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Capture of particlesin soft porous media

N. Louvet, R. Héhler and O. Pitois
Université Paris Est, Laboratoire de Physique dextdviaux Divisés et Interfaces, FRE 3300, 5 bvd
Descartes, 77454 Marne la Vallée Cedex 2, France

We investigate the capture of particles in softopsrmedia. Liquid foam constitutes a model system f
such a study, allowing the radii of passage inpihie space to be tuned over several orders of ruaigni
by adjusting the liquid volume fraction. We shownhparticle capture is determined by the coupling of
interstitial liquid flow and network deformationna present a simple model of the capture proceats th

shows good agreement with our experimental data.

DOl

The capture of particles in porous media is widely The

encountered in technological processes of solidsaetion
from suspensions [1], as well as in natural phemare].
Particle capture is intimately related to cloggofghe pores
and leads generally to harmful effects such as pehility
reduction during water flooding operations in thegrpleum
industry or during recharge of aquifer€logging is a
complex phenomenon
parameters that

have been partially decoupled

PACS numbers:

foaming solution contains 3 g/L of
TetradecylTrimethyl-Ammonium Bromide (TTAB) in
distilled water. Density and shear viscosity of thek
are respectivelyp= 1000 kg/m and;7 = 10° Pa.s. The
surface tension of the liquid/gas interfaceyiss 38
mN/m. The foam is made in a Perspex tube (lerigth:
60cm and cross-sectional ar&s= 25cnf) by injecting

involving a large number ofslowly perfluorohexane saturated nitrogen gas thto
IAqueous solution with a syringe needle. This method

experiments conducted on model systems, such asdfed yields foams with monodisperse bubbles, and the

solid spheres [3], sieves [4] or solid channels. [bhe
capture of particles is generally modelled in terfisize

presence of perfluorohexane stops the bubble size
evolution due to coarsening on the time scale af ou

exclusion mechanisms, involving a single particle or measurements. Changing the syringe needle siagsallo

particles aggregates [4, 5]. In these studies,effects of
pores deformation were not taken into account, ¢klengh

us to vary the bubble radid® in the range 0.5-2mm.
Once the foam has filled the tube and after a free

many porous materials can deform leading to complegrainage step, a single spherical particle of mdjus

elasto-hydrodynamic phenomena [6]. Moreover, irtaier

inserted and trapped at mid-height in the foam $emp

cases, the deformation of the porous network isy verusing a thin glass capillary. The solid particleattwe

pronounced, as in unconsolidated soils or in istcally
soft networks, such as biological tissues and bleeskels
[7]. For soft systems, the pusé&ze exclusiorriterion is not
able to predict the capture of particles and a nymeeral
theory is required.

Liquid foams can be considered as soft porous riadger
exhibiting fine liquid channels between gas bubblEise
main asset of foams is their capacity to adjustadyically
the channel size over several orders of magnitude,
response to changes in interstitial liquid flow dibions [8,
9]. Moreover,
suspended in the liquid flowing through the gashbed, as
reported for a broad range of systems [10]. Thidige
retention stabilizes foamed pastes, suspensions
emulsions, which have many applications in industry

In the work presented here, we study particle capi
liquid foam, used as a soft porous medium moded rEulii
of passage in its pore space are tuned over afange and
the resulting capture mechanism is shown to depenthe
coupling of interstitial liquid flow and network figmation.
We present a simple model of this coupling thateds the

foam channels can capture particle

use are green fluorescent polystyrene spheres avith
density o, = 1050 kg/m. As p/p =1.05, the gravity
force acting on particles will be neglected in the
following. The sphere radius, is chosen in the range
from 25 to 170um and it is sorted by video-micrgsco
to obtain a standard error less than 3%. Thenypiper
part of the foam is wetted by a constant liquidviate,

Q, or equivalently a liquid fluxy, = Q/S. Under these
steady drainage conditions, the foam liquid fractig

é's uniform throughout the whole sample, and itaigas
related to Vy through the foam permeabilityK.

