25 AA GDLs performed
worse due to the hydrophilic nature of the GDL. BBeBA GDL performed best in these
baseline conditions, and this may be due to redogedhll GDL saturation due to a
larger total volume in this thicker GDL. This MEAowld be considered as the optimum
of the six GDLs for those particular operating dtiods. Highlighted in the figure are
the results at 1000 mA cimwhere the baseline AWR tests were subsequentigrpeed.
This voltage was chosen for a reasonably high watatuction rate. Also, since the
anode stoichiometry is increasing in the AWR teiis, moderate current density was

chosen so a reasonable pressure drop could beettai high hydrogen stoichiometries.
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The change in voltagé\y) during the AWR process for each GDL is shown in

Figure 84.
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0.70 —4A— 25 BL, AV = No gain

| —0—25BA . AV=71mV
| ——35BA, AV =9 mV

S A;;::
(%0.64— Ad—a 4 4N A
S o] THA—A A4 !

0.60 I,I/I/I ./o?§ ™~

J - /GJ
058 88=—e=—3-0

0.56 +———————1——1——1——————1———————
1 2 3 4 5 6 7 8 9 10 11 12 13

Hydrogen Stoich, 2.,

Figure 84. Anode water removal voltage results comparing ffeceof GDL properties (Table 9) on cell
voltage at 1000 mA cin

At 1000 mA cn, the GDLs with the higher initial electrochemigarformances show
inherent enhanced water management capabilitieBA325 BC, 25 BL) and reduced
ohmic resistance. These GDLs with superior wateragament capabilities (in this
setup) underwent little improvement through the A\WRBcess. However, the GDLs with
relatively poor water management capabilities (26 B5 BAniic) Show a much larger
response to the AWR process, and improved perforenay approximately 70 mV.
Neutron radiography has shown that at moderatecudensities, such as at 1,000 mA
cm?, the water produced at the cathode cannot perrtieategh the cathode MPL
towards the cathode flow field channel, and insteater is forced through the
membrane toward the anode [169]. The MPL may atsasa liquid water barrier to

prevent liquid water in the cathode GDL from reaghand flooding the cathode catalyst
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layer [118]. This helps explain why the GDLs witHPM have higher cell performance
and show little response in the AWR process. Carlgr without an MPL, more water
is likely to enter the cathode GDL and flood théhode MEAS. Since these GDLs
without MPL have such a large increase in voltagh the AWR process, the poor
performance initially at lower hydrogen stoichionet is attributed to GDL flooding.
The 25 AA GDL shows modest improvement (~20 mV)jckishows that this GDL
suffers some flooding issues, but the water inga@sshigh saturation is not entirely
mitigated by the AWR process.

At the end of the AWR process, the GDLs without MBhd to have higher
performance (35 BA, 25 BA, 25 BAic). This is attributed to better oxygen access ¢o th
catalyst later when there is no water blockageramddditional resistance to gas
transport from the MPL.

These results can also be evaluated in the absétenic losses via a resistance
correction for each MEA. The average gain in vat&dgm ohmic correction for the six
GDLs studied is 14 +/- 6 mV. While this is a sngdin, it can mask the AWR effect in

the cases where there is little observed voltagesiech as with the 25 BL GDL.

Table 17 Change in voltage via the AWR process for all sBLG (Table 9) comparing the non-resistance
corrected data to the corrected resistance data

25BC 25BA 25BL 25 BAqitric 25AA 35BA
Initial voltage (V) 0.626 0.586 0.637 0.583 0.596 .65B
Peak voltage (V) 0.628 0.655 0.637 0.654 0.617 2.66
Uncorrected\V (mV) No gain 69 No gain 71 21 9
CorrectedAV (mV) 9 83 18 87 26 31

It is important to note these results with the ection for ohmic losses match the trend of
the results without the resistance correction.dgxample, there is little voltage gain for

the 25 BC GDL in either case, and a very large ghan voltage for the 25 BA and 25
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BAiric GDLs in either case. It is interesting to note tha 25 BL and 35 BA GDLs
show a modest voltage improvement with AWR whenddig is corrected for resistance
losses. This shows that these GDLs had largentaesis losses that masked the voltage
gain via AWR. The voltage gain is due to AWR ovenoog flooding issues due to the
hydrophilic MPL (25 BL) and utilizing a GDL withoWIPL (35 BA). Once corrected,
the results are consistent with GDLs without an Meing more susceptible to flooding
and thus voltage improvement during the AWR proeessGDLs with an MPL
exhibiting enhanced water management capabilitidstlaus showing little voltage
improvement during the AWR process.

These GDL results are consistent with Lu et al3[1&ho have shown that GDLs
without an MPL have higher water saturation thanL&With an MPL, which is

schematically shown in Figure 85.

GDL

Water

GDL

MPL
Water THETERTPETERALTETTEREITRERETITLARRLATELRARRO IO

™ Cracks or defects in MPL’

Figure 85. GDL saturation for a) a GDL without MPL and b) a Giith MPL (reprinted from Lu et al.
[153] with permission from Elsevier)

The AWR process is thus a good diagnostic tooldeniify whether cathode GDL

flooding is an issue. It also shows how well a foell can perform in the absence of
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cathode GDL flooding, which aids in the design ovel MEAs. Thus, AWR can be a
valuable design tool for GDL/MEA development traenasy to implement and test.
6.2.2 Effect of multiple cathode GDL layersand external water injection

The 25 BA GDL was used as an additional layer om &b the existing MEA
structures to test the effect of multiple GDLs dre tAWR results. By creating a
discontinuity in the GDL, this additional layer caxacerbate the influence of GDL
flooding, further confirming the role of GDL waterthe AWR process.

The voltage results and pressure drop multiplisulte for one and two 25 BA

cathode GDLs are shown in Figure 86 and Figureespectively.

o ——

089 1 —&— 1x 25 BA GDL 1x 25 BA GDL =
066 —e— 2x 25 BA GDL —.\. 2x 25 BA GDL 14
P 065 4 : L
» —-—--H, stioch
063 4 - ? r12
e : s
0.60 - .— 0:6011x GDL et U F10E
R s i
@ 0.57 4 { ) = L8 %
2 / 2 0551 _ | 3
© 054 o lg @
- /i - AV, = B9mV &
0511 i 0.50 O Cootmy Le 7
/ 2x-GDLs m B
0.48 /i Lo
s-® 0.45 -1
0.45 1 a) b) r
EE——————— -—— 0
1 2 3 4 5 6 7 8 9 10 11 12 0 200 400 600 800 1000 1200
Hydrogen Stoich Time (s)

Figure 86. a) Comparison of the AWR voltage results for oné tavo 25 BA GDLs on the cathode side b)
Comparison of the AWR voltage signals for one amal 25 BA GDLs on the cathode side

When using the 25 BA GDL, the use of an additigBBIL layer initially lowers the
voltage substantially due to mass transport linoitet. Through the AWR process, the
voltage increases by 201 mV compared to 69 mV wiitly one GDL. The nearly
identical final voltages through AWR mean that Wioétage loss with the two GDLs at
low hydrogen stoichiometries mainly resulted froflGlooding, i.e. the dry anode
removes the excess cathode GDL water, resulticgnmparable final voltages. Further

confirming the mass transport differences betwbesd two cases, the total cell ohmic
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resistance on average over the course of the é\ifR process is nearly identical for
one or two GDLs. ltis also interesting to comptie voltage signals for one versus two
GDLs, as shown in Figure 86b. With two GDLs, thétage instability due to GDL
flooding at low hydrogen stoichiometries is cormmstwith the work of Cho et al. [110].
With 2 GDLs, the voltage signal also increases suttslly at hydrogen stoichiometries
3-7. This leads to the larger error bars depictatiase points in Figure 86a.

The pressure drop results further confirm this ysial At higher anode hydrogen
stoichiometriesX9), the pressure drop multipliers are similar, cating the AWR
process removes a similar amount of water in eithse. At hydrogen stoichiometries >
9, the voltage results are similar as well (Figda), suggesting the absence of GDL
flooding in either case. Initially, the pressuregmultiplier for 2 GDLs is lower. This is
because the 2 GDLs lead to more cathode GDL fl@gpdia less water goes to the anode
(initially lessened influence of water on the anpdessure drop). Above a hydrogen
stoichiometry of 6, the anode can remove this wathich means more total water is
going to the anode with 2 GDLs than with 1 GDL abdivat point. This leads to the
higher pressure drop multiplier with 2 GDLs aboveydrogen stoichiometry of 6. It
should be noted that this analysis refers to thesient response of the system to the

changes in hydrogen stoichiometry.
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Figure 87. Pressure drop multiplier for one and two 25 BA Ginsthe cathode side (all at Rifoge=
100%)

It is also interesting to note that in generalahede pressure drop multiplier values level
off after the initial increase. This is likely ré&dal to the point where the anode has
removed all of the product water in the system yaltbe dashed water production line in
Figure 82), thus the influence of water on the &side would have already reached a
maximum.

This exacerbated GDL flooding has a much largeratfivhen using GDLs without
an MPL. When an extra 25 BA layer is placed ondba 25 BL layer, the increase in
voltage with peak AWR is only ~8 mV, and when atr&25 BA layer is placed on top
of a 25 BC layer, the increase in voltage is ~22 fide results for an additional 25 BA
GDL on the 25 BC GDL are shown in Figure 88. linieresting to note that the cathode
GDL thickness plays a more important role in tlagip than the inclusion of an MPL
layer alone. The cases of the 25 BC with a 25 BALGIR25 um thick with MPL) and the

35 BA (300um thick without MPL) both show improved performamneigh AWR when
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compared to a single 25 BC (with MPL) GDL (23% thick with MPL). The 25

BC/25BA double GDL and the 35 BA GDL both show sigri GDL flooding, since they
both increase in voltage during the AWR proces® péak voltages with AWR for these
GDLs are also similar to the peak voltage resutimfthe single and double 25 BA
GDLs, shown in Figure 86. It should be noted thatdifference in performance between
the 35 BA GDL and the 25 BC GDL are not ohmic alaesistance correction does not

lead to similar voltages for the two GDLs.
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Figure 88. AWR voltage results for 25 BC with 1 GDL and 2 GDlas additional 25 BA layer on top on
the cathode side), and the results for the 35 BA GD

To further understand the extent to which AWR camave water from the cathode
to the anode, water was externally injected ineodathode flow field channels. The work
was studied with the 25 BA GDL, where AWR has aemgignificant effect due to
higher GDL saturation. These results are showngarg 89a and Figure 89b. The water
injection clearly lowers the electrochemical penfiance compared to the case of no
water injection, but the AWR process is able taease the voltage substantially (48

mV) by removing water from the flooded GDL. Thetagle oscillations are also lowered
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through AWR (Figure 89b), showing the AWR procesevercoming the flooding

process.

Figure 89. AWR voltage results for the 25 BA GDL (without MPWjth and without external water
injection, and b) AWR voltage signals for the 25 B®L with and without external water injection
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However, the AWR effect does not necessarily reaetrcathode flow field where the

water was injected. The pressure drop multipliersashode and cathode for the cases

with and without injection are shown in Figure 90.
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Figure 90. AWR pressure drop multiplier results for the anadd cathode for the 25 BA GDL (without
MPL) with and without external water injection

The multiplier is higher on the anode when the watjection happens, indicating the
anode does remove more water. However, not enoaggr g removed to clear the
cathode flow field channels of water since the edéhpressure drop multiplier remains
constant with the injection (though, the amouningdcted water was much higher than
the removal ability of the dry anode stream, evieth@ highest hydrogen
stoichiometries). The injected water keeps theahGDL saturated (hence the lower
final voltage), but the AWR process helps removaeagaturation, hence the gain in
voltage through AWR. This further confirms the AWWRbcess helps determine the
extent to which cathode GDL flooding hinders fuell performance.
6.2.3 Effect of relative humidity (RH)

The water vapor content in the gas is directly propnal to the relative humidity
(Egn. 54). Since the AWR process depends on therwancentration gradient between

the anode and cathode, the relative humidity otHthode gas stream is important in the
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AWR process. When liquid water is formed, some ohn enter the vapor phase when
the cathode RH is less than 100%. Cathode RHs,d3®%5, and 100% were studied at
75°C with the results presented here focusing on &lse aith the 25 BC (MPL) and 25
BA (no MPL) GDLs. The anode inlet relative humidigmained 0% (dry) in all cases.
The voltage results in Figure 91 for the 25 BC Guith an MPL do not show much
voltage improvement due to AWR. Furthermore, astteenbrane dries, the voltage
drops, and the voltage drop is greater for dritmade streams (i.e. the lower cathode RH
dries out the membrane more). When the cathodstgzam is not fully saturated (RH <
100%), the cathode gas can remove some of the graduer, and the voltages are

similar.
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Figure 91. Anode water removal cell voltage results with tBeBC GDL (w/MPL) for cathode RH = 25,
50, 75, and 100%

The AWR results are much more dramatic with th&25GDL (without the
inclusion of the MPL layer), indicating GDL floodjris a problem. The results in Figure
92a show the voltages at each RH begin at a comledevel and all rise with increasing

hydrogen stoichiometry.
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Figure 92. a) Anode water removal cell voltage results with # BA GDL (w/o MPL) for cathode RH =
25, 50, 75, and 100% b) maximum voltage increasefanction of cathode relative humidity

The maximum change in voltage achieved via AWRdases linearly with RH, as
shown in Figure 92b. This is because the increasgdr content with increased cathode
RH allows the membrane to maintain hydration longdrich extends the useful range of
the AWR improvement. Also, the voltage improvemeciturs more quickly at lower
cathode RH (Table 18). This is because there i€ water removal potential on the
cathode with lower RH, so the cathode GDL floodtag be reduced at a lower hydrogen
stoichiometry. This potential is further explainad=igure 93, where the removal
capabilities are based on the pressure drops tisng5 BA GDL. A relatively drier
cathode stream (i.e. 25% RH vs. 100% RH) can remoy@uct water in addition to the
anode. Thus, a lower anode stoichiometry is netgledmpletely remove all of the
product water. Thus, the rate of voltage improvennefrigure 92 is higher when a lower

cathode relative humidity is utilized.
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Figure 93. Total water vapor removal capacity with a dry hygho steam and varying cathode
humidification along with the electrochemical wapeoduction rate (vapor phase) at 1000 mA2evith all
other conditions at the baseline (25 BA GDL)

The voltage at lower cathode RHs reaches a maxiatuariower hydrogen

stoichiometry due to increased membrane resistaitheghe dry anode and a relatively

drier cathode. The ratio of resistance at eaclelsitmmetry to the initial resistance for a

given RH is shown in Figure 94a. This ratio isiméitl to highlight the magnitude of the

change in resistance. The first hydrogen stoichtoyradter the maximum voltage, where

the resistance offsets the AWR impact, is labeatetthé figure. The overall cell resistance

data for these ratios are shown in Figure 94b.
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Figure 94. a) Ratio of resistance at a given hydrogen storktoy to initial resistance for the 25 BA GDL
at cathode RH = 25, 50, 75, and 100% b) experirhessgéstance measurements at cathode RH = 25, 50,
75, and 100%

When corrected for resistance losses, the gaiolitage during the AWR process is very
similar at each RH, 79 +/- 5 mV, as shown in Tal8eThus, in the absence of mass
transport losses in the cathode GDL and in theradesef resistance losses, the peak
voltages are comparable. This result makes sense 8ie MEA is constant for each

cathode RH studied, so the peak corrected voltsigesid be similar.

