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INFLUENCE OF WETTABILITY ON LIQUID WATER TRANSPORT IN
GASDIFFUSION LAYER OF PROTON EXCHANGE MEMBRANE FUEL
CELLS(PEMFC)
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Institut de Mécanique des Fluides de Toulouse, UMNRS-INP/UPS No. 5502
Avenue du Professeur Camille Soula, 31400 Touldeissce

A.VABRE
"CEA Saclay, Batiment 516, 91191 Gif-Sur-Yvette, rfea

ABSTRACT

Water management is a key factor that limits PER@igormance. We show how insights into this proble
can be gained from pore-scale simulations of witegision in a model fibrous medium. We explore the
influence of contact angle on the water invasiottgpa and water saturation at breakthrough and shatv

a dramatic change in the invasion pattern, fronstélato compact, occurs as the system changes from
hydrophobic to hydrophilic. Then, we explore theeaf a system of mixed wettability, i.e. contagniyvoth
hydrophilic and hydrophobic pores. The saturatibhreakthrough is studied as a function of thetioa of
hydrophilic pores. The results are discussed iatiai with the water management problem, the optima
design of a GDL and the fuel cell performance dégtian mechanisms. We outline how the study coald b
extended to 3D systems, notably from binarised @saxf GDLs obtained by X ray microtomography.

1. INTRODUCTION

Water management is a key factor that limits PER@idormance and it is now well admitted that aded
understanding of liquid water transport in the ghfusion layer (GDL) is necessary to facilitate
development of techniques and GDL materials anditigate flooding and associated mass transposelgs
e.g. [1]. Also, a better understanding of theeiffof wettability and its possible evolution d@riREMFC
operation can help understanding the degradatiocegses that reduce PEFC’s performance.

From a modelling standpoint, it is however diffictd gain insights into the effect of wettabilityom the
traditional macroscopic approach based on two-pbBasey’s law. Macroscopic models cannot incorporate
the GDL morphology and require material-specifipittary pressure —liquid saturation and relative —
permeability —liquid saturation relationships tlzeie not easy to determine for a thin medium such as
GDL. Furthermore, the quality of approximation poepd by the macroscopic model remains to be
investigated owing to the lack of length scale s&fian, at least along the depth of GDL, i.e. a GBbnly

a few pores deep whereas the continuum approapbrtius media requires a priori that the pore size b
very small compared to the porous domain size.

As pointed out in [1] or [2] among others, porelscstudies are much more adapted for studyingntipact

of wettability and microstructure. Although diresimulations of two phase flows at the pore-scake ar
possible with lattice-Boltzmann methods or by sadvithe Navier-Stokes equations using more classical
discretisation techniques, their interest is sdydimited by their computational cost, which foxample
make impossible a statistical study. An attracpessibility in this context is represented by tbecalled
pore network models (PNM), e.g. [2] and referentesein, which allow considering a sufficiently dear
number of pores into the computational domain. Pbt&ls can be used for different objectives: asoh to
for understanding the physics of two-phase flovel(iding possibly evaporation) or as a tool fordicéng

the constitutive relations evoked before (capill@ngssure, relative permeabilities) or other mamales
transport properties (permeability, effective déifan coefficient, etc).

Our objective in this context is to study the impat wettability on water invasion in a fibrous nigah
using a PNM. To this end, we consider a model fisrmedium made of disks of random diameters placed
on a square lattice. Noting that water invasionGIDL is generally dominated by capillary effects, we
concentrate on the quasi-static limit and modeldisplacement of the water-air interface for anptact



angle. We begin with the case of spatially unifavetitability and study the evolution of the invasjattern

as a function of contact angle.

Then we study the effect of mixed wettability. Warswith a medium of uniform wettability (contaagle
110°) and study the evolution of saturation at kite@ugh as a function of the fraction of hydrdjghi
pores (contact angle of 80°, which is seen herdhascontact angle on carbon). In this study, the
hydrophilic pores are distributed randomly and fadieconnected clusters of hydrophilic pores until a
hydrophilic pore percolation threshold is reachiuke impact of the results on the fuel cell operagad the
water management problem is discussed.

Finally, we outline how this type of model could éxtended to 3D simulations and combine with X-ray
microtomographies of real GDLs so as to approaahuch as possible representative GDL microstrusture
through the generation of topologically equivalpote-network structure.

2. MODEL FIBROUSMEDIUM, INVASION ALGORITHM

As depicted in Figure 1, the model used in thiglgtis a 2D array of disks (representing the fibavih
random radii. A distinguishing advantage of this model is to allimr a full solution of the interface shape.
In particular, it is possible to study in detaietmfluence of contact angle on the invasion pattér this
model, the liquid-gas interface consists of circuecs connecting disks. The disks are placed square
lattice with lattice constarg. There ard. disks per row and rows on the lattice. Disk radii are distributed

randomly according to an uniform distribution lamvthe range{r ] Initially, the pores of the model
porous medium are saturated with gas.
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Figure 1 Model fibrous medium formed by a regaaay of disks of random diameter. Distribution of
fluids att = O (invading fluid in grey, displaced fluid in whitéfhe interface is visible as a series of arcs
joining the bottom row of disks. Water is very slpunjected from the bottom edge of system and ldisgs
the air in place, which escapes from the top edge.

