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Water-content profiles across the membrane electrode assemalypalmer-electrolyte fuel
cell were measured using high-resolution neutron imaging and cedhpar mathematical-
modeling predictions. It was found that the membrane held considenaio/ water than the
other membrane-electrode constituents (catalyst layers, miowgpdayers, and macroporous
gas-diffusion layers) at low temperatures, 40 and 60°C. The w@téznt in the membrane and
the assembly decreased drastically at 80°C where vapor traaeda heat-pipe effect began to
dominate the water removal from the membrane-electrode assembly. régithes where vapor
transport was significant, the through-plane water-content pisKéeved towards the cathode.
Similar trends were observed as the relative humidity of thet gases was lowered. This
combined experimental and modeling approach has been beneficianaliaing the results of
each and given insight into future directions for new experimembak and refinements to

currently available models.
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1. Introduction

Gaining insight into the liquid-water distribution across the thicknes a polymer-
electrolyte-fuel-cell (PEFC) membrane electrode asselBA) has been the topic of many
investigations in recent years. The experimental tools and maticahrmodels have become
sufficiently advanced that detailed investigations of localespaenomena in the complicated
environment of a fuel cell become reasonable. The advent of imagimgiques that are able to
probe phenomena with micro-scale resolution [1-3] and the abilityiadéerstanding to simulate
transport under operating conditions [4-10] has made for very frugfdarch in the fuel-cell
community.

In an earlier publication, high-resolution neutron imaging was ueethuestigate the
through-plane liquid-water-content profile [11]. In that artidke,s conjectured that the
dominant mode of water transport through the various fuel-cell layehse to evaporation and
movement of water through the gas phase at high cell temperanafor high current densities.
This heat-pipe effect has been shown through modeling to occur in filel aed can be
especially important in gas-diffusion layers (GDLSs) or diffusioedia (DM) [12, 13]. In this
paper, mathematical modeling is utilized to investigate this edblermal-and-water-
management issue in detail, and to explain some interestingatjualifeatures such as the
location of the point of maximum liquid-water content as a functioopefating conditions. In
addition, imaging results and analysis for various tempeastand non-fully-humidified feeds

are given.



1.1 Heat-pipe-effect simple analysis

The heat-pipe effect occurs where evaporation of water from thedminduces a water-
vapor flux from the cathode catalyst layer towards the cathaslélaya channel (GFC), which
oxygen must move against to reach the cathode catalyst |ay®s. counter-current transport
effect, combined with the reduction of oxygen partial pressureeitathode feed stream due to
the addition of water vapor, decreases the oxygen flux to thigstdtyer leading to a limiting
current behavior.

To examine this effect in more detail, a simple back-of-thelepgeanalysis can be done.
Starting with the Stefan-Maxwell equations and assuming isoleanditions, one can write
expressions for the water-vapor flux and the oxygen moledragradient in a GDL with

uniform properties (including saturation level) of [14, 15]
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respectively, whereN , is the water-vapor fluxi is the current densityR is the ideal-gas
constant,T is absolute temperaturd)_".is the effective binary diffusion coefficients ais

corrected for gas-phase volume fraction and toityygs is the total gas-phase pressure, ans
the mole fraction of specieés In the above expression for water, a pseudarpig@proximation
is used, and Faraday’s law has been used to substite oxygen and nitrogen fluxes. For the

heat-pipe effect, the mole-fraction gradient fortevevapor is given by the vapor-pressure



gradient induced by the temperature gradient ifalloequilibrium is assumed. The actual
temperature gradient will depend on the heat géner§otential and current density), thermal
conductivities, water evaporation rates, Using the above equations, the water-vapor dioct
oxygen mole-fraction drop are calculated for ddéfer temperature gradients and cell
temperatures, as shown in Figure 1.

