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Abstract:

To what extent do aqueous foams clog? Foam perfitgabi measured as a function of
particle loading. The particle to bubble size rasiallowed to increase when the particle to
bubble number ratio is fixed. In addition to expents performed on the foam scale, we
investigate experimentally and numerically the logiyinamic resistance of a single foam
node loaded with one particle. It is shown thathwespect to their solid counterpart, foams
clog more efficiently for two reasons: (i) the defation of interfaces allows for larger
particles to be incorporated within the interstiti@twork and (ii), the interfacial mobility

contributes to lower the reduced permeability.

1. Introduction:

Permeability reduction caused by particle depasitoporous media, or clogging, is widely
encountered in technological processes of solidsaeton from suspensions (deep-bed
filtration) [1], as well as in natural aquifer&]] Clogging, which is intimately related to
particle capture, is a complex phenomenon invoharigrge number of parameters that have
been partially decoupled in experiments conducteanodel systems, such as beds of solid

spheresd], sieves {}] or solid channelsj].

To a certain extent, aqueous foams can be condidsrporous media, exhibiting fine liquid
channels between gas bubbles. The main assetrogfisatheir capacity to adjust dynamically
the channel size over several orders of magnitindessponse to changes in interstitial liquid
flow conditions p]. Moreover, foam channels can capture particlepended in the liquid
flowing through the gas bubbles. The capture mdashahas been shown to be controlled by

the confinement parametkrthat compares the particle size to the diz®f passage through



constrictions in the interstitial network of theafa [7,8], the latter size being set by bubble
size and gas fraction. In the absence of colledtgpping, i.e. jamming of the confined
concentrated particle suspensi@ih the capture of particles is triggered as sooh asl. In
contrast to their solid counterpart, aqueous foa@ars be loaded with large particles that
deform the interstitial network which suggests styelogging effect. On the other hand, the
high mobility of bubble surface is known to increasgnificantly the liquid permeability of
aqueous foamsL])]. This specific interfacial behaviour is expectedmaintain a significant
level of liquid permeability through foam channelsstructed with solid particles. Therefore,
a simple question arises: to what extent do aquémarss clog? Beyond the fundamental
aspect of this issue, liquid drainage reduction uelogging has a beneficial effect on foam

stability, which can be of particular interest fbe numerous applications of foams.

In the present work, we determine the foam perntigabieduction caused by patrticle
loading, at the rate of one particle per foam nda@ddition to experiments performed on the
foam scale, we investigate experimentally and nicaky the hydrodynamic resistance of a

single foam node loaded with one particle.

2. Single node experiment:

The experimental setup used in this study has pemnously described and more details can
be found elsewhere ]]. We just recall that a Plateau border and theefadjoining films are
formed on withdrawing a tripod from a reservoir @ning the foaming solution. The latter
contains 10 g/L of TetradecylTrimethyl-Ammonium Brime (TTAB) in distilled water. The
density, the surface tension of the liquid/gasrfatee and shear viscosity of the bulk are
respectivelyp = 1000 kg/nf, o = 38 mN/m andu = 1 mPa.s. The height of the resulting
Plateau border is approximately 5 mm. The solutan be further delivered through the
channel at a controlled flow rate Q when a presdup is imposed. A single foam node can
be generated in releasing a small gas bubble fn@meservoir]2).

Such a foam node was studied and the correspohgoh@dynamic resistance was measured
[12]. Here, we follow the same measurement procedxcepted that a small glass particle is
introduced in the node (see Fig. 1a) before meaguhe pressurAP required to impose the
liquid flow rate through the systemP results from the association in series of the uppe
Plateau border (Pbl), the node (n), and the tlowerl Plateau borders (Pb2), themselves in

parallel associatiomMP = AP; + AP, + AP,. AP, andAP, are determined from the geometry



of the corresponding Plateau borders, as detailddZ and AP, is deduced. We define the
dimensionless resistancg;,, = (r3,/1)(AP,/Q), whererp, is the radius of curvature that
characterizes the Plateau borders connected tootle (see also Fig. 3). Herg, = 1.2 mm.
The main experimental error dt), is due to the strong contribution AP, to AP, whose
absolute error impacts directh?,. In order to minimize this effect, we restrain atudy to
situations where the upper Plateau border (Pbhpisdeformed by the particle, i.2.< 2
(two particle diameters were considered: 480 arf@|65). In the following we will refer to
the reduced resistance parameter, obtained byimyithe dimensionless resistance of a