Water is injected from the bottom edge and the Ktian of the invasion is performed until liquid tea
breaks out from the top edge of the pore networ&akthrough). As discussed in [2], the capillaryniver
characterizing the displacement, i.e. the invasibthe GDL by liquid water, is expected to be vemyall
under standard fuel cell operating conditions. Assalt, the displacement can be considered as-stadi€,
i.e. simulated as a sequence of successive cgpatprilibriums.

The wettability of the system is characterized l®y tontact anglé measured in the dense phase, i.e. liquid
water in the present context. This contact angle loe interpreted as the advancing contact angte si
water is the invading phase.

At each step of the invasion, one “interfacial pooé the system is invaded. A “pore” is defined the
region of the pore space located inside the sqgieamneed by the segments joining two neighbour disis
the square lattice (see Fig. 1). An interfacialep@ a pore not yet invaded containing at least amece
Interfacial pores are indicated with a “A” in Fig-lo determine which interfacial pore should beaned at



a given step of the invasion, we determine theitai’ invasion curvature radius of each interfaeiec. As
discussed in more details in [2], this consiststirdying the arc curvature radius as the arc mbeéseen
the two disks it intercepts. As discussed in [Bgre are three main local growth mechanisms cdimgahe
invasion. The first is called “burst”. It corresmnto the burst of the meniscus when the locallleaypi
pressure exceeds the maximum local capillary pressumpatible with a stable arc joining the paidisks
under consideration, see [3] or [4] for more dstadile note, the arc curvature radius corresponding to the
last arc stable before burst. The local capillangspure corresponding to the arc burst may beaaathed
because another event occurs before: the considecgduches a third disk during its growth, orlesaes
with another arc. If this happens, we compute tlieradius of curvature corresponding to each o$dhe
local events withr, the radius corresponding to the touch event ianithe radius correspondingo the
coalescence event, if any. These radii are compadefdnctions of contact angle, disks radii andadises
between disks, [3], [4]. We affect to each inteidharc the radius, = max(ry, 1, rc). This gives a hierarchy
of radii. At each step of the invasion, the inteidh pore associated with the arc(s) correspontbnigiax
(ro), i.e. the minimum invasion threshold local cai pressure, is invaded. The corresponding “uiestab
arc(s) is (are) suppressed from the list of intdalaarcs and new arcs are created at the peripifettye
invaded pore. This procedure is repeated untilktheaugh. Again the interested reader can ref¢2lor
[4] for more details on the invasion procedure.

3. INFLUENCE OF CONTACT ANGLE ON INVASION PATTERN

Figure 2 shows the evolution of the invasion pattes a function of the contact angleLiquid water being
the invading fluid, a hydrophilic fibrous mediumroesponds t® < < 90° whereas a hydrophobic one
corresponds t®0°<d < 180°. As can be seen from Fig.2, the wettability has gjomimpact on the
invasion pattern. For large contact angles yery hydrophobic GDL), capillary fingering is olned. For
contact angles lower than abdid® ( = hydrophilic GDL), a compact pattern characterizgdah almost
flat invasion front is obtained. It is interestitmy note that the transition between the two pastésnsharp
but does not occur exactly and abruptly at 90°. fFaesition occurs in fact over a narrow range arftact
angles, [80°,100°] in this example.

0=160° 0=140° 0=120° 6=100° 0 =80° 0 =60° 0 =40° 0 =20°

Figure 2. Evolution of invasion pattern at breastigh in a model fibrous medium as a function oftaon
angled. Invading phase (liquid water) in grey, displagégse (air) in white

As discussed in more details in [2], the changdhéinvasion pattern can be explained by the chantee
interface local growth mechanisms. Burst is the idamt mechanism for high contact angle, and the
invasion can be simulated using the classical iomapercolation (IP) algorithm, [5]. For contactgies
lower than about0C, coalescence of menisci is the dominant mechaaishthe invasion can be simulated
very simply by a flat travelling front (note howewbat for sufficiently low contact angles beld®0°, film
effects can complicate the invasion with certairepgeometries, e.g. [6] and references therein).