Introducing the characteristic liquid velocity,
M =pgR/n, and the dimensionless foam
permeability, Ro= K/R?, one can write:

Vy = R{e)V7 or £ = RO (v, /v7) (1)

where R0 is the inverse function o This latter
quantity has been already determined for the fogmin

basicsize exclusiomriterion to a more general one, showing gq|,tion used in this work and it is published elsere

good agreement with our experimental data.

[11]. Thus, in this experiment, tuning; allows us to
control the foam liquid fraction. For each measwatn



Vq is increased step by steggarting from a low value, until
we observe that the trapped particle is ejecteat fiwe foam
sample. Using this procedure we determine the ioelat
betweenV; or & and the radius of capturg,,; of the foam,

defined aghe radiusrs of the particles ejected under these

conditions. Such measurements are performed fam$o
made with three different bubble radii (0.55mm,5hvn
and 2.15mm) and for several particle radii. In FeQ,rcap

is plotted as a function &fy andR. The radius of capture
increases with botWy andR, and it varies over almost one
order of magnitude. In the following, we interpaatd we
model these data.
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Fig. 1: Capture radius of foams vs. liquid flux.dle radiusR
(®) 0.55mm, @) 1.45mm, ¢) 2.15mm. Full lines correspond to eq.
(8). Dashed-line corresponds to eq. (4).

As a starting point, the radii of passage withia fham
pore space have to be determined. The geometmgrgfwet
foams resembles that of a sphere packing, andattie of

passage are:Irp :(2\@_1}?. As the liquid fraction is
3
reduced, bubbles flatten at their contacts andréoé of

passage decrease (see Fig. 2). The geometry digthid
network can be described as channels, the so-dal&tedau

borders meeting 4 by 4 at nodes [8]. The size of thes

elements can be determined using tBerface Evolver
software [12]. It is based on the principle thdbam with a
given gas volume in each bubble has an equilibriu
structure such that the interfacial energy is malim
Previous work performed on liquid transport throdgams
has shown the relevance of a geometrical desanifitased
on monodisperse bubbles in a bcc arrangement [8hiw
the range of liquid fraction 8 € < 0.2, the authors reported
the evolution of the mean curvature of Plateau é&wd
which combines the two principal radii of curvatuwfetheir
interface. For low liquid fractions, i.ec<0.02, Plateau
borders are essentially straight channels chaiaeteby a

single radius of curvature, and a corresponding radius
of passage is given by the relation:

£; d(rp/R)2+52(rp/R)3, with 4, ; 13.8
0, ; 145. Recently, however, it has been shown that the
bcc structure is stable at low liquid fractionsygrile.
0<¢<0.05, and that for higher liquid fractions an

energetically more favourable fcc structure s
established throughout the foam sample [13,14].

and
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Fig. 2: Dimensionless radius of passage in foam fagction
of liquid volume fraction. ) and @) correspond to Surface
Evolver calculations for bcc and fcc structurespeesively.
Full-line: eq.(2). Dashed-line: eq.(3). Dotted-lingalues
deduced from [8]. Sketches illustrate the evolufmrthe size
of foam channels.

The monodisperse foams produced in our
experiments look ordered when observed at the aolum
wall. We therefore assume that depending on liquid
fraction, they exhibit fcc or bcc polycrystalline
structures, such as those observed in [13]. However
expect the transition from fcc to bcc structuresaas
function of liquid fraction to be smoother than fally
crystallized samples. Using thé&urface Evolver
software, we simulate bcc structures éot 0.1 and fcc
estructures for > 0.05. In both cases, the radii of pore
passage are determined directly from the simulated
shapes of the Plateau borders (Fig. 2). We profiase

n{ollowing interpolation which is in good agreement

with the bcc and fcc data in the full range £< 0.26:

_ 4A00%+¢

To g (e) = A00°+e
0.45+ 14.4

R

(¢) +1.36° )

Note that our data are close to those deduced f8dm
for £ <0.1. However, a significant deviation is observed
for higher liquid fractions because in [8] only the



evolution for the mean radius of curvature in btocdures
is considered.