Table 18 Change in voltage via the AWR process for four adéhrelative humidities comparing the non-
resistance corrected data to the corrected resesidata

25% 50 % 75 % 100 %
Initial voltage (V) 0.581 0.578 0.582 0.586
Peak voltage (V) 0.627 0.635 0.647 0.655
UncorrectedAV
(mV) 46 56 65 69
CorrectedAV
(mV) 82 83 78 72
Hydrogen stoich at
peak voltage 7 8 9 10

Figure 95a and Figure 95b show the anode and cayvesdsure drop multipliers,
respectively. The general trend is that the hidtidrvalues have a higher pressure drop
multiplier, which is indicative of the additionalater entering the fuel cell via the

humidified gas stream at higher cathode relativaildities. Particularly interesting is at
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high hydrogen stoichiometriesX0) the cathode pressure drop multipliers are all
approximately equal, while on the anode side théiphiers generally increase with
increasing relative humidity. This is because mwager is available for transport from
the cathode to anode at higher cathode relativadities, which increases the amount of

water transport to the anode side.
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Figure 95. a) Anode pressure drop multiplier results for odhRH = 25, 50, 75, and 100% b) Cathode
pressure drop multiplier for cathode RH = 25, 38,ahd 100% (baseline conditions with 25 BA GDL)

6.2.4 Effect of temperature

The temperature influences the water concentragiadient since the water volume
capacity in the gas stream increases exponentiélytemperature. At S the water
volume content in the air stream is nearly 6 timese than at 5. This has a
significant effect on the gas properties and theRAWater vapor gradient. As with the
RH section, the results presented here focus ooabe of the 25 BC and 25 BA GDLs
with all material properties held constant exceptMPL inclusion.

For the 25 BC GDL, the increased water concentmagiadient at S causes an
initial increase in the voltage compared to thedotemperatures (Figure 96). The

voltage gain at 7%& was 2 mV and the gain at"@was 14 mV. The cases at 25 and
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50°C show no influence of the AWR process on voltagel instead the increased

hydrogen stoichiometry lowers the voltage due torttembrane drying out.
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Figure 96. AWR voltage results at T = 25, 50, 75, and®for the 25 BC GDL (all at Riinoge= 100%)

The voltage results with the 25 BA GDL at 75 and®@re shown in Figure 97a.
Results at 25 and 80 are not shown because a steady voltage signkl notibe

achieved at the lower hydrogen stoichiometries.
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Figure 97. a) Voltages results for the 25 BA GDL at T = 75 &GC b) Anode and cathode pressure drop
multiplier results for the 25 BA GDL at T = 75 a8€°C (all at RHapoge= 100%)

As in the case of the 25 BC GDL, the higher temipeesleads to a greater water

concentration gradient between the anode and catlaod a higher anode carrying
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capacity for water vapor (Egn. 55). The total waéenoval ability of the hydrogen

stream at 7% and 96C is shown in Figure 98, and it should be notedatieunt of

water vapor that can be removed at®® 1.96 +/- 0.02 times more than the amount at
75°C over the range of hydrogen stoichiometry studidaw: hydrogen stream at@has

the ability to remove all of the product water ahach lower stoichiometry than at°ts

(=3 vs. ~6, respectively). Thus, the results inuFég®7a show a much quicker response to

the AWR process at 90.
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Figure 98. Water vapor removal capability of hydrogen atG%and 96C for the pressure drops at baseline
conditions and the 25 BA GDL

However, there is increased membrane drying atenigtoichiometries at 9G. This

leads to a decrease in voltage after a hydrogechgdmetry of 6 (Figure 97), which is
similar to results with 25 BC at 8D. The resistance at % shows very little increase
with an increase in the hydrogen stoichiometry @aesistance value for the cathode RH
= 100% case in Figure 94a). However, the resistan®&C increases with hydrogen
stoichiometry and is 8% higher than the initialisence at a hydrogen stoichiometry of 7

and is 15% higher than the initial resistance lag@grogen stoichiometry of 10.
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The anode and cathode pressure drop multipliershemen in Figure 97b. As the
hydrogen stoichiometry increases, the cathode pressop multiplier decreases, which
shows the influence of water in the cathode chanisaleduced during the AWR process.
The anode pressure drop multiplier is higher 8C9&bmpared to P& above a hydrogen
stoichiometry of 5, which is due to the increashbtity of hydrogen to remove water at
higher temperatures and more water entering theiegthe fully humidified air stream.
Water is likely also coming from the membrane fts&$ evidenced by the large drop in
voltage due to membrane dehydration. This leadsedarger pressure drop multiplier in
the anode.

6.2.5 Effect of operating current density
Changing the current density changes both thdair fate and the water production rate,
influencing the water gradient for the AWR procdsgure 99 shows the results for the

25 BA GDL at several current densities, includihg baseline results at 1000 mA€m
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Figure 99. AWR voltage results at 100, 500, 750, 1000, and)I68 cm? for the 25 BA GDL (without
MPL)

It can be seen that there is no increase in vol@agthe 25 BA GDL when the current

density is low (100 mA cff). This result is because not enough water is predto
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substantially reduce performance through massfaalosses. This result is also true for
the 25 BC GDL (results not shown). These resulscansistent with low current density
voltage losses being due to kinetic effects fromvsbxygen reduction. Tests were also
performed with the 25 BA GDL at 500, 750, 1000, 4600 mA cnf where more water
is produced, which can increase GDL saturationraddce performance. The voltage
gains from the AWR process for these four curramsities were approximately 13, 26,
69, and 61 mV, respectively. Increased water prioiics associated with higher GDL
flooding, which is removed by AWR, leading to largains in voltage.
6.3 Conclusions
Anode water removal (AWR) is a powerful diagnostol to evaluate cathode GDL
flooding. By using a dry anode stream and increptiie water removal capability with
increasing anode stoichiometry, liquid water sdtngathe cathode GDL can be removed
via the anode. This reduces voltage losses duateritooding in the cathode GDL. The
major results from this study are:
1. The largest voltage gains with AWR occur with tise of GDLs without an
MPL. GDLs without MPL are more prone to floodingdathis water is removed
during the AWR process. Multiple GDLs on the cathoesult in more
flooding/GDL saturation when GDLs without an MPlearsed. This leads to a
steep drop in cell voltage that is fully recovevath the AWR process. Thus,
when the AWR process shows a large voltage gagnydttage failure mechanism
can be attributed to cathode GDL saturation.
2. The cathode air RH plays a key role in the AWR pescwhen the GDL does not

have an MPL. A lower cathode RH can also removemiataddition to the
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anode, so the peak voltage is reached at a loveknbgn stoichiometry. While
the lower RH leads to additional resistance loss@section for resistance shows
a similar voltage gain for all four cathode RHsds¢d (25%, 50%, 75%, 100%).

3. Anincrease in temperature from°Z5to 90C causes the voltage to improve
faster with increasing hydrogen stoichiometry. Tdas be attributed to the larger
water removal capability of the anode at highergeratures. However,
membrane dehydration occurs at moderate hydrogehgimetries with higher
temperatures.

4. At lower current densities (100 mA &) not enough water is produced
electrochemically to flood the GDL, and no gairvaitage is noted. However, as
the current is increased, and thus the water pteadurate, the AWR process can
increase the voltage. These results are due to maexsport limitations being a
greater factor at higher current densities, whighteen removed in the AWR
process.

The AWR method can be used to evaluate and desiggl DL structures to minimize
mass transport losses in the GDL. The maximum gelteom this AWR process
indicates how well a fuel cell can perform in thesence of cathode GDL mass transport

issues.
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7 Conclusions and recommendations

The conclusions and recommendations here reflecvtitk done on pressure drop

hysteresis (Chapters 4 and 5) and anode water @r{@kapter 6). Both studies are

important in PEM fuel cell water management, arerttajor results are highlighted.

7.1 Conclusions

Our group has studied a new problem within thelfadl PEM fuel cell water

management: pressure drop hysteresis. This stutlg st time this phenomenon has

been examined in PEM fuel cells, and the resuéigelevant to water management as a

whole.

Pressure drop hysteresis occurs when the gasand flow rates, uniquely
coupled in a PEM fuel cell via Faraday's law, arereased along a set path
and then decreased along the same path but shifferamt pressure drop.
The general mechanism for the pressure drop hgstaseunique to PEM fuel
cells. When starting from dry initial conditionsw flows of water are not
able to break through the GDL. When water breakitinodoes occur at
moderate flows (current densities), the air flovera high enough to remove
the water convectively. This leads to a larger piase flow pressure drop,
but not necessarily accumulation. As the load sequently decreased, water
can accumulate in the flow channel. Thus, the piresdrop in the descending
approach can be higher than in the ascending agiproa

Three distinct experimental approaches to this ¢gygimamic problem allowed
us to understand the problem fundamentally and &lpgty the results to the

most realistic system. The first approach expldhésiphenomenon in a fuel
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cell's flow channels under non-operating conditiahambient temperature
and pressure to establish the hydrodynamic baséllmeresults were then
explored in a non-operating setup with humidified deated gases to
understand the pressure drop hysteresis in termmoé relevant fuel cell
operating conditions. Finally, the pressure drogtéresis was studied in an
operating PEM fuel cell in a narrow range of meas¢vant conditions. This
phenomena was explored through several variablegargt to PEM fuel cells,
including: GDL properties, MPL inclusion, gas stammetry, and
temperature.

In general, the GDL properties are not a main faict@ressure drop
hysteresis. While the mechanism of water reactieg-aithode can change
depending on the GDL and MPL, the bulk influencevater in the flow
channels in terms of accumulation for pressure tiggberesis is similar.

The gas stoichiometry is the most important parame it largely defines the
convective removal abilities of the cathode aieain. Higher air flow rates
(such as at an air stoichiometry of 5) can rembeesame amount of water in
either ascending or descending approach, remokimgressure drop
hysteresis.

The temperature also plays an important role, eslhewith fully humidified
air, as condensation can exacerbate the floodioigiggm, and the
condensation occurs more readily at lower tempezatlhlso, the gas

velocity decreases and the surface tension of vimtezases with lower
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temperatures, causing more water accumulation., Thase hysteresis is

noted at 38C than at 9€C.
The problems associated with excess water accuinlate well documented: increased
parasitic power losses due to an increased predsope gas maldistribution, and
decreased reactant transport to active catalys. siihese concepts can also be problems
in fuel cell stacks, where low cells in particutamn lower system performance in stacks.
Thus, research groups considering applications evtier load cycles should be aware of
this problem. A practical consideration would berteasure the pressure drop during
actual operation of a load cycle to determine ¥f differences in pressure drop exist.
From this thesis, it is likely that an increaserassure drop would be due to additional
liquid water accumulation, not just flow patterradiges. This mechanism of hysteresis is
distinctively different, which is important for aperator to know for long term stability
and durability.

Anode water removal was also studied as an impoidane in PEM fuel cell water
management. By increasing the flow rate of a digdanstream, the water removal
capabilities of the anode increase. As water iorad from the cathode by the anode,
the voltage of the cell can increase, giving andcatibn of maximum performance in the
absence of mass transfer limitations.

» Larger voltage gains occur during the AWR procethk the use of GDLs
without an MPL. GDLs without MPL are more prondltmoding/high
saturation, which is removed during the AWR proc&sthode GDL flooding
can be exacerbated when multiple GDLs are usetdendthode side and

when water is injected externally into the cathfide field channels. These
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lead to a drop in cell voltage that is recoverethwhe AWR process. Thus,
the performance failure mechanism when large veltggns are noted can be
attributed to cathode GDL saturation.

» The cathode air relative humidity is an importaatgmeter in the anode water
removal process when considering a GDL without &1.MA reduced
cathode gas RH (< 100%) can remove water in adgditidhe anode gas, so
the peak voltage without mass transfer limitatisngached at a lower
hydrogen stoichiometry.

« Anincrease in temperature from°Z5to 90C causes the voltage to improve
faster with increasing hydrogen stoichiometry. Treisult is attributed to the
larger water vapor removal ability of the anode aa higher temperature.
However, membrane drying can occur faster at thkdritemperatures, and
thus the voltage decreases from the peak valu@dérate hydrogen
stoichiometries.

* The operating current density dictates the watedyction rate and is thus an
important consideration in AWR. At low current diies (100 mA crif), not
enough water is produced to substantially floodGid. so no voltage
improvement is noted. As the current density iseased, the GDL flooding
can increase, which is followed by increasinglgéarvoltage gains during
AWR.

The AWR method is well suited to determine if GDaoding mass transport limitations
are causing a decrease in cell voltage. By knowiegnaximum performance in the

absence of GDL flooding problems, novel GDLs carfiusther understood and
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advanced. Thus, AWR is a useful and quick diagnastl for an operator when
considering performance losses associated with GDLs

7.2 Recommendations

Recommendations are provided for pressure drogfhegs, anode water removal, and
water management studies in general.

7.2.1 Pressuredrop hysteresis

* Explore purging methods in more depth to mitightedffect of the hysteresis.
Purges on the descending approach can raise tbgupeedrop significantly for a
short period, but then remove the accumulateddiguater in the flow field
channels. The overall pressure drop is then redasdddditional accumulation
on the descending approach is substantially legsétmvever, this method
requires potentially unrealistic controls, and tma@re study is needed.

* Now that the mechanism of pressure drop hystemesifEM fuel cell is
understood, it would be interesting to study thresellts in a serpentine flow
field, where the overall pressure drop, and thuag#ac loss, is much higher.
Preliminary results show some pressure drop hystedoes exist at baseline
conditions in the TP50 fuel cell, which is discubg® Section 5.5. More accurate
pressure transducers should be used with the Hgdreg™ station if this work is
to be done accurately. The transducers for thdlpbchannels will not be
suitable due to the very large pressure dropsgaiehicurrent densities in the
serpentine channels.