The patterns shown in Fig.2 indicate that rendgtiire GDL hydrophobic is a good option. Large ragiof
the pore space remains accessible to the gas pipasethe CL/GDL interface in the capillary fingegi
regime that characterizes water invasion in a hyldobic GDL. In contrast, the compact invasion in a
hydrophilic GDL is very detrimental to the gas ax¢o the GDL/CA interface. As illustrated in FigtBe
liquid saturationS at breakthrough (when the liquid reaches the obldnimn the hydrophobic GDL is much
lower than for a hydrophilic one (wheg1l). The saturatio® represents the fraction of the pore volume



occupied by liquid water at breakthrough. Wt#nIlL, all pores are full of water at breakthrough, ahhi
represents the worse case since there is no ptiregaavailable for the gas across the GDL.

Thus our results provide a pore—scale physical amgtion to the fact that it is advantageous to use
hydrophobic GDLSs.

As mentioned in the introduction, most models ob twphase flows in GDLs are based on the traditional
two-phase generalized Darcy’s law and the conckeptaegroscopic capillary pressure. Contrary to wisat

be found in many papers on the modelling of twosgeghiow in  GDL(s), the fact that the invasion ragi
(compact vs capillary fingering) is completely difént depending on the wettability of the GDL iradés
that it is not correct to use basically the samé¢hamaatical expressions for the Leverett functioa. (ihe
capillary pressure-liquid saturation relationshapy the relative permeabilities whatever the alglity of

the GDL, i.e. just changing the value of the congamle in these expressions is not correct.
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Figure 3. Evolution of overall water saturatiorbetakthrough, corresponding to patterns showngr2F
as a function of contact angle

3. SYSTEM OF MIXED WETTABILITY

The results presented in section 2 were for a sysfespatially uniform contact angle. However, thad in
PTFE can vary, typically from 5 to 30 wt%, andstlikely that the distribution of PTFE is not urrifio
within a GDL. Although the distribution of PTFE dhe fibers forming the GDL is still unclear, a siep
model is to assume that some pores of the GDL yteophilic (i.e.0 = 80°on a carbon fiber) whereas the
others are hydrophobic (.8~ 110°0on a perfectly teflonized fiber), e.g. [7]. In wHatlows, the fraction of
hydrophilic pores 4 =~ 80°) is denoted by. Hence,p = number of hydrophilic pores / total number of
pores, 1p is the fraction of hydrophobic pore#~ 110°) Extending the invasion model presented in section
2 to the case where the contact angle is 80° féraetion of pores and 110° for the other pores is
straightforward. The curvature radii mentioned éction 2 are simply computed as a function of tal
contact angle associated with the considered atiif pore. In order to get some insights intoakerage
behaviour of the system, we have in principle tetato account two sources of randomness. Thedirs

is the randomness associated with the disk radie $econd one is the randomness introduced by the
random distribution of the hydrophilic pores (thediophilic pores are selected at random, the reimgin
pores are specified as hydrophobic). Thus, comgutite average behaviour implies to combine two
ensemble averages. This can be achieved by gemgratiny realizations of the disk radii distributiand
then, for each of this realization, by generatingngnrealizations of the pore wettability distritmrts. For
simplicity, however, the ensemble averaging wagiedrout only as regards the randomness of pore
wettability. Hence we look at the impact pf for a given realization of disk array (note thafyoone
realization was also considered in section 2). @ftipular interest as regards the water management



problem is the liquid water saturati@at breakthrough. The evolution 8fas a function op is shown in
Fig.4a. These results have been obtained for at4@igks array. For each value mtonsidered,Sis the
average over 100 realizations of the pore wettgldiistributions.
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Figure 4. a) Evolution of liquid saturation at trmough as a function of hydrophilic pore fraction
b) percolation probability of hydrophilic pore sebss a function of hydrophilic pore fraction.

As in any classical percolation problem, [8], thgdrophilic pores form isolated pore clusters for
sufficiently low values of p. When p is sufficiently large, there exists a cluster gidtophilic pores
spanning the system. The critical pore fractiorowelvhich such a cluster does not exist is the paticm
thresholdp. (p.~ 0.59 for a very large square lattice). In a firsize system, the percolation transition is not
sharp and some realisations are percolating bplomhereas others are percolating for valuep gfeater
thanp.. This is illustrated in Fig.4b, which shows thekrion of the percolation probabili§y as a function

of p (for a given value of p, P is the fraction of percolating realizations amoig 100 generated
realizations). As can be seen from Fig.4b, ourltesue fully consistent with the value 0.59 fr