From Figure 1(a), one can see that only a smalpéeature gradient is necessary to remove
the electrochemically generated water, especialB0&C. Such an effect can be the main driver
of water out of the cell which is beneficial in @&ag liquid-water flooding. However, in Figure
1(b) and (c), one can see how the temperature egradeduces performance by lowering the
oxygen concentration, especially at higher tempeeat as the vapor pressure depends
exponentially on temperature. Figure 1(b) showat thoth the dilution effect at the higher
temperature and the thermally induced water-vapadignt decrease the oxygen mole fraction at
the catalyst layer, as does higher current dessitie agreement with observed polarization
performance. Figure 1(c) also demonstrates thengtrpercentage change in oxygen
concentration that the heat-pipe effect can cawbere a value of O corresponds to no thermal
gradient. Of course, the analysis leading to Fduis simplified and ignores the liquid water
flux, total gas-pressure changet,, but it is insightful and demonstrates the stroriyence of

thermal effects on water management and hencelbftexbcell performance.

2. Experimental and Theory
The domain of both the experiments and the modiéleéssame and detailed previously [11].
It consists of a high aspect ratio PEFC with anvadcirea of 2.1 x 7.7 cm, of which the middle

length of about 2 cm is imaged. The fuel cellnemted with the gas inlets at the top of the cell



and the single-channel serpentine flow path witimth channel and land widths following
gravity in a co-flow arrangement. Experiments waseducted under stoichiometric cathode gas
flow control (flow rate adjusted relative to curtggroduction) at all current densities with the
back pressure on the cell maintained at 10 kPaottndnode and cathode regardless of flow rate.
The anode flow rate was maintained at 480 stcf min™ for all tests and both anode and
cathode inlet gas streams were humidified by demwtmontrol. Membrane electrode assemblies
were in-house fabricated catalyst coated Nafiort Ih@mbranes (Dupont, Wilmington, DE)
with catalyst loadings of 1 mg ¢frplatinum on both anode and cathode. The catabet was
E-TEK (BASF Future Business GmbH, Ludwigshafen)%0by weight platinum on XC-72
carbon black. The GDLs used were carbon cloth witégral micro-porous layer, E-TEK LT-
1400W. All guantitative measurements and image® \Wweocessed using a dry reference image
and background subtraction. Experimental watertesus are reported on a volume fraction
basis in milliliters of water per cubic centimetdrvolume imaged. Each pixel in the images
corresponds to dimensions of 16.4 x 1pm (as measured using a fiducial maker in the image
analysis). The total volume imaged per pixel & 8.10° cnt given a cell width of 2.1 cm
parallel to the beam direction. The one root-msgurare deviation of the liquid water thickness
was 0.003 mm for an 811 pixel region, which equatesan uncertainty of 1.2 % in the
experimental volume fractions reported here.

The modeling was achieved with pseudo 2-D (1+1iBukations using the code developed
by Weber and Newman [13]. The domain consistsheflayers and thicknesses as described

above, and the operating conditions were the samthea experimental ones. The presented

! Certain trade names and company products are enextin the text or identified in an illustrationdrder to
adequately specify the experimental procedure gnipment used. In no case does such identificartigty
recommendation or endorsement by NIST, nor daespity that the products are necessarily the besitahle for
this purpose.



modeling distributions represent calculations atrtfiddle point of the cell to match the imaging
location. Because most of the properties of tHencaterials have not been measured, average
values from the literature are taken and the acivéace area and effective permeability of the
GDL are fit to the polarization-curve data of Hieket al. [11] Overall, the modeling results are
used to explain the observed trends and resultgajively, since there are too many unknown
materials parameterg.§. pore size distribution, fraction of hydrophiliadahydrophobic pores,

etc.) to make strong quantitative comparisons.

3. Results and Discussion

Experimental water-content values from neutron imggare shown in Figure 2. A
comparison among the temperatures shows that tiggooof the maximum water content and
the water-content profile across the GDL changgsifstantly as the temperature of the cell is
raised towards 80°C. Furthermore, there is a spaording decrease in the GDL water contents
as the current density is increased. This is eslheapparent in the 80°C case. To understand
this effect and set the stage for further discussithe simulated temperature profile is shown in
Figure 3 for the 60°C case.