* It would be useful to perform the pressure dropédrngsis tests in a PEM fuel cell

stack, particularly in one that employs parallemhels since this flow field type
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1.2.2

has already been characterized in this work. Thgnimade of the pressure drop
difference is low in a single cell with parallelainels, thus the potential parasitic
power loss is not well characterized. Operatindnait entire fuel cell stack
where the total pressure drop is higher would grtfuantify the relevance of this
topic in PEM fuel cell water management.

The two-phase flow pressure drop has not beengiegtivia the Lockhart-
Martinelli equation for the descending approactm@édification is needed to take
into account water accumulation at low air flonesgtwhich greatly increases the
two-phase flow multiplier. Quantifying the amouritveater accumulating in the
channel during the descending approach would tetp this parameter. One
method to accomplish this would be to perform tresspure drop hysteresis test
and then purge the cell quickly to a water colettthamber. If purged fast
enough, only accumulated water will be collected additional condensation
from the humidified air can be avoided. This woh&ltime consuming though
since one collection test would be needed for @aht on the descending
approach for each operating condition. Then, tloegss would have to begin
again from the first point in the ascending apphoac

Anode water removal

Perform the AWR tests with parallel channel floeldis. Graphite plates for the
TP50 have been fabricated already with the samengh@ross-sectional
dimensions as the cathode’s serpentine channelthdsgerpentine bends were
connected to act as flow distributors to form patalhannels. However, this plate

cannot be used in conjunction with the serpentimaa channels because the
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7.2.3

larger pressure drop on the anode causes an preafure differential between
the parallel channel cathode and the serpentineneghanode. A parallel channel
anode is needed before this test can be performed.

Perform the AWR tests in the transparent visuabratell used during the
pressure drop hysteresis tests. It would be inieget see how AWR effects a
flooded cathode flow field channel. While tests @vdone to inject external water,
it would be interesting to see any flow patternargies in the cathode during
AWR. Also, the anode could be visualized to sewafe liquid water enters the
anode flow field.

Perform the AWR tests with an anode GDL that dagscontain an MPL. It
would be interesting to see how the anode MPL tdfhee overall water balance.
The current anode GDL is the 25 DC GDL, which corg20% PTFE and an
MPL. A suitable anode GDL to test next would be26eDA GDL, which would
keep the PTFE content at 20% but exclude the MPL.

PEM fud cell water management

Current work is being done by our group on flow digtfibution mitigation in
parallel, non-operating channels. Numerical simaoitest have looked at putting
small connections in the channel divider (i.e.ldraling width) of two-parallel
channels. The simulation results have suggestédvtien the communications
are close to the channel size, 1 x 1 mm for ingtathe maldistribution problem
becomes worse since the gas phase utilizes the ooroation instead of the
liquid. However, at smaller connection sizes, (#% x 1 mm, the liquid water

fills the connection completely to bridge the twaaanels, allowing water to more
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evenly distribute between two channels. This tlegluces the gas maldistribution.
Work is ongoing to validate the numerical resukpeximentally via entrance

pressure drop measurements to quantify the mallison.

207



References

[1] R. O’'Hayre, S-W. Cha, W. Colella, F.B. Prinyydf Cell Fundamentals, John Wiley
and Sons Inc., New Jersey, 2006.

[2] R. Anderson, L. Zhang, Y. Ding, M. Blanco, X,B.P. Wilkinson, A Critical Review
of Two-phase Flow in Gas Channels of PEM Fuel Céll®ower Sources 195
(2010) 4531-4553.

[3] J. Benziger, Fan the flame with water: curngmition, front propagation, and
multiple steady states in polymer electrolyte meambrfuel cells, AIChE J. 55
(2009) 3034-3040.

[4] K. Jiao, X. Li, Water transport in polymer elemlyte membrane fuel cells, Prog.
Energy Combust. Sci. 37 (2011) 221-291.

[5] H. Li, Y. Tang, Z. Wang, Z. Wang, Z. Shi, S. W.. Song, J. Zhang, K. Fatih, J.
Zhang, H. Wang, Z. Liu, R. Abouatallah, A. Mazzarekiew of water flooding
issues in the proton exchange membrane fuel cétipwer Sources 178 (2008)
103-117.

[6] T.A. Trabold, Minichannels in polymer electredymembrane fuel cells, Heat
Transfer Eng. 26 (2005) 3-12.

[7] Springer, T. E., T. A. Zawodzinski, S. GottddfePolymer electrolyte fuel cell model,
J. Electrochem. Soc. 138(8) (1991) 2334-2342.

[8] D. M. Bernardi, M. W. Verbrugge, Mathematicabdel of a gas diffusion electrode
bonded to a polymer electrolyte, AIChE Journal 8371991) 1151-1163.

[9] F.Y. Zhang, X.G. Yang, C.Y. Wang, Liquid watemoval from a polymer electrolyte
fuel cell, J. Electrochem. Soc. 153 (2006) A225-223

[10] X. Liu, H. Guo, F. Ye, C.F. Ma, Flow dynamibaracteristics in flow field of proton
exchange membrane fuel cells, Int. J. Hydrogen @gna8 (2008) 1040-1051.

[11] T. Ous, C. Arcoumanis, Visualisation of watkeoplets during the operation of PEM
fuel cells, J. Power Sources 173 (2007) 137-148.

[12] H. Masuda, K. Ito, T. Oshima, K. Sasaki, Comgan between numerical simulation
and visualization experiment on water behaviolimgle straight flow channel
polymer electrolyte fuel cell, J. Power Sources (Z008) 303-313.

[13] K. Tuber, D. Pocza, C. Hebling, Visualizatiohwater buildup in the cathode of a
transparent PEM fuel cell, J. Power Sources 1203P803-414.

208



[14] A. Hakenjos, H. Muenter, U. Wittstadat, C. Hie, A PEM fuel cell for combined
measurement of current and temperature distribugind flow field flooding, J.
Power Sources 131 (2004) 213-216.

[15] F-B. Weng, A. Su, C.Y. Hus, C-Y. Lee, Studywaddter-flooding behavior in cathode
channel of a transparent proton-exchange membteheéll, J. Power Sources
157 (2006) 674-680.

[16] D. Spernjak, A.K. Prasad, S.G. Advani, Expestal investigation of liquid water
formation and transport in a transparent singlpesine PEM fuel cell, J. Power
Sources 170 (2007) 334-344.

[17] S. Ge, C.Y. Wang, Liquid water formation ananisport in PEFC anode, J.
Electrochem. Soc. 154 (2007) B998-B1005.

[18] A. Theodorakakos, T. Ous, M. Gavaises, J.MutNdN. Nikolopoulos, H.
Yanagihara, Dynamics of water droplets detachewh fporous surfaces of
relevance to PEM fuel cells, J. Colloid Interface. S00 (2006) 673-687.

[19] R. Shimoi, M. Masuda, K. Fushinobu, Y. Kozawa,Okazaki, Visualization of the
membrane temperature field of a polymer electrdiyes cell, Trans. ASME 126
(2004) 258-261.

[20] H-S. Kim, T-H. Ha, S-J. Park, K. Min, M, KinVisualization study of cathode
flooding with different operating conditions in &M unit fuel cell, Proceedings
of the 3rd International Conference on Fuel CeieBce Engineering and
Technology, Ypsilanti, USA, 2005, pp. 57-63.

[21] K. Sugiura, M. Nakata, T. Yodo, Y. NishigucM, Yamauchi, Y. Itoh, Evaluation
of a cathode gas channel with a water absorptigerAaaste channel in a PEFC
by using visualization technique, J. Power Souleks(2005) 526-533.

[22] H.P. Ma, H.M. Zhang, J. Hu, Y.H. Cai, B.L. YdDjagnostic tool to detect liquid
water removal in the cathode channels of protomanxge membrane fuel cells, J.
Power Sources 162 (2006) 469-473.

[23] X. G. Yang, F. Y. Zhang, A. L. Lubawy, C.Y. \Wg, Visualization of liquid water
transport in a PEFC, Electrochem. Solid-State [7e(2004) A408-A411.

[24] M. Wang, H. Guo, G. Ma, Temperature distribaton the MEA surface of a
PEMFC with serpentine channel flow bed, J. Powenr&ss 257 (2006) 181-187.

[25] J. Cho, H-S Kim, K. Min. Transient responseaainit proton-exchange membrane

fuel cell under various operating conditions, JwBoSources 185 (2008) 118-
128.

209



[26] Z. Dunbar, R. Masel, Magnetic resonance imggmnvestigation of water
accumulation and transport in graphite flow fields polymer electrolyte
membrane fuel cell: Do defects control transpaltPower Sources 182 (2008)
76-82.

[27] P. Chang, J. St-Pierre, J. Stumper, B. Wetkow distribution in proton exchange
membrane fuel cell stacks, J. Power Sources 1836{2840-355.

[28] J. St-Pierre, PEMFC in situ liquid-water-camtenonitoring status, J. Electrochem.
Soc. 154 (2007) B724-B731.

[29] J. Sergi, S. Kandlikar, Quantification and derization of water coverage in
PEMFC gas channels using simultaneous anode ahddsavisualization and
image processing, I. J. Hydrogen Energy 36 (202B81-12392.

[30] K. Takada, Y. Ishigami, J. Inukai, Y. Naguntt, Takano, H. Nishide, M.
Watanabe, Simultaneous visualization of oxygerriistion and water blockages
in an operating triple-serpentine polymer electefyel cell, J. Power Sources
196 (2011) 2635-2639.

[31] J.P. Owejan, T.A. Trabold, D.L. Jacobson, Mif AS.G. Kandilkar, G. Satsih,
Effects of flow field and diffusion layer properi®n water accumulation in a
PEM fuel cell, Proceedings of the Fifth Internaab@onference on
Nanochannels, Microchannels and Minichannels, Rudiiéxico, June, 2007, pp.
401-408.

[32] M.A. Hickner, N.P. Siegel, K.S. Chen, D.N. Me&er, D.S. Hussey. D.L. Jacobson,
M. Arif, Real-time imaging of liquid water in an efting proton exchange
membrane fuel cell, J. Electrochem. Soc. 153 (26@&)2-A908.

[33] A. Bazylak, Liquid water visualization in PEfMel cells: A review, Int. J. Hydrogen
Energy, 34 (2009) 3845-3857.

[34] S. Tsushima, S. Hirai, In situ diagnostics ater transport in proton exchange
membrane fuel cells, Prog. Energy Combust. Sc{(2871) 204-220.

[35] H-Y. Tang, A. Santamaria, J.W. Park, C. Lee,AlWang, Quantification of water in
hydrophobic and hydrophilic flow channels subjedt®das purging via neutron
imaging, J. Power Sources 196 (2011) 9373-9381).

[36] S.G. Kandlikar, Microscale and macroscale atpef water management challenges
in PEM fuel cells, Heat Transfer Eng. 29(7) (2068%-587.

[37] W. Dai, H. Wang, X-Z. Yuan, J. Martin, D. Yang Qiao, J. Ma, A review on water
balance in the membrane electrode assembly ofpetochange membrane fuel
cells, Int. J. Hydrogen Energy 34 (2009) 9461-9478.

210



[38] I. S. Hussaini, C.-Y. Wang, Visualization and quigsdtion of cathode channel
flooding in PEM fuel cells, J. Power Sources 18{g2)09) 444-451.

[39] D.P. Wilkinson, H.H. Voss, K. Prater, Water magement and stack design for solid
polymer fuel cells, J. Power Sources 49 (1994) 127-

[40] S-S. Hsieh, Y-J. Huang, B-S. Her, Pressurg ano water accumulation distribution
for a micro PEM fuel cell with different flow fielglates, Int. J. Heat Mass
Transfer 52 (2009) 5657-5659.

[41] X. Liu, H. Guo, F. Ye, C. F. Ma, Water floodjrand pressure drop characteristics in
flow channels of proton exchange membrane fuescElectrochimica Acta
52(11) (2006) 3607-3614.

[42] K. Ito, K. Ashikaga, H. Masuda, T. Oshima, KRakimoto, K. Sasaki, Estimation of
flooding in PEMFC gas diffusion layer by differeadtpressure measurement, J.
Power Sources 175 (2008) 732-738.

[43] F. Barbir, H. Gorgun, X. Wang, Relationshigvseen pressure drop and cell
resistance as a diagnostic tool for PEM fuel cdli$ower Sources 141 (2005)
96-101.

[44] P. Rodatz, F. Buchi, C. Onder, L. Guzzellag@ional aspects of a large PEFC
stack under practical conditions J. Power Sour28s(2004) 208-217.

[45] N. S. Siefert, S. Lister, Voltage loss andctluation in proton exchange membrane
fuel cells: The role of cathode channel pluralitgair stoichiometric ratio, J.
Power Sources 196 (2011) 1948-1954.

[46] S.D Knights, K.M. Colbow, J. St-Pierre, D.Pilihson, Aging mechanisms and
lifetime of PEFC and DMFC, J. Power Sources 12D42027-134.

[47] J.P. Mayers, R.M. Darling, Model of carbon m@sion in PEM fuel cells, J.
Electrochem. Soc. 153 (2006) A1432-1442.

[48] Al-Baghdadi and Al-Janabi, Effect of OperatiRgrameters on the hyhro-thermal
stresses in proton exchange membranes of fue| tallsl. Hydrogen Energy 32
(2007) 4510-4522.

[49] J. St-Pierre, A. Wong, J. Diep, D. Kiel, Denstnation of a residence time
distribution method for proton exchange membraré dell evaluation, J. Power
Sources 164 (2007) 196-202.

[50] L.F. Zhang, W. Du, H.T. Bi, D.P. Wilkinson, Stumper, H.J. Wang, Gas-liquid
two-phase flow distributions in parallel channaisfiuel cells, J. Power Sources
189 (2009) 1023-1031.

211



[51] S.G. Kandlikar, Z. Lu, W.E. Domigan, A.D. WajtM.W. Benedict, Measurement of
flow maldistribution in parallel channels and ifgpécations to ex-situ and in-situ
experiments in PEMFC water management studies).Iitteat Mass Transfer 52
(2009) 1741-1752.

[52] J.S. Allen, Two-phase flow in small channetsl dahe implication for PEM fuel cell
operation, ECS Transactions, 3(1) (2006) 1197-1206.

[53] M.J. English, S.G.Kandlikar, An experimentavéstigation into the effect of
surfactants on air-water two-phase flow in miniahels, Heat Transfer
Engineering, 27(4) (2006) 99-109.