Results established for solid porous media offer an

alternative way of estimating the radii of passagéoams.
Johnson et al. have introduced an effective podausa\

, _ NG NE L
sk A=2f [E(Hfav/[ |E(H[ ds, which is a
volume-to-surface pore ratio with a measure weigHig

1
the local value of the electric fieIE(F) in a conduction

pore

rcapt -
AR 1 4
Using egs (1) and (2), eq. (4) is plotted in FigThe
comparison with the measured data shows that at low
liquid flux, particle capture is indeed governed &y
purely geometrical criterion. However, as the ldjui
flux increases, experimental data deviate from this

process.A can be viewed as a dynamically weightedsimple criterion, especially for large bubbles. The

hydraulic radius. In contrast to the purely geomatr
hydraulic radius,ry =(V/S) __, this weighting eliminates
contributions from the stagnant regions of the pgpace
that do not contribute significantly to transporfs
demonstrated in [16],A responds indeed directly to
variations of the constrictions size in the poracs i.e. the
radius of passage of the poras:: A . Interestingly, this

pore

transition between theaptured stateand thefree state

for particles in foam can be explained by the bedaof
viscous drag, which drives the particles through th
foam channels, and capillary forces opposed to the
particle motion at channel constrictions smallentithe
particle diameter. We now describe ttmedrodynamic
breakthroughof the particle quantitatively, based on
capillary and viscous forces.

length can be deduced from both permeability and

conductivity measurements for a given porous medium

A=mi{8Ka,/o)'?, where o the
conductivity of the sampleg; is that of the pore fluid, and

mis a constant of order unity [17]. We propose tmdel the
radius of passage in foam with the relation:

is electrical

r, =m'8K g, /a)"* 3)

parlicle
particle surface
rS
bubble surface
. contact
77777777 cul plane ared x,, v,
xy) 3 |
contact S~
area 0 =
channel 0 X
cross-section Yy r »

wherem’ is a constant. A complete set of data for the

electrical conductivity of liquid foams and emulssohas
recently been published and an empirical formuls ieen
provided for the electrical conductivity as a fuont of
liquid fraction [18]. Data for the permeability tdams with
interfaces that mimic the solid walls of a porousdmim
where the liquid velocity vanishes at the pore atef can
be found in [11, 19]. We describe these experimieptallts
using the empirical expression®®: abfe®, with adjusted
parameters: a=2.841¢°, b=147 and c=19. The
determination ofr, with eq.(3) requires the constamt to

be adjusted. We choos®’ = 0.73, such that values
provided by eq.(3) match those deduced from [&handry

foam limit € < 0.01 where the radius of passage is precisely

known. As illustrated in Fig. 2, eq.(3) and eq.@p in

remarkable agreement, suggesting that the interpolaf

bcc and fcc structures proposed here correctly riesc
how the channel size of monodisperse foams evoivése

full range of liquid fractions. This result alsoggests that
the modification of the channel network with ligdrdction,

expressed in terms of channel length and node tworde,

is similar for ordered and disordered structures.

We now compare the radii of capturg,, measured as a
function of ¢, to the variation of, with € described by eq
(2). In view of this equation, a geometrical captariterion
leapt =1 p» Would predict:

Fig. 3: Drawing of the particle at the entrance aoffoam
channel. Left: view along the channel axis. Righiew
perpendicular to the channel axis