From the figure, it is clear that at high curreensities, as discussed later, the temperature
gradients are significant enough to alter the wadistributions and cause evaporation of the
liquid water. As discussed in Figure 1, this vadlve a greater impact as the cell temperature is
increased. As expected, the peak temperature ©edathin the cathode catalyst layer and the
gradients are primarily caused by the relativelickhGDLs [16]. One also sees that the
temperature at the GFC also increases at highrduiensities, thereby decreasing the humidity

of the incoming gases. This effect also drivesewatovement toward the anode, explaining



why the water content levels in the anode GDL ais¢he current density is increased for the 60
and 40°C cases.

At 80 °C, the water-content profile in Figure 2 laaslistinct shape that lacks the increases
near the GFC / GDL boundaries, indicating that Weter removal mechanism is probably
different €.g., evaporation instead of droplet emergence). fAdetstand these profiles better,
simulations are carried out. The simulation andeeixnental comparisons are done at 0.75 A
cm 2 since that case corresponds to similar cell pitisntor all three temperatures (0.57, 0.62,
and 0.63 V for 40, 60 and 80°C, respectively), nrggahat the heat generation is also similar
[11].

There are two ways that the simulation results paesented, as capillary pressures or as
saturations (water volume fractions). From an wstdeding and physics standpoint, the
capillary pressure, as defined by the liquid pressuinus the gas pressure, is preferred. The
reason is that the capillary pressure is more phydependent than the saturation as it depends
directly on the liquid and gas pressures and rsxt ah the material and fluid properties. As
detailed in the Appendix, the saturation is derieain the capillary pressura.€, it is a
dependent property) [17]. However, both quantites linked and solved for in the problem.
While the saturation does allow a direct comparignthe experimental data, such a translation
requires assuming some perhaps unknown paramégrshange the absolute values of the
water content, as discussed in the Appendix.

In terms of comparisons between the experimental diad simulation values, one does not
expect strong quantitative agreement; qualitatigads are the goal at present. The reasons for
the discrepancies between the data and simulat®mliacussed in more detail below, but are

mainly due to the relative simplicity of the pseu@leD model being used, including the



guantification of the saturation, and experimergaior in resolving water content at high
resolution. The former means that the effect efldnds are neglected, and thus results for the
model should be higher than expected. Furtherntbeslow saturations implied by the data in
Figure 2 mean that using traditional two-phase-ftedatments may be inappropriate because the
water-transport mechanism may be more that of daopgsmovement along fibers rather than in
(cylindrical) pores. The experimental error isatetl to the fact that resolving water content at
high spatial resolution is complicated by a sigrfit amount of scattering as compared to the
spatial dimensions of the pixels. This scattewiegreases the experimentally observed liquid
water content. Regardless, the comparison betweelel and data does allow one to get a sense
of the modeling areas for improvement and explanatif some of the data trends such as the
interplay between thermal and water management.

The capillary-pressure and the liquid-volume pedfilare given in Figure 4 and Figure 5,
respectively, for the three temperatures at 0.7 and fully humidified feeds. In Figure 4,
lower capillary pressures denote lower saturatenms less liquid water in general. There is a
break in the values for the membrane since the raietent is defined differently (see the
Appendix). These discontinuities do not occur e texperimental data because the true
interfaces are not as sharp and thin as thosesisithulation and are being averaged over many
locations along the interface.