[54] E.S. Lee, C. Hidrovo, K. Goodson, J. Eatons-@Gaguid flow in microchannels
bounded by a porous wall"8nternational Conference on Multiphase Flow,
Leipzig, Germany, July, 2007, Paper No. S7_Thu_A 46

[55] L.F. Zhang, H.T. Bi, D.P. Wilkinson, J. Stunmpkl.J. Wang, Gas-liquid two-phase
flow patterns in parallel channels for fuel cellsPower Sources 183(2) (2008)
643-650.

[56] Z. Lu, S.G. Kandlikar, C. Rath, M. Grimm, Wobigan, A.D. White, M.
Hardbarger, J.P. Owejan, T.A. Trabold, Water mameagg studies in PEM fuel
cells, part Il: Ex situ investigation of flow masdiribution, pressure drop and two-
phase flow pattern in gas channels, Int. J. Hydndgeergy 34 (2009) 3445-3456.

[57] J. E. Steinbrenner, E.S. Lee, C. H. HidrovH, Eaton, K.E. Goodson, Impact of
channel geometry on two-phase flow in fuel cellmmathannels, J. Power Sources
196 (2011) 5012-5020.

[58] K. Pehlivan, I. Hassan, M. Vaillancourt, Exjmeental study on two-phase flow and
pressure drop in millimeter-size channels, Appleri. Eng. 26 (2006) 1506-
1514.

[59] M.K. Akbar, D.A. Plummer, S.M. Ghiaasiaan, @as—liquid two-phase flow
regimes in microchannels, Int. J. Multiphase FI@\2003) 855-865.

[60] K.A. Triplett, S.M. Ghiaasiaan, S.l. Abdel-Kha D.L. Sadowski, Gas—liquid two-
phase flow in microchannels Part I: two-phase fiatterns, Int. J. Multiphase
Flow 25 (1999) 377-394.

[61] J.L. Xu, P. Cheng, T.S. Zhao, Gas-liquid twape flow regimes in rectangular
channels with mini/micro gaps, Int. J. Multiphasew25 (1999) 411-432.

[62] Z. Lu, C. Rath, G. Zhang, S. G. Kandlikar, \@fathanagement studies in PEM fuel
cells, part IV: Effects of channel surface wettipjlgeometry, and orientation on

212



the two-phase flow in parallel gas channels, HyHrogen Energy 36 (2011)
9864-9875.

[63] A. Marchitto, F. Devia, M. Fossa, G. GuglieimiC. Schenone, Experiments on
two-phase flow distribution inside parallel charmet compact heat exchangers,
l. J. of Multiphase Flow 34 (2008) 128-144.

[64] Y. Taitel, L. Pustylnik, M. Tshuva, D. Barnddpw distribution of gas and liquid in
parallel pipes, Int. J. Multiphase Flow 29 (200393-1202.

[65] M. Tshuva, D. Barnea, Y. Taitel, Two-phasenflm inclined parallel pipes, Int. J.
Multiphase Flow 25 (1999) 1491-1503.

[66] G.Hetsroni, A.Mosyak, Z. Segal, E. PogrebnyBkp-phase flow patterns in parallel
micro-channels, Int. J. Multiphase Flow 29 (2003)-3360.

[67] L. Pustylnik, D. Barnea, Y. Taitel, Predictiohtwo-phase flow distribution in
parallel pipes using stability analysis, AIChE52.(2006) 3345-3352.

[68] C. Schillberg, S. Kandlikar, A review of modkes water droplet detachment from
the gas diffusion later-gas flow interface in PEM{-€roceedings of the Fifth
International Conference on Nanochannels, Micronbtnand Minichannels,
Puebla, Mexico, June, 2007, pp. 299-310.

[69] E.C. Kumbur, K.V. Sharp, M.M. Mench, Liquidaplet behavior and instability in a
polymer electrolyte fuel cell flow channel, J. Pow®urces 161 (2006) 333-345.

[70] J. Borrelli, T. Trabold, S. Kandlikar, J. Owae}, Water transport visualization and
two-phase pressure drop measurements in a simiR&®FC cathode
minichannel, Third Annual Conference on Microchdarasmd Minichannels’,
(2005).

[71] E. Kimball, T. Whitaker, Y. Kevrekidis, J. Beiger, Drops, slugs, and flooding in
polymer electrolyte membrane fuel cells, AIChE Jahi54 (2008) 1313-1332.

[72] T. Murahashi, H. Kobayashi, E. Nishiyama, Coneldl measurement of PEMFC
performance decay and water droplet distributiotlentiow humidity and high
CO, J. Power Sources 175 (2008) 98-105.

[73] J. Wu, X. Z. Yuan, J.J. Martin, H. Wang, J.adg, H. Shen, S. Wu, W. Merida, A
review of PEM fuel cell durability: Degradation niiemisms and mitigation
strategies, J. Power Sources 184 (2008) 104-119.

[74] A. Tamayol, M. Bahrami, Water permeation thghwgas diffusion layers of proton
exchange membrane fuel cells, J. Power Source$2096) 6356-6361.

213



[75] Z. Lu, A.D. White, J. Pelaez, M. Hardbarger, Bbmigan, J. Sergi, S.G. Kandlikar,
Investigation of water transport in an ex-situ expental facility modelled on an
actual doe automotive target compliant fuel calbdeedings of the Sixth
International ASME Conference on Nanochannels, dicannels, and
Minichannels. June 23-25, (2008).

[76] P. Concus, R. Finn, On the behavior of a ¢apjilsurface in a wedge, Appl. Math
Sci. 63 (1969) 292-299.

[77] A. Bazylak, J. Heinrich, N. Djilali, D. Sintoriquid water transport between
graphite paper and a solid surface, J. Power Seli@®(2) (2008) 1147-1153.

[78] C. Fang, C. Hidrovo, F-M Wang, J. Eaton, K.ddson, 3-D numerical simulation of
contact angle hysteresis for microscale two phlase 1nt. J. Multiphase Flow 34
(2008) 690-705.

[79] E. Shirani, S. Masoomi, Deformation of a detgh a channel flow, J. Fuel Cell Sci.
Technol. 5(4) (2008) 041008-8.

[80] P. Young, T. Brackbill, S. Kandlikar, Estimagj roughness parameters resulting
from various machining techniques for fluid flowpdipations, Proceedings of the
Fifth International Conference on Nanochannels,rdibannels and
Minichannels, Puebla, Mexico, June, 2007, pp. 826-8

[81] S. Kandlikar, S. Joshi, S. Tian, Effect offage roughness on heat transfer and fluid
flow characteristics at low Reynolds numbers inlschameter tubes, Heat
Transfer Eng. 24(3) (2003) 4-16.

[82] F.Barbir, PEM Fuel Cells: Theory and PractiEésevier Academic Press, New
York, 2005, pp. 119-121.

[83] X. Liu, H.Guo, C.F.Ma, Water flooding and tvpitase flow in cathode channels of
proton exchange membrane fuel cells, J. Power 886 (2006) 267-280.

[84] D. Natarajan, T.V. Nguyen, Current distributim PEM fuel cells. Part 1: Oxygen
and fuel flow rate effects, AIChE Journal 51 (20@587-2598.

[85] J. St-Pierre, J. Roberts, K. Colbow, S. CanlipBe Nelson, PEMFC operational and
design strategies for sub zero environment, J. Mewer. Electrochem. Syst. 8
(2005) 163-176.

[86] K. Tajiri, C.Y. Wang, Y. Tabuchi, Water remdJeom a PEFC during gas purge,
Electrochimica Acta 53 (2008) 6337-6343.

214



[87] K.T. Cho, A. Turhan, J.H. Lee, J.S. Breniz&K. Heller, L. Shi, M.M. Mench,
Probing water transport in polymer electrolyte foells with neutron
radiography, Nucl. Instr. Meth. Phys. Res. A, 626009) 119-122.

[88] K.T. Cho, M.M. Mench, Coupled effects of fldweld geometry and diffusion media
material structure on evaporative water removahfpmlymer electrolyte fuel
cells, 1. J. Hydrogen Energy 35 (2010) 12329-12340.

[89] H. Masuda, A. Yamamoto, K. Sasaki, S. Leelt,. A visualization study on
relationship between water-droplet behavior anthvi#tage appeared in straight,
parallel, and serpentine channel pattern celBpwer Sources 196 (2011) 5377-
5385.

[90] D.P. Wilkinson, H.H. Voss, D.S. Watkins, K.Brater, US5366818 (1994).

[91] H.H. Voss, D.P. Wilkinson, P.G. Pickup, M.@hhson, V. Basura, Anode water
removal: A water management and diagnostic teclenigusolid polymer fuel
cells, Electrochimica Acta 40 (1995) 321-328.

[92] H.H. Voss, D.P. Wilkinson, D.S. Watkins, Methand apparatus for removing
water from electrochemical fuel cells by contradlithe temperature and pressure
of the reactant streams, US5441819 (1995).

[93] W. He, G. Lin, T.V. Nguyen, Diagnostic tool tietect electrode flooding in proton-
exchange-membrane fuel cells, AIChE Journal 49323@21-3228.

[94] P.A. Chuang, A. Turhan, A.K. Keller, J.S. Bizgr, T.A. Trabold, M.M. Mench,
The nature of flooding and drying in polymer elebtte fuel cells, Third
International Conference on Fuel Cell Science, Bgiing and Technology,
(2005) 31-37.

[95] D.P. Wilkinson, H.H. Voss, N.J. Fletcher, Mdhhnson, E.G. Pow, Electrochemical
fuel cell stack with concurrent flow of coolant aoxidant streams and
countercurrent flow of fuel and oxidant streams5@0%3160 (1998).

[96] R. Zaffou, J.S. Yi, H.R. Kunz, J.M. Fenton,rigerature-driven water transport
through membrane electrode assembly of proton exghmembrane fuel cells,
Electrochem. Solid-State Lett. 9 (2006) A418-A422.

[97] J.P.G. Villaluenga, B. Seoane, V.M. BarraganRuiz-Bauza, Thermo-osmosis of
mixtures of water and methanol through a Nafion imeme, J. Membr. Sci. 274
(2006) 116-122.

[98] S. Kim, M.M. Mench, Investigation of temperegedriven water transport in

polymer electrolyte fuel cell: phase-change-induite, J. Electrochem. Soc.
156 (2009) B353-B362.

215



[99] S. Kim, M.M. Mench, Investigation of temperegedriven water transport in
polymer electrolyte fuel cell: thermo-osmosis inmianes, J. Membr. Sci. 328
(2009) 113-120.

[100] D.M. Bernardi, Water-balance calculations $otid-polymer-electrolyte fuel cells,
J. Electrochem. Soc. 137 (1990) 3344-3350.

[101] F.N. Buchi, S. Srinivasan, Operating protacleange membrane fuel cells without
external humidification of the reactant gases,dcttochem. Soc. 144 (1997)
2767-2772.

[102] I.S. Hussaini, C.Y. Wang, Dynamic water magragnt of polymer electrolyte
membrane fuel cells using intermittent RH contdolPower Sources 195 (2010)
3822-3829.

[103] J.P. Owejan, J. E. Owejan, W. Gu, T.A. Trabdl.W. Tighe, M.F. Mathias, Water
transport mechanisms in PEMFC gas diffusion laykrglec. Soc. 157 (2010)
B1456-B1464.

[104] M. Blanco, “Study of selected water managensérategies for proton exchange
membrane fuel cells” (PhD diss., University of &tit Columbia, 2011).

[105] G.Y. Lin, T.V. Nguyen, Effect of thicknessahydrophobic polymer content of
the gas diffusion layer on electrode flooding lewed PEMFC, J. Electrochem.
Soc. 152 (2005) A1942-A1948.

[106] M. Mathias, J. Roth, B. Sompalli, M. Schoeregsg, D. Wood, Diffusion media,
fuel cells, and fuel cell powered systems, US200313 (2004).

[107] J. St-Pierre, D.P. Wilkinson, S. Knights, Bbs, Relationships between water
management, contamination and lifetime degradatid?EFC, J. New Mater.
Electrochem. Syst. 3 (2000) 99-106.

[108] M.C. Johnson, D.P. Wilkinson, C.P. Asman, MBos, R.J. Potter, Electrochemical
fuel cell with an electrode substrate having aplame nonuniform structure for
control of reactant and product transport, US58804398).

[109] H-M. Chang, C-W. Lin, M-H. Chang, H-R. Shi¥-C. Chang, F-H. Tsau,
Optimization of polytetrafluoroethylene contentlie cathode gas diffusion layer
by the evaluation of compression effect on theqrarnce of a proton exchange
membrane fuel cell, J. Power Sources 196 (20113-3780.

[110] J. Cho, T. Ha, J. Park, H-S. Kim, K. Min, [Eee, J-Y Jyoung, Analysis of transient
response of a unit proton-exchange membrane fliehite a degraded gas
diffusion layer, 1. J. Hydrogen Energy 36 (20119665098.

216



[111] H.H. Voss, D.P. Wilkinson, P.G. Pickup, MIdhnson, V. Basura, Anode water
removal: a water management and diagnostic techri@usolid polymer fuel
cells, Electrochim. Acta 40 (1995) 321-328.

[112] K.S.S. Naing, Y. Tabe, T. Chikahisa, Perfonceand liquid water distribution in
PEFCs with different anisotropic fiber directiorfglve GDL, J. Power Sources
196 (2011) 2584-2594.

[113] E.E. Kimball, J. B. Benziger, Y. G. KevrelsdiEffects of GDL structure with an
efficient approach to the management of liquid watd*EM fuel cells, Fuel
Cells 10 (2010) 530-544.

[114] M.S. Wilson, J.A. Valerio, S. Gottesfeld, Lghatinum loading electrodes for
polymer electrolyte fuel cells fabricated usingrtheplastic ionomers,
Electrochimica Acta 40 (1995) 355-363.

[115] H.K. Atiyeh, K. Karan, B. Peppley, A. Phoenk. Halliop, J. Pharoah,
Experimental investigation of the role of a micromes layer on the water
transport and performance of a PEM fuel cell, Wwé&dSources 170 (2007) 111-
121.

[116] M. A. Hickner, N.P. Siegel, K.S. Chen, D.Suddey, D.L. Jacbonson, M. Arif, In
situ high-resolution neutron radiography of crosst®nal liquid water profiles in
proton exchange membrane fuel cells, J. Elec. Bsi£(2008) B427-B434.

[117] T. Sasabe, P. Deevanhxay, S. Tsushima, &i,Hiwvestigation on the effect of
microstructure of proton exchange membrane fu¢lpoebus layers on liquid
water behavior by soft X-ray radiography, J. Pofeurces 196 (2011) 8197-
8206.