loaded node®,, (1) by the one corresponding to the empty nBgle

3. Experiments at the foam scale:

3.1. Preparation of particle-laden foams

Samples are prepared from precursor liquid foamclvhs subsequently mixed with a
granular suspension as previously presented]inJsing appropriate bubbling methods in a
foaming solution (TTAB 10g/L, glycerol, water), aam with bubble diametdy, is made in
a vertical column. For the present study bubble bas been varied within the range 450-800
pum. For each sample, the relative deviation in buldize is lower than 10%. Liquid
imbibition from the top of the column allows maimiag the liquid fraction at a constant
value throughout the foam sample during the foawdpection. The foam is then pushed
toward a T-junction where a suspension of polystgreeads (diametel, = 80 um andl, =
140 um) is injected. The liquid phase is the saarettie foam and for the suspension; its
density was matched with that of polystyrepe=(1050 kg.nt) by adjusting the proportion
of glycerol (20% w/w) and its bulk viscosity jgs= 1.7 mPa.s. The resulting gas and patrticle
fractions, respectively and¢,, are set by the liquid fractions and the flow saté injected
foam and suspension. In the following, the gastiwads set tap = 0.9. This corresponds to
wet foams in which the interstitial volume is mairdccupied by the nodes. The particle
volume fraction in the interstitial suspensiongs = ¢,,/(1 — ¢). Our method has been
found to produce homogeneous samples, characteliyedell-distributed particles and
bubbles, the size of the latter being preservednduthe mixing step (an illustration of

samples’ quality is presented in Fig.1b). The laftem is then continuously introduced in a



rotating horizontal column used to compensate tfexts of drainage during the preparation

of the sample.

As we try to clog the foam by incorporating padglin the foam nodes, we focus on
situations where the number of particles is equahé number of foam nodes. This condition

is fulfilled if ¢, =¢,, = 6¢pds/(1— ¢)D; (6 nodes per bubbles were considered). It is
more appropriate to compare the size of the pe#gith the one that characterizes the foam

channel network. This can be done in introducirg ¢bnfinement parametér=d,/d. =

C(¢)d,/D, whered, is the size of passage through the network catistns andC(¢) =
(1+0.57(1 — ¢)°2")/(0.27\/(1 — ¢) + 3.17(1 — ¢)?75) [7]. Thus:

6¢ (C(P)\
(pp,l = (1 _ ¢)< 1 > (eq 1)

For¢ = 0.9, eq. 1 reduces tp,, ; = 0.01813. We investigate the effect of particle loading
in foams within thel-range 1.6-2.5 by changing the bubble size, keepimgtant the particle
size as well as the gas fraction. The lower vatuset by the particle retention properties of
the foam. Indeed, it has been shown thatAfar 1.6, particles are definitely trapped by the
foam column, whereas particle retention is not detepwithin the range 1-1.63]. For
A = 2.5, the required particle volume fraction set by kgses up to almost 0.3. Going above
this value would raise two issues: (i) the jammaighe particles could superimpose to the
clogging issue we are looking for, (ii) difficulseare encountered with the present

experimental setup to achieve high values at relatively high values.
3.2. Permeability measurements

Once the column is filled with the foamy suspensgibris turned to the vertical direction
and the measurement of the free-drainage velottyss Note that with the present procedure,
the starting point is a foam column with a unifovertical gas fraction profile. Drainage is
followed through the heighit(t) corresponding to the volume of suspension draiffedt the
bottom of the column. Such a measurement is plottdelg. 2 for particle-free and particle-
laden foams, showing a first stage characterized tapid linear increase aft) followed by
a slower evolution towards the equilibrium valueuring the first regime, the volume of

liquid draining out of the foam flows through foamneas that are not yet reached by the



drainage front, i.e. areas where the gas fraceomains constant and equal to the initial value,
¢ = 0.9. This also applies to the particle volume fractipy, andA. In this regime, the
drainage velocity = dh/dt identifies to the Darcy velocity, i.&. = k pg/u, wherek is the
foam permeability§,10,13. In the following, we refer to the reduced foamrpeability, i.e.

k = k(9p,1)/ko, Wherek, is the permeability of the particle-free foam mmayithe same

parametergg, D;,) than the particle-laden foam.