From the predicted profiles at 40 and 60°C, théhhigncentration of liquid water in the
region between the microporous layers can be engdaby the fact that these layers inhibit
liquid water transport, thus concentrating it ie ttnembrane and catalyst layers. For the GDL
water profiles, the MPL acts as a barrier for lgywater transport. Liquid water is produced at

the catalyst layer and transported through the M®&h saturated vapor. This results in the steep



drop in liquid content at the MPL / GDL interface shown in Figure 4 and Figure 5. The
saturated vapor moves through the GDL and begim®ndense as the local temperature drops
(i.e., the heat-pipe effect) leading to a recirculafiogy where the liquid water then moves back
toward the membrane. In the simulations, the dgyan occurs when the liquid water no longer
has enough pressure to move further into the walawer and it vaporizes. While the minimum
in water content in the simulations occurs at titd. G MPL boundary, it occurs further into the
GDL in the experiments. This difference in theipos of minimum water content between the
model and experiment can be explained by the faat the simulation assumes uniform
independent properties.€, porosity, pore-size and wettability distributspretc.) within the
GDL. This assumption is undoubtedly an idealizathere due to compression and inherent
nonuniformities, the real situation has variablepgarties. In fact, some preliminary X-ray
tomographic data from us (not shown) hint that tBBL may exhibit inherent surface
densification due to manufacturing. Having vamaptoperties would alter the location of the
minimum water-content value [18], and should bestdered in future PEFC modeling.

The complicated GDL water-content profiles alsorawefully captured using the simulation
because a pseudo 2-D approach is utilized, wheheirribs are neglected. While this greatly
simplifies the computational cost and increases ehodbustness, it also does not allow for
certain extrema to be captured. For example, watedenses preferentially on the ribs due to
their lower temperature, which is probably the mzanse of the maxima in the GDLs near the
GFCs, along with imprecise interface identification the experiment. The neglect of the
rib/channel effects coupled with the use of unif@tmctural properties mean that the gradients
in the simulations are inherently monotonic andhblmao predict the minimum in the cathode

GDL.



In comparing the 40 and 60°C cases, both the geztiand simulated values shows the same
trends. At 40°C, the cathode and anode GDLs hayeeh liquid-water contents in agreement
with the analysis presented in Figure 1 due to @e#se in the heat-pipe effect. The lower
temperature and less importance of the tempergadient causes the MPLs to both contain
more liquid and for a different flow profile to defop as seen in the capillary-pressure curves in
Figure 4. Due to higher liquid-water amount in MELs, the anode GDL minimum is not as
prominent and a shoulder exists in the cathode ML to the similar values between the MPL
and the CL. In terms of trend deviation, besides lack of extrema as mentioned above, the
greatest discrepancy is that of the anode MPL & 40 'his can be explained by the fact that the
model is either not predicting as much water baakgport or is not as resistive towards water
uptake in the anode side of the membrane as iexperiment. The former could be caused by a
lack of considering membrane compression decredlsengnembrane thickness.

The water-content profiles at 80°C exhibit a difetr shape than those at 40 and 60°C. The
simulations clearly demonstrate a reduced wateteobrthat is due to evaporative removal
beginning to dominate the total water removal frtme cell at higher temperatures. The
maximum water amount unexpectedly shifts positian88°C in both the data and the
simulations. The reason for this shift is becahsewater-vapor in the cathode MPL condenses
at the MPL / GDL interface due to the much largedt emore hydrophilic pores in the GDL. This
then causes liquid-water flow both out of the @t back into the MPL as can be seen in the
capillary pressure profiles in Figure 4. The maxmmmay occur nearer the cathode catalyst
layer than predicted, although this again will degpen such properties as porosity, membrane
volume fraction, catalyst-layer thicknessc., which are probably not uniform. For the anode

GDL, the model predicts that there is essentiatiyliguid water, whereas the data shows some
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small amounts. The reason is that the analysisass cylindrical pores that are either empty or
filled, whereas in reality there is probably watar the fibers (especially any hydrophilic
regions) and droplets within the medium, whichriedel does not consider explicitly.