[118] J.P. Owejan, J. Owejan, W. Gu, T.A. TrabdldV. Tighe, M.F. Mathias, Water
transport mechanisms in pemfc gas diffusion lay&rglectrochem. Soc. 157
(2010) B1456-B1464.

[119] T. Kim, S. Lee, H. Park, A study of waterrisport as a function of the micro-
porous layer arrangement in PEMFCs, |. J. Hydrdgeergy 35 (2010) 8631-
8643.

[120] J. Chen, T. Matsuura, M. Hori, J. Power Sesrt31 (2004) 155-161.

[121] M-S. Lee, T.H. Chen, W.S. Lee, B.S. Lin, BMau, P.F. Tsai, G.C. Wang, From
microstructure to the development of water and migaction sites inside the
catalyst layer of the cathode of a proton exchangmbrane fuel cell, J. Power
Sources 196 (2011) 7411-7419.

217



[122] M. Blanco, D.P. Wilkinson, H. Wang, Applicati of water barrier layers in a
proton exchange membrane fuel cell for improvedewatanagement at low
humidity conditions, I. J. Hydrogen Energy 36 (2D3%35-3648.

[123] F.Barbir, PEM Fuel Cells: Theory and Practi€tsevier Academic Press, New
York, 2005, pp. 163-186.

[124] X. Li, Principles of Fuel Cells, Taylor & Fnais, New York, 2006, pp. 325-343.

[125] D.P. Wilkinson, O. Vanderleeden, in: W. Vigth, H.A. Gasteiger, A. Lamm
(Eds.), Handbook of Fuel Cells: Fundamentals, Teldgy and Applications, vol.
3, John Wiley & Sons Ltd., 2003, pp. 316-324.

[126] T.V. Nguyen, W .He, in: W. Vielstich, H.A. Gteiger, and A. Lamm (Eds.),
Handbook of Fuel Cells: Fundamentals, TechnologlApplications, vol. 3,
John Wiley & Sons Ltd., 2003, pp. 325-336.

[127] X. Li, . Sabir, J. Park, A flow channel dgsiprocedure for PEM fuel cells with
effective water removal, J. Power Sources 163 (20B3-942.

[128] A.A. Donaldson, D.M. Kirpalani, A. Macchi, @ature induced flow pattern
transitions in serpentine mini-channels, Int. Jlth\dbhase Flow 37 (2011) 429-
439).

[129] T.A. Trabold, J.P. Owejan, Flow field geonmetrfor improved water management,
US7087337 (2005).

[130] J.P. Owejan, T.A. Trabold, D.L. Jacobson Avif, S.G. Kandlikar, Effects of flow
field and diffusion layer properties on water acclation in a PEM fuel cell, Int.
J. Hydrogen Energy 32 (2007) 4489-4502.

[131] G. Montie, R.B. Redlich, D.E. Leger, Fuellezthode flow field, US20080213648
(2008).

[132] M. Johnson, D.P. Wilkinson, J. Kenna, O.Vatelden, J. Zimmerman, M.
Tabatabian, Differential pressure fluid flow fielfits fuel cells, US6586128
(2003).

[133] T. Metz, N. Paust, C. Muller, R. Zengerle K®ltay, Passive water removal in fuel
cells by capillary droplet actuation, Sens. Actusité\ 143 (2008) 49-57.

[134] T. Metz, J. Viertel, C. Muller, S. KerzenmachN. Paust, R. Zengerle, and P.
Koltay, Passive water management for pfuel-celisgusapillary microstructures,
J. Micromech. Microeng. 18 (2008) 1-10.

218



[135] N. Akhtar, A. Qureshi, J. Scholta, C. Hartrigy Messerschmidt, W. Lehnert,
Investigation of water droplet kinetics and optiatian of channel geometry for
PEM fuel cell cathodes, Int. J. Hydrogen Energy(&209) 3104-3111.

[136] US Fuel Cell Council, Protocol on Fuel Cetir@ponent Testing: Primer for
Generating Test Plans (USFCC 04-003A), 2006.

[137] J. Dillet, O. Lottin, G. Maranzana, S. Digean, D. Conteau, C. Bonnet, Direct
observation of the two-phase flow in the air chamfi@ proton exchange
membrane fuel cell and of the effects of a cloglyinglogging sequence on the
current density distribution, J. Power Sources (P88.0) 2795-2799

[138] S. Kundu, M. Cimenti, S. Lee, D. Bessarabb¥watomotive Fuel Cell Cooperation
Corp (AFCC), Fingerprint of automotive fuel celltibade catalyst degradation: Pt
band in PEMs, Membrane Technology 10 (2009) 7-10.

[139] B. Li, R. Lin, D. Yang, J. Ma, Effect of diivg cycle on the performance of PEM
fuel cell and microstructure of membrane electrasikeembly, Int. J. Hydrogen
Energy 35 (2010) 2814-2819.

[140] F.Barbir, PEM Fuel Cells: Theory and PractiEtsevier Academic Press, New
York, 2005, pp. 343-344.

[141] J.P. Owejan, J.J. Gagliardo, J.M. Sergi, E&nhdlikar, T.A. Trabold, Water
management studies in PEM fuel cells, Part I: Ee#ldesign and in situ water
distributions, Int. J. Hydrogen Energy 34 (2009388444.

[142] R. Anderson, D.P. Wilkinson, X. Bi, L. Zhanbwo-phase flow pressure drop
hysteresis in parallel channels of a proton excaangmbrane fuel cell, J. Power
Sources 195 (2010) 4168-4176.

[143] U. Pasaopullari, C.-Y. Wang, Two-phase tramspnd the role of microporous
layer in polymer electrolyte fuel cells, ElectrochiActa 49 (2004) 4359-4369.

[144] R. Anderson, D.P. Wilkinson, X. Bi, L. ZhanbBywo-phase flow pressure drop
hysteresis under typical operating conditions fpr@on exchange membrane
fuel cell, ECS Trans. 28 (2010) 127-137.

[145] J-H. Lin, W-H. Chen, S-H. Su, Y-K. Liao, T-Ho, Carbon film coating on gas
diffusion layer for proton exchange membrane fgdlsc J. Power Sources 184
(2008) 38-43.

[146] F-B. Weng, A. Su, C-Y. Hsu, The study of #féect of gas stoichiometric flow rate

on the channel flooding and performance in a traresgt fuel, Int. J. Hydrogen
Energy, 32 (2007) 666-676.

219



[147] N. Khajeh-Hosseini-Dalasm, K. Fusinobu, K.a2&ki, Phase change in the
cathode side of a proton exchange member fuelkdlpwer Sources 195 (2010)
7003-7010.

[148] R. Anderson, D.P. Wilkinson, X. Bi, L. Zhanbwo-phase pressure drop hysteresis
in an operating proton exchange membrane fuel £epwer Sources 196 (2011)
8031-8040.

[149] D. Spernjak, A.K. Prasad, S.G. Advani, lusibmparison of water content and
dynamics in parallel, single-serpentine, and intgtated flow fields of polymer
electrolyte membrane fuel cells, J. Power Sour&8s(2010) 3553-3568.

[150] J. Chen, Experimental study on the two phlimse behavior in PEM fuel cell
parallel channels with porous media inserts, J.d?@wurces 195 (2010) 1122—
1129.

[151] J.P. Owejan, J.J. Gagliardo, J.M. Sergi, E&ndlikar, T.A. Trabold, Water
management studies in PEM fuel cells, Part I: Ea#ldesign and in situ water
distributions, Int. J. Hydrogen Energy 34 (2009388444.

[152] N. Khajeh-Hosseini-Dalasm, K. Fusinobu, K.22&ki, Phase change in the
cathode side of a proton exchange member fuelkdlpwer Sources 195 (2010)
7003-7010.

[153] Z. Lu, M.M. Daino, C. Rath, S.G. Kandlikar,atér management studies in PEM
fuel cells, part Ill: Dynamic breakthrough and mmiéttent drainage characteristics
from GDLs with and without MPLs, Int. J. Hydrogendtgy 35 (2010) 4222-
4233.

[154] T. Ous, C. Arcoumanis, The formation of waleoplets in an air-breathing fuel
cell, Int. J. Hydrogen Energy 34 (2009) 3476-3487.

[155] L. Zhang, X, Bi, D.P. Wilkinson, J. Stumpet, Wang, Pressure drop of two-phase
flow in minichannels bounded with permeable wal$World Congress of
Chemical Engineering, August 24-27, 2009, Montr€alnada, paper no. 145, 1-
6.

[156] L. Zhang, X.T. Bi, D.P. Wilkinson, R. AndersoJ. Stumper, H. Wang, Gas-liquid
two-phase flow behavior in minichannels boundednaipermeable wall, Chem.
Eng. Sci. 66 (2011) 3377-3385.

[157] X.C Adroher, Y. Wang, Ex situ and modelingdy of two-phase flow in a single

channel of polymer electrolyte membrane fuel cdll$?ower Sources, 196 (2011)
9544-9551.

220



[158] M. S. Quraishi and T.Z. Fahidy, A simplifipdocedure for dimensional analysis
employing si units, Can. J. Chem. Eng., 59 (19&B-566.

[159] E.L. Gyenge, Dimensionless numbers and catire equations for the analysis of
the membrane-gas diffusion electrode assembly lynper electrolyte fuel cells,
J. Power Sources 152 (2005) 105-121.

[160] Bellows RJ, Lin MY, Arif M, Thompson AK, Jabson D. Neutron imaging
technique for in situ measurement of water trartsp@dients within nafion in
polymer electrolyte fuel cells. Journal of the Etechemical Society
1999;146:1099-103.

[161] Hickner MA, Siegel NP, Chen KS, Mcbrayer DMlyssey DS, Jacobson DL, et al.
Real-time imaging of liquid water in an operatingten exchange membrane
fuel cell. Journal of the Electrochemical Socie®9@;153(5):A902-8.

[162] Tsushima S, Teranishi K, Hirai S. Magnetisaeance imaging of the water
distribution within a polymer electrolyte membranduel cells. Electrochemical
and Solid State Letters 2004;7:A269-72.

[163] Sinha PK, Halleck P, Wang CY. Quantificatimiliquid water saturation in a PEM
fuel cell diffusion medium using x-ray microtomopghgy. Electrochemical and
Solid State Letters 2006;9:A344-8.

[164] Liu X, Guo H, Ma CF. Water flooding and twdrgse flow in cathode channels of
proton exchange membrane fuel cells. Journal ofdP@eurces
2006;156(2):267-80.

[165] Zhang FY, Yang XG, Wang CY. Liquid water revabfrom a polymer electrolyte
fuel cell. Journal of the Electrochemical Socidty3(2) (2006) A225-32.

[166] Wilkinson DP, Voss HH, Watkins DS, Prater K&lid polymer fuel cell systems
incorporating water removal at the anode. US53668%384.

[167] Voss HH, Wilkinson DP, Pickup PG, Johnson NBasura V. Anode water
removal: A water management and diagnostic teclenigusolid polymer fuel
cells. Electrochimica Acta 1995;40:321-8.

[168] Voss HH, Wilkinson DP, Watkins DS. Method amgparatus for removing water
from electrochemical fuel cells by controlling tteenperature and pressure of the
reactant streams. US5441819, 1995.

[169] M.A. Hickner, N.P. Siegel, K.S. Chen, D.S.48ay, D.L. Jacobson, M. Arif, In situ
high-resolution neutron radiography of cross-seaidiquid water profiles in
proton exchange membrane fuel cells, Journal oEteetrochemical Society, 155
(4) (2008) B427-B434.

221



[170] A. Z. Weber, J. Newman, Modeling transporpotymer-electrolyte fuel cells,
Chem. Rev. 104(10) (2004) 4679-4726.

[171] C. Y.Wang, Fundamental models for fuel calyjimeering, Chem. Rev. 104(10)
(2004) 4727-4765.

[172] A. Biylkoglu, Review of proton exchange merabe fuel cell models, Int. J.
Hydrogen Energy 30(11) (2005) 1181-1212.

[173] W. Q. Tao, C. H. Min, X.L. Liu, Y.L. He, B.HYin, W. Jiang Parameter
sensitivity examination and discussion of PEM ftal simulation model
validation: Part I. Current status of modeling egsb and model development, J.
Power Sources 160(1) (2006) 359-373.

[174] N. Djilali, P. C. Sui, Transport phenomenduel cells: from microscale to
macroscale, Int. J. Comput. Fluid Dynam., 22 (12908) 115-133.

[175] C. Siegel, Review of computational heat arabsitransfer modeling in polymer-
electrolyte-membrane (PEM) fuel cells, Energy 332808) 1331-1352.

[176] J. J. Baschuk, X. Li, Modelling of polymeeeetrolyte membrane fuel cells with
variable degrees of water flooding, J. Power Sau8é1-2) (2000) 181-196.

[177] D. Natarajan, T. Van Nguyen, A two-dimensibna&o-phase, multicomponent,
transient model for the cathode of a proton exchangmbrane fuel cell using
conventional gas distributors, J. Electrochem. $48(12) (2001) A1324-A1335.

[178] T. Berning, N. Djilali, A 3D, multiphase, mtidomponent model of the cathode
and anode of a PEM fuel cell, J. Electrochem. $606(12) (2003) A1589-A1598.

[179] S. Litster, N. Djilali, in: B. Sunden, M. Flag, Transport Phenomena in Fuel Cells,
WIT Press, Billerica, MA, 2005, pp. 175-213.

[180] Z. H. Wang, C. Y. Wang, K. S. Chen, Two ph#se/ and transport in the air
cathode of proton exchange membrane fuel celRpwer Sources 94(1) (2001)
40-50.

[181] V. Gurau, R. V. Edwards, J. A. Mann, T. Aw&adzinski, A look at the multiphase
mixture model for PEM fuel cell simulations, Elexthem. Solid-State Lett. 11(8)
(2008) B132-B135.

[182] C.Y. Wang, Comment on “A Look at the MultigeaMixture Model for PEM Fuel
Cell Simulations” [Electrochem. Solid-State Lettl, B132 (2008)],
Electrochem. Solid-State Lett. 12(2) (2009) S2-S3.

222



[183] V. Gurau, Response to “Comment on "A Lookhat Multiphase Mixture Model for
PEM Fuel Cell Simulations' ” [Electrochem. Solichgt Lett., 11, B132 (2008)],
Electrochem. Solid-State Lett.12(2) (2009) S4-S6.