4. Numerical simulations:

4.1. Geometry of loaded and particle-free nodes

The interstitial volume of foams is composed ofildjchannels, the so-called Plateau borders,
and their junctions, or nodes. The Plateau borderormed by the merging of foam films
when they intersect symmetrically three by threwl their cross-section is bounded by three
tangentially connected circular arcs of radips and anglev3. Nodes are formed when four
Plateau borders join symmetrically at the centra ¢étrahedron, as depicted in Fig. 3. The
complex geometry of nodes results from capillawy: [the curvature of interfaces is imposed
by the liquid/gas pressures according to the Ydumgjace equation. The precise shape of the
node can be conveniently simulated usingSeface Evolvesoftware [4], which is based

on the principle that the equilibrium foam struetis such that its interfacial energy density is
minimal. For the present study, we simulate a ngtvebement, i.e. a node connected to its
four Plateau borders, representative of wet foase® (Fig. 3). As already said, in such
conditions, the volume fraction of the Plateau lkosdis small compared to the volume
fraction of nodes. Described in terms of lengtle Blateau borders represent approximately
10% of the node-to-node distance in the foam net\Wis)].

The solid particle is modelled by inserting withine node a body with a surface tension equal
to 30 times the surface tension of liquid-air ifaee (see Fig. 4). Its volume is fixed to

v, = d;/6. The complete volume of the loaded element,is kept constant so that the

particle volume fractiowp,, = v, /v; increases as the patrticle size increases.

We consider the confinement parameter d,,/d., whered, = (2/\/§ — 1)rpb. Note that in
the followingrp, refers to the geometry of the particle-free elemérfe simulate geometries

for A within the range 1.2-2.7. For smallthe node geometry is not deformed by the particle



which is free to explore a given set of positionthim the interstitial volume (see Fig. 4-left).
In contrast, for largei the particle position becomes imposed at the caitthe geometry
thanks to capillary forces induced by interfaceod®iations (see Fig. 4-right). This transition

between non-deformed/deformed geometries has loeid to occur at = 2.

4.2.  Simulation of the liquid flow in nodes

Geometries provided by tHeurface Evolvesoftware are imported i@omsol Multiphysics

Further meshing procedures were applied (‘autoraefihe mesh was used and growth rate
was imposed to be equal to 1.1 at liquid interfacd 1.02 at the edges) in order to obtain
geometries suitable for the simulation of liquidwl As the real size of the geometries are of

the order of 10m, the liquid velocity is of the order fén.s' and its densityp =

1000 kg. m~3 the Reynolds number is of the order'l@herefore, Stokes equations are
solved for real dimension of the geometries and N@wtonian fluid dynamical shear
viscosityu = 1 mPa.s (note that calculations have shown insianiti deviations for results
obtained from Navier-Stokes and Stokes). The iaterfin foam is known to be characterized
by a certain degree of mobilityl J], resulting in complex interfacial flows driven liie
viscous drag from the bulk flow as well as stresadsced by surfactant exchanges with the
bulk. In the absence of the complete descriptiothese couplings for the foam channels, a
pragmatic approach is to describe the behaviohisf interface using an effective surface
parameter. In a pioneer paper, Leonard and Lenflich introduced the surface shear
viscosity us. Within the last decadey; was found to be useful to describe the drainage
behavior of foams, at least in a semi-quantitativey [16], keeping in mind that this
parameter should be considered as an effectivearparameter. Here, we follow this
approach and we model the behavior of the nodexsaiiin terms of surface viscous stress
associated to the parametgr More precisely, the mobility is modeled by balagcthe bulk
viscous stress with the surface viscous stredsedidquid interface. The limit condition at the
solid interface of the bead is zero velocity. Ayalt is assumed that liquid velocity vanishes
at the junctions of liquid surfaces (edges). Theigladerivative equations of vector velocity

v write:

(in the liquid) Av = ﬁVp (Eq. 2a)



(at the liquid interface) p(T. V)ﬁ = ugAsv  (Eq.2b)
(at the solid interface and at liquid edges) ©=0 (Eq.2¢)

where p is the liquid pressure (for stationary drainagedittons, the pressure gradient
corresponds to gravity forced), is the surface Laplacian ands the unity vector normal to
the surface pointing out of the geometry. The Bm&ss| number compares the surface
viscous stress to the bulk viscous stréss= u,/urp,. For simulationsyg is varied from
1078 up to10~2 kg.s' and, as the sizg, has been set to 0.581 mAy is varied within the
range 2.10 - 2.1d. Typical flows simulations are illustrated in figus.