A gquantitative comparison between Figure 2 and féidu shows that while the values are
within reason for most of the components, thera large discrepancy between the membrane
values at 40 and 60°C. The deviations in the gsitdayers are also directly related to the
membrane water content in those layers. The da#aé discrepancy is probably due to both an
inaccurate membrane model and some experimentat. erThe membrane model used, as
proposed by Weber and Newman [19], is probablyffitsent in terms of dealing with the vapor
and liquid interfaces. For example, it uses valieesnterfacial mass-transfer coefficients that
are large and thus do not represent a signifiesistance for transport to/from the vapor phase,
counter to some recent experimental studies [2], Rlaking this value smaller would result in
larger water hold-up in the anode and perhapse diembrane, which could explain why the
profile at the anode MPL is wrong at 40°C.

Furthermore, the model assumes that a sufficidotewaf the chemical potential of water can
result in a fully liquid-equilibrated membrane, avié the membrane interface is exposed to
saturated vapor. This does not necessarily maysiqdi sense, and one can change the model to
use a so-called phase-in-contact approach. Thosoaph effectively sets a maximum on the
water content on the membrane depending on how rofithe interface is exposed to liquid
water versus water vapor. Applying this approackhe simulation results in Figure 5 reduces
the amount of water in the membrane roughly by, hedf show in Figure 6 for 60 and 80°C.
Figure 6 also smoothes the interfaces to make & wmntinuous water profile. The smoothing

is done by simple averaging assuming a 5 tauiOinterfacial zone (which is still less than the
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pixel resolution). Finally, the above changeste thembrane model would not change the
results at 80°C substantially, which demonstraitgyfgood quantitative agreement.

In terms of experimental issues, as noted aboeee tis a significant issue of deconvoluting
the scattering seen under high spatial resolutaons with membrane water uptake. Work is
currently underway at NIST to quantify this erroHowever, the shape of the water-content
curves will remain unchanged although the relativéerences between the maximum and
minimum values may change. Figure 6 clearly dertnates that the model and experiment are
in adequate agreement in terms of many of the tqtigk trends such as the existence of extrema
and the movement of the water-content maximum. bétter quantitative agreement, in addition
to verification of the experimental results, mooeprovements should be made consisting of a
more refined and validated membrane-interface mad&lll 2-D model including rib/channel
effects, and a droplet or similar low-water-conténb-phase-flow submodel for the GDLs.
Furthermore, one should also account for any plessilembrane compression.

In the rest of the paper, the genesis of the alibeeretical water profiles is further
investigated with a focus on the interplay betwester and thermal management. In addition,
examination of data and some modeling insightsidor fully-humidified inlets is also discussed.
To explore the heat-pipe effect in more detail,urég7 displays the liquid- and vapor-water
fluxes in the anode and cathode diffusion medial(&Bnd MPLs). For the anode side, all of
the liquid fluxes are positive and small indicatithgit the majority of the water moves through
the vapor phase. The vapor fluxes are negativieatidg that the heat-pipe effect causes flow
reversal at all temperatures, although this efietomes less significant as the temperature is
decreased. The lowering of this effect causes miguiel water buildup in the layers at the lower

temperatures.
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The above impact of temperature and the heat-fffpetés more evident when one examines
the cathode-diffusion-medium flux profiles in Figur. For all temperatures, almost all of the
water-vapor fluxes are positive indicating thatwfleeversal occurs for the vapor phase (one
expects that the flow should be negative, towards the membrane). Comparing the profiles
demonstrates that while at 40°C, over 80% of théewes moving in the liquid phase in the
GDL, this amount decreases to around 60% at 8@E\&n more interesting is within the cathode
MPLs, where again the liquid-water flux is muchaex at 40°C than at the other temperatures.
This explains the broader peak of the water cordert in Figure 2 and Figure 5. Also, the
interesting shape of the water content in thoserdg for the 80°C is shown in that there is a
negative flux of water in the MPL, indicating that the MPL / GDL interface there is a
maximum in liquid water since it is moving away loth directions. Finally, for all the
temperatures, as one approaches the hotter cat@ygst more of the water is being carried in
the vapor phase.