[184] C.W. Hirt, B.D. Nichols, Volume of fluid (VOFmethod for the dynamics of free
boundaries, J. Comp. Phys. 39(1) (1981) 201-225.

[185] P. Quan, B. Zhou, A. Sobiesiak, Z. Liu, Wdbehavior in serpentine micro-
channel for proton exchange membrane fuel cellockthJ. Power Sources 152
(2005) 131-145.

[186] H. Chen, S. Chen, W. Matthaeus, Recoverhefavier-Stokes equations using a
lattice-gas Boltzmann method, Phys. Rev. A 45 (J$8339-R5342.

[187] K. S. Chen, M. A. Hickner, D. R. Noble, Sinf@d models for predicting the onset
of liquid water droplet instability at the gas dition layer/gas flow channel
interface, Int. J. Energy Res. 29(12) (2005) 111321

[188] K. S. Chen, Predicting water-droplet detachtvieom GDL/channel interfaces in
PEM fuel cells, ECS Transactions 11(1) (2007) 728-7

[189] G. He, P. Ming, Z. Zhao, A. Abudula, Y. Xia#two-fluid model for two-phase
flow in PEMFCs, J. Power Sources 163(2) (2007) 863-

[190] Z. Zhan, J. Xiao, M. Pan, R. Yuan, Charasteass of droplet and film water motion
in the flow channels of polymer electrolyte memlaréumel cells, J. Power Sources
160(1) (2006) 1-9.

[191] Y. H. Cai, J. Hu, H. P. Ma, B. L. Yi, H. M.hang, Effects of
hydrophilic/hydrophobic properties on the waterdsbr in the micro-channels
of a proton exchange membrane fuel cell, J. Powarc@s 161(2) (2006) 843-
848.

[192] X. Zhu, P. C. Sui, N. Djilali, Dynamic behaviof liquid water emerging from a
GDL pore into a PEMFC gas flow channel, J. Powerr&es 172(1) (2007) 287-
295.

[193] A. Bazylak, D. Sinton, N. Dijilali, Dynamic wex transport and droplet emergence
in PEMFC gas diffusion layers, J. Power Sourceg1)7@008) 240-246.

[194] X. Zhu, P. C. Sui, N. Djilali, Numerical sirfation of emergence of a water droplet

from a pore into a microchannel gas stream, Miardits and Nanofluidics 4(6):
(2008) 543-555.

223



[195] X. Zhu, P. C. Sui, N. Djilali, Three-dimensia numerical simulations of water
droplet dynamics in a PEMFC gas channel, J. Powarcgs 181(1) (2008) 101-
115.

[196] A. D. Le, B. Zhou, A general model of protexchange membrane fuel cell, J.
Power Sources 182(1) (2008) 197-222.

[197] A. D. Le, B. Zhou. Fundamental understandhgiquid water effects on the
performance of a PEMFC with serpentine-parallehdleds, Electrochimica Acta
54(8) (2009) 2137-2154.

[198] K. Jiao, B. Zhou, P. Quan, Liquid water trpod in parallel serpentine channels
with manifolds on cathode side of a PEM fuel ctck, J. Power Sources 154(1)
(2006) 124-137.

[199] K. Jiao, B. Zhou, P. Quan, Liquid water trnpod in straight micro-parallel-
channels with manifolds for PEM fuel cell cathodePower Sources 157(1)
(2006) 226-243.

[200] P. Quan, M. C. Lai, Numerical study of wateanagement in the air flow channel
of a PEM fuel cell cathode, J. Power Sources 162Q)7) 222-237.

[201] K. Jiao, B. Zhou, Innovative gas diffusiolyéas and their water removal
characteristics in PEM fuel cell cathode, J. Po8@urces 169(2) (2007) 296-314.

[202] K. Jiao, B. Zhou, Effects of electrode wetlisies on liquid water behaviors in
PEM fuel cell cathode, J. Power Sources 175(1)&2006-119.

[203] L. Hao, P. Cheng, Lattice Boltzmann simulati®@f anisotropic permeabilities in
carbon paper gas diffusion layers, J. Power Sour8ég1) (2009) 104-114.

[204] Y. Wang, S. Basu, C. Y. Wang, Modeling twaaph flow in PEM fuel cell
channels, J. Power Sources 179(2) (2008) 603-617.

[205] S. Basu, J. Li, C. Y. Wang, Two-phase flovd analdistribution in gas channels of
a polymer electrolyte fuel cell, J. Power Sourc@8(2) (2009) 431-443.

[206] S. Basu, C.Y. Wang, K.S. Chen, Two-phase fioaldistribution and mitigation in
polymer electrolyte fuel cell, J. Fuel Cell Sci.cheol. 6 (2009) 031007-1 -
031007-11.

[207] S. Um, C. Y. Wang, K. S. Chen, Computatidihat dynamics modeling of proton
exchange membrane fuel cells, J. Electrochem. Bi12) (2000) 4485-4493.

[208] S. Mazumder, J. V. Cole, Rigorous 3-D mathiradmodeling of PEM fuel cells,
J. Electrochem. Soc. 150(11) (2003) A1503-A15009.

224



[209] X. Zhu, Q. Liao, P.C. Sui, and N. Djilali. erical investigation of water droplet
dynamics in a low-temperature fuel cell microchdnB&ect of channel
geometry, J. Power Sources 195(3) (2010) 801-812.

[210] Y. Ding, H. T. Bi, D.P. Wilkinson, Three-dimsional numerical simulation of
water droplet emerging from a gas diffusion lay@face in micro-channels, J.
Power Sources 195 (2010) 7278-7288.

[211] A. D. Le, B. Zhou, A generalized numerical eiedfor liquid water in a proton
exchange membrane fuel cell with interdigitatedgles]. Power Sources 193(2)
(2009) 665-683.

[212] X.D. Wang, Y.Y. Duan, W.M. Yan, D.J. Lee, 8u, P.H. Chi, Channel aspect ratio
effect for serpentine proton exchange membraneckielRole of sub-rib
convection, J. Power Sources 193(2) (2009) 684-690.

[213] D.P. Wilkinson, O. Vanderleeden, J. ZimmermEow fields for supporting fluid
diffusion layers in fuel cells, US6541145 (2003).

225



Appendix A CFD literaturereview

In recent years, several reviews have been pulbliaheut the fuel cell models.
Weber and Newman [170] presented various typesangport and corresponding models
in each fuel cell layer. However, their review nigifocused on one-dimensional models
and two-phase flow in gas channels was not takienaiccount. Wang [171] summarized
fundamental models for PEM fuel cell engineeringlbunited the review to
computational fluid dynamic (CFD) methods only. iRgglu [172] presented a review
about different aspects of modeling and simulatiocluding CFD modeling and flow
field design. Tao et al. [173] presented a compusive review of mathematical
modeling of PEM fuel cells, which especially focdsn model validation and parameter
influence. Dijilali et al. [174] gave a critical digssion about computational strategies for
the polymer electrolyte membrane, porous gas ddfuslectrodes, and microchannels.
Multi-scale strategies were also discussed. Masntty, Siegel [175] presented a
detailed literature overview of PEM fuel cell maglalith a focus on modeling strategies
and commonly used model assumptions. Howevergview has been written to the
authors’ knowledge focusing on the presence ofpiase flow in the gas channels of
PEM fuel cells.

A.11 Gasliquid two-phase flow modelsfor PEM fuel cells

Empirical models, mechanistic models, and companatifluid dynamics (CFD)
models have been developed to study the gas-ltquaephase flow. In PEM fuel cells,
gas-liquid two-phase flow occurs simultaneouslyhwitass transfer, heat transfer, and

electrochemical reactions, and is affected by th&nmal properties in different

! This section was written by Y. Ding and editedyAnderson in the following publication [2]: R.
Anderson, L. Zhang, Y. Ding, M. Blanco, X. Bi, D Wilkinson, A critical review of two-phase flow in
gas flow channels of proton exchange membranectlks, J. Power Sources 195 (2010) 4531-4553.
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components. Therefore, CFD models can be effetdwis for the numerical
investigation of two-phase flow phenomena in PElI tells. Liquid water transport
was first incorporated in fuel cell modeling in lge2000, with these works treating the
liquid water as a solid species that only occupiesrtain volume fraction [176] or
neglecting the convective transport of liquid wdtéf7]. As computational power
increased, more complex two-phase flow models haea applied to the PEM fuel cell
modeling. In this section, several two-phase floadels applied to PEM fuel cells are
reviewed, including the multi-fluid model, mixtuneodel, volume of fraction method
(VOF), and Lattice Boltzmann method (LBM). Tablediimmarizes the current
literature on CFD simulations of gas-liquid two-phdlow in PEM fuel cells.

The multi-fluid model was first used in PEM fuellamodeling by Berning and
Djilali [178]. In this model, each phase is reprase by one complete set of
conservation equations (mass, momentum, and enengythe two phases are coupled
by the saturation state. This model has only adssumptions, but requires the highest
number of dependent variables, and the couplirthephases can lead to unstable
solutions [179].

The mixture model was first used to model PEM fiedls by Wang et al. [180] and
uses the same equation set as the multi-fluid mé&aeh phase is modeled using an
individual mass conservation equation, but a singbeentum equation is solved to
obtain the velocity field of the mixture, of whigysical properties are the average of
the two phases. Each phase velocity can then lbactd from the mixture velocity in
the post processing. Recently, Gurau et al. [18hjroented that the mixture model was

limited to flows without phase transitions or phaseduction because the momentum
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term due to phase change is neglected. For morelearsituations, such as in PEM fuel
cells, this model may lead to predictions of unst@l velocity and scalar fields.
Although Wang'’s group [182] responded that the ‘gimg” term was relatively small
compared with the Darcy term, Gurau [183] insidteat the missing term possibly had
the same order of magnitude as the Darcy term.

The volume of fraction (VOF) method was developethe 1970s as a flexible way
to simulate complicated free boundaries [184] dmslinethod has become popular in
simulating gas-liquid flows in fuel cell gas flowm@nnels since Quan et al. [185] first
incorporated it. The model can simulate immiscthl@ls by solving a single set of
momentum equations and then tracks the volumeidraof each of the fluids throughout
the domain. Due to its capacity to consider surtanosion and wall adhesion effects,
liquid droplet behaviors can be captured and traclads, this model is especially suited
for surface tension dominated flows and flows iarafels with different wall materials.
However, because the specific structure of the flowain is required this model has
been only applied to gas flow channel simulati@ms] it is difficult to couple to the
electrochemical reactions in the fuel cell.

Instead of solving the Navier-Stokes equationstikditional CFD methods, the
Lattice Boltzmann method models the fluid as fietparticles, which perform
consecutive propagation and collision processesadéscrete lattice mesh. In
conventional CFD models, it is difficult to implentemicroscopic interactions, such as
interfaces between gas and liquid phases, intontlroscopic Navier—Stokes equation.
However, in the LBM, the particulate kinetics prdeia relatively easy and consistent

way to consider the microscopic interactions by ifyaay the collision operator [186].
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Thus, this method shows great potential to simutsdwo-phase flows in PEM fuel
cells. However, as a mesoscopic model, it is diffito apply this method to large length

scales, and coupling this model with heat tranafel reactions is still a challenge.
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Table 19 Selected studies on modeling gas-liquid two-plil@sein PEM fuel cells (reprinted from Andersonadt [2] with permission from Elsevier)

Models Authors Resear ch Aspects Remarks
Effects of gas flow velocity, flow channel length anﬂI water iniected. sinale sphere
Chen, Hickner et al. (2005) [187] height, and contact angle hysteresis on the droplr% let I ' 9 P
Mechanistic detachment diameter P
Model Effects of channel height, contact angle hysterasid No water injected, single sphere
Chen (2007) [188] . " :
water-droplet size on the critical gas flow velgcit droplet
Multi-fluid Model  He, Ming et al. (2007) [189] Eftes of wettability on the droplet detachment diaanet Single droplet
VOF Theodorakakos, Ous et al. (2006) [18]  Effects offierature on the droplet detachment Single wajectipipe

Effects of gas flow velocity, wettability and flown&nnels Liquid water was injected from the

Zhan, Xiao et al. (2006) [190] on the droplet removal same inlet as gas

Liquid droplet was initially attached

Cai, Hu et al. (2006) [191] Effects of wettability the droplet removal. to the GDL surface

Effects of gas velocitythe density and viscosity of water

Shirani and Masoomi (2008) [79] and thesurface tension coefficient on the flow pattern

'No water injected, single droplet

Effects of channel size and pore diameter on thiemw.

droplet motion aSlngle pore, high liquid flow rates

Zhu, Sui et al. (2007) [192]

Bazylak, Sinton et al. (2008) [193] Effects of Gblicrostructure on the droplets motion Only two waigect pipes

Effects of wettability of channel walls, pore diaew gas

Zhu, Sui et al. (2008) [194] velocity, and liquid water velocity

Single pore, high liquid flow rates

Effects of air and water velocity, pore diameted dhe

Zhu, Sui et al. (2008) [195] wettability of the GDL surface

Single pore, high liquid flow rates

Fang, Hidrovo et al. (2008) [78] Effects of contangle hysteresis Single water inject pipe
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M odels

Authors

Research Aspects

Remarks

Le and Zhou (2008) [196]

Le and Zhou (2009) [197]

Quan, Zhou et al. (2005) [185]

Jiao, Zhou et al. (2006) [198]

Jiao, Zhou et al. (2006) [199]

Quan and Lai (2007) [200]

Jiao and Zhou (2007) [201]

Jiao and Zhou (2008) [202]

Ding et al. (2008) [210]

A 3D general model of PEM fuel cell coupled VO

method

Flow behaviors of liquid water in serpentine-paiaflow

channels

I:Homogenous GDL and electrode

Homogenous GDL and electrode

Behavior of liquid water in a U-shaped serpentir@s gLiquid water was initially attached to

channel

Behavior of liquid water in a complex parallel semfine

channel

Air-water flow ir8® straight micro-parallel-channel

Effects of channel wettability, channel geometnyd air

inlet velocity on water behavior

Investigation on three innovative GDLs micro-stuuret

designs

Effects of electrodetaslity

Two-phase flow pattern, Effects of GDL microstruetu

surface wettability, liquid flow rates

the GDL surface

Liquid water was initially attached to
the GDL surface

Liquid water was initially attached to
the GDL surface

Homogenous GDL

Homogenous catalyst layer

Homogenous catalyst layer

Multiple pores, simplified GDL
surface

LBM

Hao and Cheng (2009) [203]

Effects of gas vagloand GDL wettability

Single pore

Mixture Model

Wang, Basu et al. (2008) [204]

Basu, Li et al. (2009) [205]

Basu, Wang et al. (2009) [206]

Effects of air dhigenetry and relative humidity

Effect of GDL intrusiat the edge channels

Maldistributionesfs in parallel channels

Homogenous electradd GDL

Homogenous electrode and GDL

Steady-state and isotilerm
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A.1.1.1 Droplet behavior

Understanding the liquid water motion in gas fldvaonels is essential for effective
water management in a PEM fuel cell. Early two-ehé®swv models always assumed the
liquid water moving at the same velocity as theft@as, called mist flow [207-208].
However, as discussed in Section 2.2, in-situ enpartal results showed that water
emerging from the GDL surface formed droplets nathan mists (Figure 100),
especially at a high current density or a low gagkiometric ratio. Therefore, the
droplet behavior in the gas flow channel must b# welerstood to accurately

characterize two-phase flow in the gas channels.