The hydrodynamic resistance of the node,= AP/Q, is determined when a pressure
difference AP is imposed between the node ends. The liquid flate Q is calculated by
integrating the flow through the cross-sectionakanf the node ends. Several configurations
are studied: (1-3) 1 inlet and 3 outlets, (2-2n¢ts and 2 outlets and (3-1) 3 inlets and 1
outlet. Moreover, in situations where the partibkes several possible positions, i.e. when
A< 2, we consider always configurations where the gartis against an outlet. The
normalized resistance B, = (r3,/u) AP/Q. In the following we will also refer to the

reduced resistanc8;,/R,,,, whereR,,, is the resistance of the particle-free geometry.

5. Results and discussion:

We start with numerical results presented in Figliee effect ofBq on node resistance is
illustrated in Fig. 6a for the particle-free nodg,{) in configuration 1-3, i.e. the fluid enters
the node by one inlet and leaves by three outla$swell as a loaded nod&,() in
configuration 1-3 withh = 2. In both cases the resistance is an increasingi@umof Bq, and

as expected, the resistance of the loaded nodwgsrlthan the corresponding particle-free
node. This behavior has been observed for all studeometries and configurations. Note
that most of the resistance increase is observéadnathe Bq range 1-1000. In Fig 6b, the
reduced resistanck, /R, is plotted as a function d#q for severall values in the range
2 < A< 2.7, 1.e. which corresponds to situations where théensurface is deformed by the
particle, the latter being centered with respedht®node geometng, /R,, are decreasing
functions ofBq due the fact that the relative increaseiyf,(Bq) is stronger than the relative

increase oRk,,(Bq). The effect ofBq is all the more pronounced thais high. Calculations



(not presented in Fig. 6b) for configurations 2-2da3-1 have shown that the flow
configuration has a very weak influence Bp/R,,, when the particle is centered. Fig. 6¢
shows a similar plot foi < 2. We have reported results for both 1-3 and 3-Xigorations
(calculations for the 2-2 configuration — not refedrin the figure — have provided values very
close to the 1-3 configuration). AgaiR, /R,,, are decreasing functions Bf;. As expected,
within this A range(1 < 2), the effect of the flow configuration is very poamced: in the 1-3
configuration, the particle clogs only one of theeke outlets, so that the fluid flows through
the two others free-outlets, whereas in the 3-figoration the unique outlet is clogged. We
now focus on the 1-3 configuration, which is alee bne corresponding to the single node
experiment. In Fig. 7 the reduced resistance itgdoagainsl for A < 2. Numerical results
are presented for sever8Blg values. Experimental data obtained from the sinubele
experiment are also reported for comparison. Thierlare in reasonable agreement with
numericalR, /R, values calculated foBq = 10 and Bq = 100, whereas those calculated
for Bq =1 andBq = 1000 deviate from experimental data. In order to sayerabout the
relevant range oBq values for comparison with experiments, data epoading to the
measured dimensionless resistance of the partieterfode 12] are reported in Fig. 6a. This
shows that experimental values are consistent mutherical resistances calculated witi
values within the range 10-100. Therefore, for bptrticle-free and loaded nodes, the
relevantBq range has to be set between 10 and 100. The pondisig values fou, are
respectively6. 1076 and60.10~¢ kg.s'. These values are at least two orders of magnitude
larger than those generally accepted for Plateatdelo® geometriesLp]. Note thatrp;, values
are respectively 0.6 and 1.2 mm for the numerical the experimental nodes so that a
variation of u; by a factor 2 is expected between the two systEms givenBq value.
Obviously, this variation is contained within theumds defined byq = 10 andBq = 100.