As a final underscore to the relation between water thermal management, Figure 8 gives
simulated capillary-pressure profiles where the G@oth macroporous and microporous)
thermal conductivity changes at 60°C and 0.75 AcnThe figure shows that doubling the
thermal conductivity results in less vaporizationthe MPL and slightly higher water contents
throughout the cell. Conversely, halving the thalreonductivity results counter-intuitively in
larger water contents in the anode side and smadles in the cathode side and membrane. The
larger water contents in the anode are due to @aeyrbeat-pipe effect and recirculation of water
due to the larger temperature gradients. Suclffaat €lecreases the water on the cathode since

more can be removed by evaporation. Overall, thié aesign, operating conditions, and
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materials can have larger impacts on both the gatimé and qualitative water-content profiles
due to the interplay between thermal and water gemant.

For all of the above analysis, the feed gases whe Humidified. This creates a situation
wherein the heat-pipe effect and associated themmaabhgement can be dominant since the gases
are saturated and thus the vapor-pressure praetisbkeshed by the temperature gradient impacts
performance. To examine the generality of the eldoends, it is worthwhile to investigate what
happens with different relative-humidity gas feedsigure 9 shows the liquid-water-content
profiles as a function of relative humidity of taeode and cathode inlet gas streams for the cell
at 60°C and 1 A cih A similar trend to that of increasing cell temgere (Figure 2b) is seen
with decreasing relative humidity. Namely, as thater content decreases, the distribution
across the layers skews towards the cathode. r€m$orces the concept of the membrane
dominating the water content when significant hyidrais maintained (at low temperature or
high relative humidity), whereas under sub-satara@nditions the liquid water is found more
on the cathode side of the cell. Additionally, thater saturations measured by high-resolution

neutron radiography are on the lower end of whanigipated from the models.

For the lower relative-humidity cases, simulati@me carried out (not shown) for similar
conditions and the following conclusions made. thii the anode nor cathode GFCs become
fully humidified, meaning that the heat-pipe efféztnot dominant. The anode subsaturation
causes more membrane dehydration and a flattedcavel water-content profile since more
water is moving in the vapor-equilibrated stateheatthan the liquid-equilibrated one (the
membrane water content changes less in the vapdibegted mode for a given flux). The
subsaturation also results in a downward gradierthe water content and capillary pressure,

similar to the case at 80°C (see Figure 4). Thibocke level of subsaturation is less than the
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anode one since the stoichiometry is much lower aater is produced at the cathode.
However, since it is not fully humidified, the wataovement is mainly in the vapor phase, with
small amounts in the hydrophilic domains of the Gidsulting in the profile shape seen in the

figure.

4. Conclusions
Experimental and modeling comparisons were condufde liquid-water-content profiles

across the fuel-cell sandwich composed of gas<idfu layers, microporous layers, catalyst
layers, and Nafion 112 membrane. The experimetiliged high-resolution neutron imaging
and conditions of variable feed humidity, cell teargiure, and current density. A pseudo 2-D
model was used to explain many of the observedufestand trends seen with the neutron
radiography. It was determined that there is @ngfiheat-pipe effect where the water is moving
primarily through the vapor phase and condensagyaioe temperature gradient. This type of
behavior causes liquid-water profiles with maxima aninima in the diffusion media, especially
with more humidified feeds. At 80°C, there is #tsh the maximum water content towards the
cathode side due to capillary condensation and stryieg out of the gases. The explanations
given represent a complex water-transport pathveaigposed of multiphase flow and coupled
thermal and water management. Furthermore, the daturations observed may mean that
traditional continuum flow is not occurring, ancoglet or a type of percolation flow is through
single pores which connect the two higher-concéintraareas of liquid water. For a more
guantitative analysis, model improvements and exptal verification of the data are required.
The suggested model improvements include considaraf the droplet or low-water-content