Droplet formation

Figure 100. Visualized water droplet formation and detachmemtifthe GDL surface (reprinted from
Theodorakakos et al. [18] with permission from kieg

The critical detachment diameter of a droplet ffedent with respect to changing
operating conditions, channel design, or usingedgiit materials. Chen et al. [187]
developed a two-dimensional simplified cylindridabplet model to predict the
instability of a single water droplet based on macopic force balances and a droplet-
geometry approximation. Their qualitative resutigdicated that increasing the flow
channel length or mean gas flow velocity, decreashannel height or contact angle
hysteresis, or making the GDL surface more hydrbghwould reduce the critical
detachment diameter and enhance the removal ofedsof he same model also

predicted the critical gas velocity required fapderical water droplet to detach from the
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GDL surface [188]. It was found that the criticalsgvelocity varied inversely with water-
droplet size (to the 2/3 power), and decreased wdteasing GDL surface
hydrophobicity, decreasing contact-angle hysteresid lowering the channel height.
However, the geometry approximation used in thigodified model would result in an
inaccurate drag force on the droplet, especialhigt gas flow velocity. Parametric
studies with the VOF method [192] showed that thigint of the channel as well as the
width of the pore had a significant impact on tetéaghment of the water droplet. The
critical velocity was found to decrease with in@ieg droplet size and decreasing GDL
pore diameter. Zhu et al. [209] also investigatezld@ffects of channel geometry on the
droplet dynamics. Lower aspect ratios reduce th& Giverage ratio due to droplets
attaching to the top wall, but lower aspect ratils® increase the pressure drop. A
rectangular channel with a curved bottom wall wastl to have a minimum coverage
ratio and water saturation, and a moderate presksape However, the liquid flow rates
in their simulations were much higher (several os¥ithan those in a realistic PEM fuel
cell, and the droplet motion may be quite differankow liquid flow rates corresponding
to real fuel cell operation.

More hydrophobic GDL surfaces aid in droplet detaeht because of lower
capillary forces, as shown by He et al. [189] usimg multi-fluid model. These results
are in agreement with Hao et al. [203], who app#edultiphase LBM approach to show
that high gas flow velocities and a more hydropbdbDL surface were beneficial for the
water removal. An analytical model based on a fw@eance was also developed to
predict the droplet detachment size. Zhu et a¥[16und that the critical air velocity for

detachment decreased with increasing hydrophohititige surface and increasing the
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initial size of the droplets. Temperature also &ia®ffect on the droplet’s detachment
[18]. Experimentally measured contact angles aredaimg conditions were input into a
numerical model based on the VOF method where wedsrinjected from a single pipe.
The results showed that higher temperatures fatglthe droplet’'s detachment due to
lower surface tension and adhesion forces. Coatagle hysteresis plays a major role in
droplet detachment dynamics. Fang et al. [78] ingated the effects of contact angle
hysteresis on the droplet detachment height usiayOF method and showed that
without considering the contact angle hysterebis droplet’s detachment height was
quite different from what was observed in the expents. These results are shown in
Figure 101. The results also implied that the odraagle distribution along the droplet

can be approximated by piecewise linear functions.
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Figure 101. Droplet detachment height versus air velocity; bamhtact angle hysteresis and non-contact
angle hysteresis results are presented for congmawith experimental results, which highlights amit
angle hysteresis must be considered (reprinted Fang et al. [78] with permission from Elsevier)

After detachment, a liquid droplet may have différeehavior while moving along
the gas flow channel because of different operatorglitions or materials (different

wettabilities of channel surfaces). A hydrophobiBlGsurface and hydrophilic channel
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sidewall, which is a common condition in PEM fuells, turns dispersed droplets into
thin water films attached to the channel sidewdd]. Shirani et al. [79] also used the
VOF method to investigate the motion dicuiid droplet. By studying the effects of gas
velocity,the density and viscosity of water, and shieface tension on the droplet
deformation, it was found that the droplet shapensfly depended on the capillary
number when the capillary number was large, apdarly correlated with the Reynolds
number.

A.1.1.2 Flow patternsin a PEM fuel cell

In the above section, the focus was mainly on gheanhics of a single droplet.
However, in PEM fuel cell gas channels, dropletgagks emerge from GDL surface at
multiple sites. Thus, the two-phase flow pattern lba different from the single droplet
behaviors discussed above due to the coalescernrepéts.

Bazylak et al. [193] studied multi-droplet effeblg employing two pipes to represent
the microstructure of the GDL. With an initiallyydGDL and gas channel, slug flow and
channel flooding followed the motion of individuddoplets. More recently, Ding et al.
[210] studied the effect of the GDL surface microsture by varying the pore diameters
and the number of pores with the VOF method. Tktages were identified during the
droplet formation: droplets merging on the GDL aod, accumulation on the channel
sidewalls, and detachment from the top wall. Thresealts are shown in Figure 102. The
results also showed that different GDL surfacesldioesult in significantly different
two-phase flow patterns. However, when the pore wias small enough (and the pore
number was large enough), the flow pattern woulkdchange with further reduction in

the pore diameter. This result suggested that e surface microstructure could be
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simplified by increasing the pore size to reduedbmputational time. The material
wettability had a strong impact on the two-phase/fpattern and pressure drop, where
more hydrophilic sidewalls or more hydrophobic G&lrfaces were beneficial for water

removal.

(@) (b) (©)

Figure 102. Three stages of the emerging water droplet intogleschannel: (a) merging, (b)
accumulating, (c) detaching (reprinted from Dinglef210] with permission from Elsevier)

Jiao et al. [201] used several small cubes or am@ips with the same volume to represent
the pores from which liquid water could emerge frai@DL. The results indicated that
the trapezoidal porous holes with the minimum &aeang the gas flow channel were
beneficial to the liquid removal due to enhancedlaw inside the GDL. Furthermore
for these microstructure designs, the hydrophopleitel of the catalyst layer must be
greater than or equal to the GDL in order expeliigvater into the gas flow channel
[202].

Channel design is another key factor that affdeswo-phase flow pattern. In fact,
the appropriate design of flow channels has beesidered the most successful strategy
in addressing water flooding issues [5]. Three camimused flow fields in PEM fuel

cells are parallel/straight channels, serpentiraobls, and interdigitated channels.
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Zhan et al. [190] showed that straight channelk Wigh air velocities and more
hydrophobic surfaces are beneficial to the liquater removal. However, in this study
liquid water was injected with the inlet gas, whisHdifferent from droplets emerging
from GDL surfaces in real PEM fuel cells. Simulati@sults using the VOF method
indicated that the bend area inside a U-shapedreitannel played an important role in
determining water behavior [185]. Water floodingiltboccur in the “after-bend”
section, and, with larger amounts of water, theewdistribution following the U-bend
can block the reactant transport inside the floanctel. However, liquid droplets were
initially placed in the channel, which is differdndbm an actual PEM fuel cell where the
droplets emerge from GDL surfaces. Jiao et al. [ p88sented a numerical investigation
of two-phase flow in a more complex parallel setpenchannel format with manifolds
with water droplets initially placed in the channdsing the VOF model, the serpentine
gas flow channel's “collecting-and-separating-dfféacilitated water drainage, and it
was recommended that keeping the area that hdsgher amount of water close to the
outlet manifold was beneficial for water drainagi@o et al. [199] further simulated a 3-
D straight micro-parallel-channel format with PEMef cell stack inlet and outlet
manifolds. It was found that the outflow manifoldgimt be easily blocked by water even
if the amount of water was small. A curved chawl was suggested to prevent water
from flowing back to the air inlet, allowing water move into the flow field channels
faster.

Quan et al. [200] numerically investigated the efeof channel surface wettability,
channel geometry, and air inlet velocity on watehndwior, water content inside the

channel, and two-phase pressure drop. The retwtgesl that the pressure drop was
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caused by channel blockage and the gas-liquid fdrag. A hydrophilic channel surface
could benefit the transport of reactants to thetrea sites, but would also introduce a
significantly higher pressure drop. A sharp cortgnnel could be a better design option
since it would provide a space for water accumaitaind paths for water to climb onto
upper surfaces. Increasing the inlet velocity cdatdlitate water management, but the
corresponding pressure drop was also increasearlyne

Non-uniform flow distribution (maldistribution) imultiple channels is another major
concern in channel design. Wang et al. [204] deyadca mixture model to simulate the
simultaneous flow of liquid water and gaseous m@astin straight mini-channels of a
PEM fuel cell. The results showed that under fallynidified inlet conditions, liquid
water built up quickly at the inlet and was folladvey a slow increase downstream.
Water was found to stick around the region witreargetrical heterogeneity. They [206]
also examined the maldistribution effects in patathannels of PEM fuel cells, where
GDL intrusion into the channels was found to caseseere flow maldistribution.
Employing flow splitters in the inlet manifold camtigate such flow maldistribution.
However, their simulation results were steady-saaie isothermal, and droplet formation
cannot be captured using this two-phase flow model.
A.1.1.3 PEM fuel cell performance

The literature discussed above mainly focused erttdrodynamic behavior of two-
phase flow in the gas channel without consideriegteochemical reactions. Although
these studies can provide a fundamental view afdigvater evolvement into the flow
field channel, the lack of reaction makes it diffido predict the complicated two-phase

phenomena happening in a real PEM fuel cell. Theumaform reaction in the catalyst
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layer results in a non-uniform water generatioe etd thus has a great impact on the
subsequent two-phase flow in the flow field chaenBleanwhile, non-uniform water
distribution in flow field channels also affectetdiffusion of reactants, which reduces
the PEM fuel cell performance.

A general 3-D model of a PEM fuel cell has beenretigyed by Le et al. [196], which
couples the VOF method with electrochemical reactieat transfer, and species
transport. Liquid droplets were initially located the side walls of a single serpentine
cathode channel and the two-phase flow patterfes;tefof channel structure, current
density, and temperature distribution were disaligseletail. Furthermore, they applied
this model to investigate the flow behavior of idjwater in serpentine-parallel flow
channels [197] and in interdigitated flow chanrj@lkl]. The results showed that the
liquid droplets caused high pressure-drop, dectetiselocal cell temperature, and
blocked the pathway of reactants, but the drog@lists increased the ionic conductivity of
the catalyst layers and the membrane. HoweveGiDie, catalyst layer, and membrane
were all assumed to be homogenous media, andat igppropriate to apply the VOF
method to a homogenous porous region. To improzedi performance, the flow
channel aspect ratio can be modified to increasab-rib convection. This increase
resulted in higher reactant velocity, faster liquidter removal, and better cell
performance [212]. However, excessive sub-rib conee may also dry out the
membrane.

Flow maldistribution is an issue in an operatindvPligel cell, as shown by Basu et
al. [205] via an integrated mixture model with ¢étechemical reactions. The model was

validated against experimental data of the wetted an the GDL surface and pressure
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drop on the cathode sidehe effect of GDL intrusion at the edge channelsictv can
lead to flow maldistribution, was numerically stediand the results are shown in Figure

103.
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Figure 103. Plots of local stoichiometry for different channeatdifferent GDL intrusion percentages on a)
the cathode side and b) the anode side (reprinbead Basu et al. [205] with permission from Elseyier

At low flow rates, channel intrusion blocks the GBlrface and makes the edge regions
starved of reactants. Innovative flow field desigshech as those developed by Wilkinson

et al. [213], are required to mitigate this typdloW maldistribution of gas reactants.

240



Appendix B MEA fabrication and conditioning

This section details both membrane electrode adggiMiEA) fabrication and the
needed conditioning steps before the MEA can bd tsproduce accurate data.
Consistent fabrication and conditioning are impairta ensure reproducible results.
B.1 MEA fabrication

A Membrane Electrode Assembly (MEA) is formed byntmning the membrane,
catalyst layers, and gas diffusion layers (GDL)this case, the membrane is a catalyst-
coated membrane (CCM; Gore Primea 5510) and tleuMA consists of the two GDL
layers sandwiching the CCM.

Consistent production of the MEA was guaranteeddsigning rule dies to act as
cutters for the CCM, GDL, and final MEA. The gerigrmeocedure is described with a
schematic of the steps presented in Figure 104 s¢hematic is specific to the
visualization cell (Section 3.1), but the same rodtivorks for other fuel cells (such as
the TP50) that would use cutters specific to that €ell.

1. Two rectangular steel plates open in the centecavered with a layer of
Kapton.
2. Each Kapton film is cut with the GDL cutter
a. GDL cutter matches the active area of the fuel (@lthis case the area
inside the seals)
3. The CCM is cut with the CCM cultter
a. CCM cutter matches the outer seal dimensions (Achea + seals)
4. The CCM is placed on the Kapton in the open speiftdY the GDL cutter
a. A few millimeter clearance (here 2.4 mm) on eacle sillows sufficient
adhesion of the CCM to the Kapton
5. The second layer of Kapton is affixed to the CCM
a. The CCM is thus sealed inside two pieces of Kaptith the active area
of the fuel cell exposed
6. The MEA is cut from this with the MEA cutter
a. The MEA cutter leaves a MEA the size of the erfiied cell (defined by
the manifold) with holes for the alignment pins aanpression screws
7. The GDL cutter is used to cut appropriately sizéd &
a. The appropriate size is the active area of thedak|
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Figure 104. MEA fabrication schematic corresponding to the gahgrocedure described in steps 1
through 7

The GDL layers are not permanently fixed to the CQibte before entering the fuel cell.
Once the cell is operated under the compressedtmorg] the GDLs adhere to the CCM
and the final MEA piece is created.

The three cutters are 3/4" thick Plexiglas, allayihe operator to see what is being
cut. While the CCM and GDL could simply be cuthe size of the cell (defined by the
manifold size), the active area is much smallertand using CCM and GDL the size of
the manifold would waste material unnecessarily.