As already pointed outl]], us should be thought in terms of effective parametdrpse
value has to be adapted to flow conditions imposedhe liquid surface. Flows at node
surface are known to differ significantly from tleodeveloped at Plateau border surface. In
particular, significant surfactant adsorption/deson phenomena are expected to reduce the
surface mobility of nodesLp], which is in consistent witlp, values provided by the present
study. Although consideringg; as an adaptive parameter is not fully satisfactamythe
fundamental point of view, this approach has howgvevided some basic understanding of
foam drainage 13] and the present work goes one step further ineieuation of the

relevance ofug. Having identified the appropriate range @of values to be used in the



numerical simulation, we now turn to the resultsvided by the foam experiment. The size
rpp IN the studied foam are 4 to 6 times smaller thgrused in the simulation. Although this
variation should be accounted for when comparingearmental data to calculations, the
expected effect is contained within the boundsmgefibyBq = 10 andBg = 100.

The results for the reduced permeability of pastielden foams are presented in Figks8.
decreases as a function g¢f,; (we recall thatg,, is the particle volume fraction
corresponding to one particle per foam node). Deisavior due to particle loading is usually
observed for solid porous media, such as filtersefcample. We will try to quantify the
observed decrease for loaded foams with respettteio solid counterpart. First of all, we
compare the experimental data to numerical res@kseach foam node is loaded with one

particle, the inverse of the reduced foam permigpbil.e. ko/k(<pp,1), is equal to the

reduced node resistan®g /R,,,. The comparison is presented in Fig. 9 as a fanabif .
The agreement is reasonable using.Afer 2, the numerical values for the 3-1 configuration
at Bq = 10 (upper bound) and the 1-3 configurationBgt= 100 (lower bound). The whole
set of data shows that the reduced node resisianoeases up to 7 akis close to 2.7.
WhereasR, /R,,, values corresponding to the node experiment amsistent with numerical
values for the 1-3 configuration, values obtainexaif the foam experiment are between those
for the 1-3 and the 3-1 configurations, which actsuor the averaging effect induced by
foam (we recall that results for the 2-2 configimatare very close to those of the 1-3
configuration). At this stage, we have no rigoroesy to calculate the average values from
numerical data obtained with 1-3 and the 3-1 camégons, but in considering both upper
and lower bounds of Fig. 9, experimental data cdndddescribed by a contribution of 50%
for each value. In order to carry on the comparisbrthe results, we report in Fig. 8
numerical data obtained fot > 2 (for which configurations 1-3, 2-2 and 3-1 are igglent)

for several values dBq. Bq = 25 is used to fit experimental resuls; = 1 is used to show
the limit of very mobile interfaces, angly = 10" is used to show the limit of non-mobile
interfaces. We also resort to the Carman-Kozenyehfld] to estimate the permeability
decrease. It is based on the specific surface &yeee. the surface area in contact the fluid
divided by the volume; of the porous medium. In foam, = vy,,/¢, and when considering
one foam bubble of diametéy, surrounded by the corresponding volume fractiohpfid:

v, = sy D,/6¢, Wwheres, = tDZ. The specific surface area of the particle-fremndchas been

estimated to bd; r,,m = 3.88/D, for ¢ = 0.9 [20]. The additional specific surface area due



the particles ig6¢/D,) S,/so, wWheres,, is the surface area of the particles. As there6are
nodes per foam bubbléf| and 1 particle per node for the present stsilys, = 6 d3/Dj.
Whena > 2, the node surface is deformed by the particleshasvn in Fig. 10b, and ¢4,

is consequently modified. This evolution is detered from theSurface Evolvecalculations
and it is formulated in terms of a shape fadgfA) which is the ratio between non-deformed
and deformed node surface aredsy,qm(4) = 3.88 - F,(4)/D,. Moreover, four contacts
form between the particle and the node surface thadcorresponding surface area from
Surface Evolvecan be writtens,, - F-(1). Their negative contribution to the global specifi
surface area is2F¢(1) - (6¢/Dy) - 6 df,/Dg. The evolution of the two shape factafy @nd

Fr) are plotted in Fig.10a as a functionAofThen, according to the Carman-Kozeny model,

the permeability of the loaded foamkis= [(1 — ¢)(1 — <pp,1)]3/CCKA§, where the Carman-
Kozeny constanf. x has been shown to be equal to 5 for foahtk [Finally, the dependence

of the foam permeability on the particle volumectian ¢,, ; reads:

k 1-)3(1—0,,)
F — ( ¢) ( (pp,l) (qu)
b

, \1/312
Cex [3.88Tn + (1 -2F)(6%p(1 — )22 ,) ]

Eq. 3 is plotted in Fig. 9. Far> 2 (equivalentlyp, ; = 0.15) the Carman-Kozeny model is
close to the numerical values obtained Bar= 10*. Both curves describe the permeability
reduction for foams with non-mobile interfaces. &lthtat the Carman-Kozeny curve is above
experimental data withithe full range of investigated values. This clearly shows that

interfacial mobility in foams emphasizes the effeicparticle loading.