two-phase-flow, a more rigorous and validated apgmotowards treating the membrane
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interface in contact with liquid water and watepwog and altering the domain to include the rib

and channel.
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Appendix
To calculate the water-volume amount from the d¢ail pressure, one starts with

determining critical radii to be used as integmatimits

__Zq(cosa1 __2ycosﬂ1
ﬂ_ - pG pc

[3]

c,h

wherey is the surface tension of water, is thds the contact angle between water in air and

solid of type h, which is either hydrophilic (HI) or hydrophobicHO). For

Pc <0, 0<r , >0andr,,, =w,andfor p. 20, r,,, =cando<r ., >0. If one assumes a

binary hydrophobicity distribution (one hydrophilend one hydrophobic), then the liquid-

volume can be obtained by

TeHi 0

[V (F)eir - [V (r el
=& Sc ZIHO + Srr (4)
PV 1+ [Vl

Stv

whereg is the porosity of the mediur;, is the pore volume of typle andr is the pore radius,
and S, is the irreducible saturation, a constant thabants for irregular cavitie®(., inkbottle

well) that are not described by the distributioti.the same distribution is used for both the

hydrophilic and hydrophobic pores, then the abayegon can be rewritten as

Te,Hi o

S_V =€ fHI J-V(r)dr +(l_ fHI) J-V(r)dr + Srr (5)

Te Ho

where f,, is the fraction of hydrophilic pores, which is th&lso the liquid pore saturation at a

zero capillary pressure.
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To determine the membrane water-volume amountneees the water content or moles of
water per mole of sulfonic-acid site, of the membrane. Because local equilibrium siased,
the capillary pressure in the membrane can be usdte following manner. First, if the
capillary pressure is positive, then the fractibrexpanded channels can be calculated,arsl

given by
}‘:}LV|aW:1+(22_}‘V|awzl)fexpanded (6)

wherei,,

. Is thel value for the membrane in equilibrium with satacavapor at the given

ay=

temperature. If the capillary pressure is lesa #t&x0, this can be changed into a water activity

of

oo VaPe
a, _exp{ =T j (7)

where\/_wis the partial molar volume of water. In the abex@ression, a secondary reference

state of water at unit activity is applied. Theiaty can then be used to calculatefrom a

submodel or by an isotherm. Orices known, it can be used to get the water-volumeunt by

v
=W 8
Sy T ®)

whereV,_ is the partial molar volume of the dry membrané fiae-swelling conditions are

assumed.

Finally, the water content in the catalyst layathis weighted sum of the water content in the

membrane in the catalyst layer and that in thegofé¢he catalyst layer.
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure Captions

Heat-pipe and reverse-water-vapor-gradieffects as a function of GDL
temperature difference for a 20n GDL with a 0.6 effective gas-phase volume
fraction for cell temperatures of 40, 60, and 80{&) Water-vapor flux at 1 A ¢
per water amount generated. (b) Oxygen mole tracit the catalyst layer for two

current densities. (c) Oxygen-mole-fraction desee@lative to the isothermal case.

Through-plane water-volume fractions40r@), 60 (0), and 80x) °C cell
temperatures at (a) 0.75 and (b) 1 A%amd 100 % RH gas feeds. The dashed lines

indicate the GDL/MPL boundaries and the solid ismé&ée geometric centerline.

Simulated temperature profiles as atfan®f current density from the anode to

cathode GDL / GFC interfaces for a cell temperatir@0°C with 100% RH feeds.

Simulated capillary-pressure profilesyrthe anode to the cathode GDL / gas-
channel interfaces for 0.75 A énat 40, 60, and 80°C with 100% RH feed gases.
The break is due to different meaning of capillprgssure in the membrane. The
lower the capillary pressure, the lower the watgitent, with larger negative values
(outside of the membrane) being associated witlemadtits residual saturationg,

movement is by water-vapor alone).