B.2 MEA conditioning

An unused (new) membrane must be conditioned bédstang to ensure proper
electrochemical performance. The conditioning tals¢s place by running the fuel cell at
800 mA cn¥ (28.6 A) for 8 hours under the baseline electrathbel operating
conditions listed in Table 20, which are specifidhe transparent fuel cell. A constant
current is chosen so that the voltage does noefgmb~0.5 V, which is satisfied by the

800 mA cn¥ current density. The conditioning can also be amgished at 600 mA cih
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(21.5 A), where the goal is to keep the conditigninltage between 0.5 and 0.6 V. To
satisfy this voltage, a higher current densitysedito condition the TP50 fuel cell (up to

1000 mA cn).

Table 20 Baseline conditions for all relevant operating &hlés in MEA conditioning

Operating Variable Baseline Value
Tcella Tgasa Tdew poin 750C
Relative humidity (cathode 100 %
and anode)
Cathode GDL SGL Carbon 25 BC
Anode GDL SGL Carbon 25 DC
Catalyst Coated Membrane Gore Primea Series 5510
(Pt loading) (0.4 mg Pt cr)
Air stoichiometry La;) 2
H, stoichiometry 15
Cathode gas Air
Flow fields 4 parallel, square
channels
Compression pressure 90 psig
Gas backpressure 30 psig

Over the 8-hour period, the voltage increases. @dgea conditioning test is considered
complete when the final hour of operating has gdtascillations are less than +/- 5 mV.
For the conditioning results in Figure 105, thafihour voltage is 0.594 V +/- 8 mV. For
the electrochemical performance of this novel Vigation cell, the 8 mV oscillation is
acceptable. The resulting OCV after this conditignivas 0.96 V (measured for 10

minutes).
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Figure 105. MEA conditioning voltage results over 8 hrs at 888 cm? (all other conditions at the
baseline in Table 20)

The MEA must also be reconditioned before staraimgw set of electrochemical
experiments. It is assumed that the membrane rencaimditioned between individual
experiments on a given day. To recondition, theeshaseline conditions are set as in the
conditioning procedure. However, the reconditiotyareeds to run for 0.5- 1 hr to

ensure a stable voltage signal.
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Appendix C Additional pressuredrop hysteresistests

In addition to the work presented in Chapters 4 @natditional studies were
examined relevant to pressure drop hysteresis.ifitlisdes work from the non-operating
cold model, non-operating hot model, and the opegdtiel cell. Those results are shown
here.

C.1 Work completed in the non-operating cold model

This section discusses supplemental data obtainedg the non-operating cold
model study. This work focuses on the use of golah-porous) GDL inserts.
C.1.1 Non-operating cold model: Solid GDL inserts

Tests were done to see how gas diffusion into thé &ffects the single-phase
pressure drop. The open spaces in the GDL offatlafpr gas flow in addition to the
flow field channels. This increase in area couldamthe measured pressure drop is lower
than expected based only on the cross sectioreafltannels. To measure this influence,
solid inserts of typical GDL thickness were useglece of actual GDLs, which means
gas can only flow in the channels. The inserts wger@ 108, 172, and 226n thick
(comparable to the thickness of GDLs in Table 3 €xperiments used dry gas at room
temperature and an air stoichiometry of 2 in tiheutated current density range of 50-
800 mA cni. The cell was compressed with the nitrogen blatal@00 psig. The solid
inserts were made with a polyimide film (Kapton®©).

Three scenarios in addition to thickness were aealyhat used the 25 BC GDL (235
um):

1. The anode chamber open to the atmosphere at bdsh en

2. The anode chamber closed on both ends with aidithe anode chamber
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3. The anode chamber closed on both ends with wdliegfthe anode chamber
These tests were done to see how diffusion inté&the depends on the anode chamber

conditions. These results are shown in Figure 106a.

| —®—226 micron solid insert
—=#— 25 BC with anode open
—i— 25 BC with anode closed (chamber full of water)
—— 25 BC with anode closed (chamber full of air)ll
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Figure 106. Pressure drop results for a) varying anode cordiipms from Figure 28 (anode exit open,
anode closed and filled with air, anode closedfdled with water) b) effect of solid insert thickas

The results in Figure 106a confirm that the porethe GDL effectively add to the cross
sectional area of the flow channels. The highesssure drop is found for the solid GDL
insert when compared to an actual 25 BC GDL. The&t pressure drop occurred when
both anode ends were open to the atmosphere beiagselld diffuse through the GDL
and exit via the anode manifold. In between theses are the 25 BC GDL with the
anode ends closed but filled with a fluid. It doe$ matter if the fluid is liquid water or
air. Also, the solid insert thickness does not eraés shown in Figure 106b.

The pressure drop is indicative of the amountiofi@wing in the channel. The
percentage the pressure drop is lowered due t@EHepores relates to the rate of air
flowing into the pores instead of the flow fieldacinels. These results are shown in Table

21.
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Table 21 Percentage difference in pressure drop betweed isaiert (226um) and 25 BC GDL

AP 25 BC GDL AP solid insert % Difference
(235 pm; anode closed with (226 pm)
H,0 in chamber)
41 45 8
80 92 13
168 183 8
374 416 10
606 672 10
891 982 9

These results show that in general the 25 BC Giwal an 8-13% reduction of the
cathode flow channel pressure drop.
C.2 Work completed in the non-operating hot model
This section explains other experiments performathd the non-operating hot

model testing. While the results of temperature L(G8hd stoichiometry were presented
at ECS 217 and published by ECST, the scope aftperiments included the effect of
backpressure, inclination angle, and the maximgsn Each of these studies is addressed
in this section. Unless otherwise noted, the basealonditions from Table 5 are used
with fully humidified gas at 7% with the 25 BC GDL at an air stoichiometry ofEach
point runs for ~ 8 minutes, and the pressure dsgampled at 20 Hz. The visualization
fuel cell with 4 parallel channels is used in etadi.
C.2.1 Non-operating hot model: Backpressure

When run electrochemically, the fuel cell gas puesss usually set to 206.8 kHar
increased electrochemical performance. Howeversyhage pump used to inject water
from the anode channels to the cathode channeld notiovercome the pressure
difference caused by the backpressure, and no waid be injected. Thus, the non-
operating fuel cell experiments were run withouhode backpressure. This meant that

the velocity of the gas changed inversely withachange in backpressure (via the ideal
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gas law). To see if there would be a large effeet  backpressure, a pressure of 50
kPag was set as a minimum to hopefully allow whteakthrough. However, several
problems were still noted:

* Even at this low backpressure, the syringe pumjidaoet inject any water into
the cathode flow field channels due to the largesgure difference between the
anode and cathode

« The manifold showed signs of leaking at low flowesa(iim = 50 mA cn¥ and
100 mA cn?with an air stoichiometry of 2)

0 At 50 mA cni? with A4=2, the pressure dropped to 17.3 kRehin 5
minutes and settled at the end of the test (~8 teg)uo 16 kPa
0 The leak ‘confused’ the pressure transducer cdidraresulting in
negative pressure drops at low air flows
Due to the inaccuracy, this topic was not pursuethér.
C.2.2 Non-operating hot model: Inclination angle
The inclination angle was expected to change thplédtr detachment dynamics. If the
outlet was pointed downward, it was expected thatdroplets would more easily be
expelled, while if the outlet was pointed upwatte additional gravitational force would
hinder droplet detachment. This theory was tesyepltting the fuel cell outlet at a ~15
angle (calculated 13¥Bdownward to facilitate water removal with the bolowering

the pressure drop hysteresis effect. A schematici®ketup is shown in Figure 107.
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Figure 107. Inclination angle schematics for a) no inclinatamgle and b) 1%5inclination angle with the
manifold inlet above the outlet

The results from this experiment are shown in Fegl08, and it is apparent that the
hysteresis effect is still noted. The error bapgesent the standard deviation of the data
set for one trial. Since inclination angle is nda@gely studied fuel cell operating
variable and these results were not encouragingysteresis reduction, further
experiments were not performed. It is also undeay accumulation in the manifold’s
exit at this angle influences the results. Howebgnnodifying the current apparatus, it

would be interesting to see the results of an @ytirertical setup (inclination angle at

arP).
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Figure 108. 15° inclination angle pressure results for the asaendind descending approaches

C.2.3 Non-operating hot model: Max igm

The effect of the maximum value of thg,ion the descending approach was shown to
affect the hysteresis in the cold model non-opegagixperiments. In that study at low
maximum §im (400 mA cnif), the injected water could not break through tii_@&nd no
hysteresis was observed. At high maximg (1400 mA crif), the water could break
through the GDL, but the convective water remowgdabilities of the higher air flows
could remove the same amount of water in the asegraohd descending case, which led
to no hysteresis in the pressure drop at the highein the case of a high maximug,
hysteresis was again noted at lowgron the descending approach.

These results were also studied in the hot mga®icach to see if the heated and
humidified air altered these results. The maximymwas set to 1400 mA cfpand the

results are shown in Figure 109.
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Figure 109. Max isim results to 1400 mA crhincluding the average results and results of thrdizidual
trials: a) Average of three trials b) Trial 1 c)jai2 d) Trial 3

The error bars in Figure 109a are from the standawation of the three trials shown in
Figure 109b-d. The results agree with the analysia the cold model non-operating
testing: no hysteresis is noted at high due to the higher convective water removal
abilities of the air but hysteresis is noted at erate and lowsi, due to the accumulation
of liquid water in the descending approach.

The varying behavior at highey.iis likely due to the addition of condensed water i
the gas inlet lines. The higher gas flow ratesalaa convectively bring in liquid water
from the gas inlet lines to the fuel cell flow cinafs. This addition of water can lead to
an increased ascending pressure drop, invertingytsteresis results at higheri(Figure

109b and Figure 109d).

251



As these results agree with the previous cold mondeloperating results, further testing
was not considered. Also, the visualization fudll c@not reach an operating current
density of 1400 mA cify so further testing was not warranted.
C.2.4 Non-operating hot model: Ascending/descending ism cycles

The hysteresis behavior during the descending apfris due to the accumulation of
liquid water in the cathode flow field channelsatale to the dry channels before
breakthrough on the ascending approach. Cycles pegfermed to see how the second
ascending approach would change if the accumulaéter was present in the channels
and to see what effect this new ascending pathdvaave on the overall hysteresis. The

results are shown in Figure 110 with all conditiahshe baseline (Table 5).
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Figure 110. Results of two successive ascending/descendingsydth the 25 BC GDL

The pressure drop for lowd on cycle 2 ascending is higher than the cyclesteleding
case because of the additional liquid water accatiwun. However, bysin > 400 mA cm
2 the higher air flow rates convectively remove weer and the pressure drops on the

ascending approach for cycle 1 and 2 are simillae. Subsequent pressure drop on the

252



descending approach of cycle 2 is then similahéodescending approach of cycle 1.
Thus, cycling is most important at low, which is generally where hysteresis is most
prevalent.
C.3 Work completed in the operating fuel cell

In addition to the results in Chapter 5 [148], &iddial experiments were performed
to understand pressure drop hysteresis in an apgRREM fuel cell. These tests included
further exploration of the LM approach, mitigatistnategies via dynamic RH control,
and constant air flow rate vs. constant stoichioynet
C.3.1 Operatingfuel cell: Further exploration of the LM approach

The LM approach results were also used in “Gasditpno-phase flow behavior in
minichannels bounded with a permeable wall” by ha#g et al. [156]. The operating
results from Chapter 5 were compared with the tesilLu et al. [56]. Figure 10b from
reference [156] is shown in Figure 111, with equatlO referring to the uniform
injection method and equation 11 referring to tba-nniform injection method

(discussed in 5.2.6).
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Figure 111. Comparing the LM approach to Lu et al. [56] datd amderson et al. data (modified from
[148]) with three versions of the LM method (moeédifrom Zhang et al. [156] with permission from
Elsevier)

This comparison is made here for further validatbthe experimental results presented
throughout 5.2.6. The values from Lu et al. [56}evirFom an ex-situ experiment, but
they still are reasonably close to the two-phase fhultipliers determined here. The
experimental results from Chapter 5 are from amaayee of the temperature and
stoichiometry results (the standard deviationasrfithe average of all current densities at
a given condition since they all have the safeThis reasonable agreement with Lu et
al. provides more confidence in the accuracy ofetkgerimental results.
C.3.2 Operating fuel cell: Mitigation via dynamic RH control

Using the dynamic relative humidity control algbrit from Hussaini et al. [102], the
times required at 4 distinct cycles (in order: G&dturation, GDL drying, membrane
dehydration, membrane hydration) could be solvedfdhe baseline experimental
operating conditions in this study. The cyclestkased on water firstly accumulating in
the anode and cathode GDLs due to product watecamdensing water from the

humidified gases. Dry gases are then used to eatgpthris water, but this causes the
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membrane to dry, which then results in a loss dthge. A critical voltage loss (in this
case 10 mV) can be used to determine the timdlitaite for the dry membrane to cause
that voltage loss (due to increased resistanaghih point humidified gas is used to re-
hydrate the membrane. The total hydration and diglipn times at each current density
for the baseline conditions from Table 6 are shawhable 22. The cycles are repeated
throughout the 10 minutes at each current den$igyn individual hydration/dehydration
cycle was not completed in the 10 minutes, thegrgege time remaining of that cycle
was continued at the next current density. Theraog and descending approach was
used to a maximum of 800 mA &mBeyond this current density, the times at eaattecy

were too quick to be manually changed reliably.

Table 22 Cycle times for MEA hydration/dehydration basedrarssaini/Wang method [102]

i Dehydration Hydration
(mA cm™) (s ()

50 286 202
100 143 101
200 72 50
400 36 25
600 24 17
800 18 13

The pressure drop hysteresis was not mitigatethisamethod. Thus, further results are
not presented here.
C.3.3 Operating fuel cell: Constant flow results

The air has a convective removal ability that emaway the liquid water. In the
typical case, a constant stoichiometry is usec (o stoichiometry of 2), and the
coupled gas and liquid flow rates increase andedeser together. To further understand
the convective process, a constant air flow test eame at the highest current density
(800 mA cn) for Aar = 2. The results, shown in Figure 112, show liysteresis as

expected. At all current densities studied, the-pliase pressure drop is higher than the
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single-phase pressure drop. This is true evennatiorent densities where the water

production is low, meaning the condensation ofiiquater in constant flow experiments

is an issue. When compared to the constant stormetiy case with, = 2, the

percentage change between approaches is much sniikeresult is because the higher

constant air flow case consistently removes the& thannel water convectively,

resulting in little accumulation at any current giéya Thus, no hysteresis is seen.
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