6. Conclusion

The reduction of permeability as a function paetidading has been investigated for foams
incorporating one particle per foam node, and iovwahg for the particle to bubble size ratio
to increase. Both experimental and numerical resafovide a good understanding of the
mechanisms that set the permeability of such pesaclen foams. With respect to their solid
counterpart, these foams clog more efficiently faio reasons: (i) the deformation of
interfaces allows for larger particles to be inavgted within the interstitial network and (ii),
the interfacial mobility contributes to lower theduced permeability. The first effect owns to

the way we have loaded the foams, i.e. each nod&ios one particle and the particle-to-



node size ratio is increased. The second one isadthee mobility contrast between foam and

particles surfaces and it is expected to apply edeatthe loading configuration.

Aknowledgements

We

thank D. Hautemayou and C. Méziere for techrsaglport. We are sincerely grateful to

Simon Cox for help in first steps with Surface Bxasl We gratefully acknowledge financial
support from Agence Nationale de la Recherche (@Gxen ANR-13-RMNP-0003-01) and
French Space Agency (convention CNES/70980).

References

[1]

[2]
[3]

[4]
[5]

[6]
[7]
[8]

[9]

[10]
[11]
[12]

[13]

[14]
[15]

[16]
[17]
[18]
[19]

[20]

C. Tien,Granular Filtration of Aerosols and Hydroso{Butterworths, Boston, 1989); L.

J. Zeman and A. L. ZydneyMicrofiltration and Ultrafiltration: Principles and
Applications(Marcel Dekker, New York, 1996).

L. M McDowell-Boyer, J. R. Hunt, N. SitavWater Resour. Resl986,22, 1901-1921.
C. Ghidaglia, L. de Arcangelis, J. Hinch, akd Guazzelli, Phys. Rev. B3, R3028
(1996)

N. Roussel, Thi Lien Huong Nguyen and P. Coud2hys. Rev. Lett2007,98, 114502.
H. M. Wyss, D. L. Blair, J. F. Morris, H. A.téne, and D. A. WeitzPhys. Rev. F2006,
74, 061402; K. V. Sharp and R. J. Adriaicrofluid. Nanofluid, 2005,1, 376.

S. A. Koehler, S. Hilgenfeldt, and H. A. Stoh@ngmuir, 2000,16, 6327.

N. Louvet, R. Hohler and O. PitoiBhys. Rev. F2010,82, 041405.

Y. Khidas, B. Haffner and O. Pitois, submittedSoft Matter

(http://arxiv.org/abs/1312.6511).

B. Haffner, Y. Khidas, O. PitoisSoft Matter 2014 (DO1 10.1039/C4SMO00049H)
E. Lorenceau, N. Louvet, F. Rouyer, and OoiBjEur. Phys. J. E2009,28, 293-304.
O. Pitais, C. Fritz , and M. Vignes-Adlek, Colloid Interface Sci2005,282, 458—65.
O. Pitois, N. Louvet, E. Lorenceau, and F. fRauJ. Colloid Interface Sci2008,322,
675-77
D. Weaire and S. Hutzler, The physics of foaf@xford University Press, United
Kingdom, 2000); I. Cantat, S. Cohen-Addad, F. EllesGraner, R. Hohler, O. Pitois, F.
Rouyer, and A. Saint-Jalmes, Foams - Structure dymémics, Ed. S. Cox (Oxford
University Press, United Kingdom, 2013).
K. Brakke,Exp. Math 1992,1, 141.
R. A. Leonard and R. LemlickAIChE J, 1965, 11, 18-25; R. A. Leonard and R.
Lemlich, AIChE J, 1965,11, 25-29.
S. Cohen-Addad, R. Hohler, and O. Pitéianu. Rev. Fluid Mech2013,45, 241-67.
P. Stevensord. Colloid Interface Sci 2005,290, 603—-610.
O. Pitois, N. Louvet, and F. Rouyé&nr. Phys. J. £2009,30, 27-35.
J. Kozeny,Ber. Wien Akad 1927,136, 271; P.C. Carmanlrans. Inst. Chem. Eng