Let us consider a simple geometrical model for the
foam pore structure: in the cut plane of Fig.3, the
entrance of a channel is bounded by bubble intesfac
with a radius of curvaturey given by ry/r, =C,
where C is a geometrical constant. In the frameigf3
(right), the position of a sphere centradthe entrance
of the channel has dimensionless coordinates:
X;=x/r,=1+C and Y, =/t . As the sphere
enters the channel, it touches the bubble surfémes
Y, =Y given by YE:\/(C+ t/r,) —(1+C)* .
Because the bubble surface is ‘soft’, this georoairi
limit of the particle motion can be overpassed, i.e
Y, <Y, and we assume that the resulting deformed
bubble surface fits the sphere surface. Conseqguentl

the capillary force acting on the sphere along the
channel axis can be written:

Feap = 3PeapScsin(68) (5)



where R,, is the bubble capillary pressureg is the
projected contact aread =tan[Y,/(1+C)] is the polar

angle (see Fig.3) and the coefficient 3 accountshie three
contacting bubbles that form the foam channel. No#¢ as
Y, decreases, the contact area

increases whebeas the great

breakthrough is more efficient. The second term of
eq.(8) increases the radius of capture by 50% lzbiten
value for solid filters. For practical use, FigHosvs the
theoretical radius of capture as a functiorvpfand R,
obtained using eq.(1). This representation clestryws
benefit of wusing foams in filtering

decreases, so that the sphere experiences a maxim@pplications: a dynamical control of the radius of

capillary force. Simple geometrical consideratishsw that
the maximum capillary force is related tg'r, and C by:

2
Pap'p 2

F
capmax :E’C—Z/s( rs/rp qyvA (6)

with g = 5/8. As we consider small Reynolds numbers, the

viscous drag force is modeled by:

Fvisq = CU";H | (7)

where ¢ is the drag coefficient (which depends on the

boundary condition at the channel surface) andV; /¢ is

the mean liquid velocity in the foam pore spacesuksing
that capillary and viscous forces balance at thasition
between thecaptured stateand thefree statewe obtain a
general capture criterion:

rcapt

_ rcapt _ Vil
= =1l+af (€)Cad 8
r. AR € ®
Ca=nV'/y=pgR/y is the capillary number,

capture can be achieved by changing the flow réte o
the filtered particle suspension.
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Fig. 4: Ratio of capture radius to passage radsus fnction
of liquid volume fraction. The Bubble radiuR is (e)
0.55mm, @) 1.45mm, ¢) 2.15mm. The Full lines correspond
to eq.(8).

a =(ZCC%/19)B is a constant considered as a fit parameter TO conclude, we have derived a criterion for péatic

in the following. f (¢) :(IQ/}?‘glﬂc/gpAo)ﬂ is a function of the

liquid fraction only, whereP%, = a0/ (V/ R is given in

capture in soft porous media, generalizing thesitas
size exclusioreriterion of solid filters. We have shown
that liquid foams are remarkable filtering matesjal
allowing the capture radius to be tuned dynamically

[20] and K in [11] for the same foaming solution we use inover one order of magnitude. In this regard, ourkwo

this study. Note that Eq.(8) includes the geomatrapture
criterion given by eq.(4). In Fig.4, experimentatal are
compared to eq.(8) with = 11.6. Both C and are required

opens a new way in the design of ‘soft’ filtering
materials.
We gratefully acknowledge financial support from

to determine o in eq.(8). An estimation based on SurfaceAgence Nationale de la Recherche (ANR-05-JCJC-

Evolver simulations yieldsC = 20— 30, which correspond

to 3 to 5 times the radius of curvature of the cl@hn

constriction [21]. A Recent experimental study aimall
particles settling in Plateau borders (formed viith same
foaming solution as in this work) has provided #ugafor
the drag coefficient = 73, for the limit caser,/r, close to

unity [22]. Taking these values for C aneve obtaina = 8,
which is in reasonable agreement with the fittedieaFig.4
shows the effects of both liquid fraction and dapjl
number: (i) the so-calledize exclusiorcriterion of solid
filters, i.e. rep/rp, =1, is observed at smalta and smalk;

(i) as bothCa and ¢

capillary forces increases and the

increase, the ratio of viscous to
hydrodynamic
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