Liquid-volume profiles for the cases igufe 4. For the conversion, symmetric

layers are assumedd., same GDL properties on the anode and cathod#) tine
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same hydrophilic and hydrophobic pore-size distidns,ecp. = 0.6,empL = &cL =

0.3,eMem=0.4 in the catalyst IayerE;{,LGDL =0.1, andHLCL = fH|‘|\/|p|_ = 0.06.

Figure 6. Simulated (see Figure 5) liquid-volumefibes for the 60 and 80°C cases assuming
a phase-in-contact membrane model and smoothitigeohterfaces. The curves are

overlaid on the experimental data from Figure 2.

Figure 7.  Liquid- (black) and vapor- (grey) watend profiles for the anode and cathode
diffusion medium (GDLs and MPLSs) as a function efi temperature for 100% RH
feed gases. The fluxes are made dimensionleswioyng) by the water production

rate at 0.75 A cifi.

Figure 8. Simulated capillary-pressure profile®.d6 A cmi and 60°C for base, double, and
half values of the GDL and MPL effective thermahdactivities with 100 % RH

feeds.

Figure 9. Through-plane water-volume fractionsgas feeds of 100, 90, and 70% RH at 60

°C for the anode and cathode respectively at 1 A.cm
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Figure 1. Heat-pipe and reverse-water-vapor-gradffects as a function of GDL
temperature difference for a 25t GDL with a 0.6 effective gas-phase volume fractar cell
temperatures of 40, 60, and 80°C. (a) Water-véprrat 1 A cm per water amount generated.
(b) Oxygen mole fraction at the catalyst layertioo current densities. (c) Oxygen-mole-

fraction decrease relative to the isothermal case.
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Figure 2. Through-plane water-volume fractions40r@), 60 (0), and 80x) °C cell

temperatures at (a) 0.75 and (b) 1 ATamd 100 % RH gas feeds. The dashed lines indicate

GDL/MPL boundaries and the solid line is the geaioetenterline
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Figure 3. Simulated temperature profiles as atfan®f current density from the anode to

cathode GDL / GFC interfaces for a cell temperatir@0°C with 100% RH feeds.
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Figure 4. Simulated capillary-pressure profilesnfrthe anode to the cathode GDL / gas-

channel interfaces for 0.75 A &mat 40, 60, and 80°C with 100% RH feed gases. brhak is
due to different meaning of capillary pressure e tmembrane. The lower the capillary
pressure, the lower the water content, with lamggative values (outside of the membrane)

being associated with water at its residual satudi.e., movement is by water-vapor alone).
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Figure 5. Liquid-volume profiles for the cases igufe 4. For the conversion, symmetric

layers are assumedd., same GDL properties on the anode and cathod#) tine same
hydrophilic and hydrophobic pore-size distributiogts, = 0.6,empL = &cL = 0.3,emem = 0.4 in

the Catalyst IayerstHLGDL =0.1, andHLCL = fH|‘|\/|p|_ = 0.06.
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Figure 6. Simulated (see Figure 5) liquid-volumefibes for the 60 and 80°C cases

assuming a phase-in-contact membrane model andismgaof the interfaces. The curves are

overlaid on the experimental data from Figure 2.
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Figure 7. Liquid- (black) and vapor- (grey) watknd profiles for the anode and cathode
diffusion medium (GDLs and MPLs) as a function ell temperature for 100% RH feed gases.

The fluxes are made dimensionless by dividing lewtiater production rate at 0.75 A€m
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Figure 8. Simulated capillary-pressure profile8.@6 A cn? and 60°C for base, double,

and half values of the GDL and MPL effective theroenductivities with 100 % RH feeds.
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Figure 9. Through-plane water-volume fractionsgas feeds of 100, 90, and 70% RH at

60 °C for the anode and cathode respectively aciiA
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