1937,15, 150.
O. Pitais, E. Lorenceau, N. Louvet, and Fulger,Langmuir, 2009,25, 97-100.



solid

Pb2 particle

Fig 1: (a) Image of the node (the interior is détém by the red dashed line) and the four Plateadédrs studied

in the so-called “single node experiment”. The nad@tains one solid spherical bead of diameter 480
located against one of the three outlets. Arrow®nskhe direction of liquid flow. The measurementtbé
pressure required to impose a given liquid flowerallows for the node hydrodynamic resistance to be
determined (see [12] for more details about theedrpental procedure). (b) lllustration of a padithden
foams 0, = 560 pmd, = 80 pm). Note that in order to view inside the sknihe foam has partially drained.
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Fig 2: Temporal evolution of the reduced heightligfiid drained out of the foam for particle-freB, (=
510 um, ¢ = 0.9), and particle-laden foam®,(= 510 um,¢ = 0.9, d, = 80 um, ¢, = 0.2). hy’ is the
equilibrium value ofi(t) for the particle-free curve.
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Fig. 4: Top and front views of clogged nodes siredabySurface Evolve(left) A = 1.20 (right)A = 2.30



Fig. 5: Comsol Multiphysicscalculations of flows through nodes clogged witheoparticle withpg =

1075kg.s™* — Bq = 20: (@)A = 1.57, vn,=0.875 mm/s; (b). = 2.30, v;,,=0.308 mm/s.
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Fig 6: Hydrodynamic resistances of particle-fred &aded geometries obtained numerically when feriters

the node by one inlet and leaves by three outle® ¢onfiguration). (a) Dimensionless resistance fisnction

of the Boussinesq number. The loaded node corrésptmt = 2.01. The shaded area highlights the node
resistances obtained from the empsingjle node experiment[12] as well as the corresponding range of
Boussinesq numbers. (b) Reduced resistances ofedoatbdes (the resistance is divided by the one
corresponding to the particle-free node) as a fanadf the Boussinesq number for several values of the
rangeld > 2, i.e. the particle is centered and deforms theersdface. (c) Reduced resistances of loaded nodes
as a function of the Boussinesq number for seveahles of2 in the rangei < 2. As the particle is small
enough to have several positions, we present sesbliined for the two relevant positions: 3-1 gunfation
(filled symbols), i.e. the particle is against thatlet; 1-3configuration (open symbols), i.e. tlaatjzle is against

one of the three outlets.
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Fig 7: Numerical hydrodynamic resistances of loagedmetries compared to data provided by #iegle node
experiment’as a function ofl. Within that range oft values, the node surfaces are not deformed. Nuaieri
calculations correspond to the experimental sitmatie. 1-3 configuration, where fluid enters tiadle by one
inlet and leaves by three outlets as the partgkgainst one of the three outlets. Several Boesginalues are
considered.
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Fig 8: Experimental results for the reduced perriigalnf particle-laden foams as a function of tharticle
volume fraction. In the present loading configuwati each foam node is filled with one particle. MNuital
results obtained foBg = 10%, Bq = 25 andBq = 1000 are plotted for comparisord & 2) as well as eq. 3.
Interfacial mobility of foams intensifies the effeaf particle loading on clogging.
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Fig 9: Numerical hydrodynamic resistances of loagedmetries compared to experimental data (singtke n
and foam experiments) as a functiomoNumerical results are presented for two Boussimesnbers and two
flow configurations.Bq = 10: 1 < 2 and 3-1 configuration (dashed lind)< 2 and 1-3 configuration (dotted
line), : 2 > 2 (continuous line)Bq = 100: 2 < 2 and 1-3 configuration (dashed line}, > 2 (continuous line).
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Fig 10: Surface Evolveralculations for the deformed node geometriesA{dependence of both the reduced
node surface aredf§) and the reduced contact aréEfI between the particle and the node surface. (b)
Superposition of the deformed (red) node surface @.7) and non-deformed (blue) node surface.