Since liquid water favours hydrophilic pores, liquvater invasion takes place through a path of dyfditic
pores above. and the hydrophobic pores are left free of water,available for gas transport. Belpw,
some hydrophobic pores are necessarily invadece dime hydrophilic pores do not form a percolating
cluster. However, a hydrophilic pore cluster istegsatically fully invaded when liquid water meetgls a
hydrophilic cluster during the invasion. We knowerfr section 2 that the invasion pattern and thel loca
invasion mechanisms are significantly different #r 80°andd =~ 110°.Interestingly, this does not have,
however, a great impact on the saturation atktineaugh over a large range @f as show in Fig.4a. This
can be qualitatively understood as follows. Foclose to zero, the water invasion process is ésfigran
invasion percolation (IP) process as discusseédtian 2. As it is well known , the subset of poiresaded

at breakthrough as a result of the IP process iig senilar to a ordinary percolation cluster, itae
percolating cluster formed by the hydrophilic poa¢p.. Hence, since the pore size distribution is gdhera
narrow in a GDL, we expect th&(0)~ S(p).For intermediate between 0 ang,, the invaded pore subset
can be envisioned as a chain of invaded hydrappdre clusters connected by paths of hydrophodyes)
i.e. a structure close to a percolation cluster.at

The main practical conclusion from the results smawFig.4, is that the PTFE load has little impawtthe
water management problem as long as the fractidrnydfophilic pores is not significantly larger thtre
percolation threshold of the system.

As also pointed out in [7] from a limited series 3D simulations, our results suggest the possybdit
optimizing the GDL transport properties by coniral the wettability of fibres forming the GDL. Inup
example, the water invasion pathway through a pafiog cluster of hydrophilic pores aboyg was
obtained by assuming a random distribution of hgiec pores. In a 3D system, this leads to separat
transport paths for the liquid and the gas acrbes@GDL if p. < p < 1-p. with liquid flowing through a
cluster of hydrophilic pores and the gas throughrémaining pores. If can be anticipated that ithistions

of hydrophilic pores other than purely random wdelald to a more efficient water management.



4. DISCUSSION

As discussed above, elucidation of pore-level psysf liquid water transport in GDL is essentiat naly

to understand the effect of wettability on floodipienomena but also to design optimized GDLs throug
for example the consideration of GDLs of controlieixed wettability.

Also, the type of simulations presented in this ggapan be helpful for studying the mechanisms of
degradation of fuel cell performances. A possiblchanism is the evolution of wettability propertis
GDLs.

A possible scenario is the increase of the fractibimydrophilic pores over time. The results shawn
Figure 4 suggest that the change in this fractibrpares should be very significant for affecting th
saturation at breakthrough, i.e. a very significaiminge in the fraction of hydrophilic pores is ahesk for
affecting the fuel cell performances in this resgassuming that the initial fraction of hydropbifpores is
not too close to the percolation threshold). Thaswbtained by assuming a significant local changke
contact angle (from 110° to 80 °) in some of theego

Another scenario is a more gradual change in tiéact angle but in every hydrophobic pore.In thise;
the results presented in section 2, see Figuraggjest a more dramatic conclusion. As shown inae&,

the transition from a fractal pattern to a compasattern as the contact angle is varied is rathapshn this
example, the sharp transition occurs for contagteanclose to 90°, i.e. relatively close to theueabf 110°
generally considered for water on a teflonizedaef Hence, this suggests that a relatively srhalhge in
the contact angle of “hydrophobic” pores may gseaffect the invasion pattern and therefore theessof
reactants to the active layer since the fuel gadlrates close to the pattern transitidhis clearly indicates
that the impact of a change in wettability can bietle in systems of intermediate wettability lik&BL. To
discriminate between various possible scenarioperxental investigations are certainly needed to
characterize the fibre wettability inside a GDL apdssibly, the change in wettability over time.

We have only considered a somewhat idealized 2Deimafdfibrous medium. Although many insights can
be gained from this simple model, the consideratbrmore realistic model of GDLs is needed. In
particular, it is well known that the percolatioroperties of a 3D system are significantly diffaréoom a

2D case. Also, we have only discussed the saturaiobreakthrough. The computation of transport
properties from realistic microstructure (gas effex diffusion coefficient, relative permeabilitiestc) is
also needed for optimizing the design of a GDL sTihiakes sense only in 3D.

Figure 5 Example of image of GDL microstructureambéd by X ray microtomography



Although consideration of simple 3D pore networkdels is certainly helpful, e.g. [7], it is natusall
desirable to approach real GDL microstructures aghmas possible. To this end, we are currently
developing X-ray microtomographies of real GDLgWe 5 shows a representative image of GDL obtained
with this technique. The size of the sample showFigure 5 is 300x300x300um whereas the size of the
voxel is 0.45x0.45x0.45 um. It should be noted this type of image is not easy to obtain owinghte
relatively weak X ray absorption by GDL fibers aheé high spatial resolution that is needed. Thailiedn
these aspects will be presented elsewhere. Inlglarabrks is in progress for extracting a porewark
structure from this type of image. Naturally, tipisre network structure will be useful not only the
simulation of two-phase flows, in the spirit of wieas been shown in this paper, but also for cbaraing

the GDL macroscopic transport properties (permégpil effective diffusion tensors, relative
permeabilities,..). Works in this direction arepirogress.
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