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Rapid settling of a colloidal gel
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We study the rapid collapse of gels formed from strongly aggregating colloidal suspensions. This gravity-
driven collapse is associated with the apparition of fractures in the bulk of the gels that provide an easy route
to the gel-supernatant interface for the solvent and are the cause for the strong increase of the settling velocity.
We propose a model that connects the apparition of a fracture in the gel to the settling velocity of the interface.
This description takes into account the microscopic structure of the gel and is consistent with the experimental
results.
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The gravity-driven collapse of gels formed from aggreg
ing colloidal suspensions has been observed in system
which aggregation is induced by different natures of inter
tions ~van der Waals forces, depletion-induced attraction!
@1–5#. Despite these differences, the settling behavior of
resulting gels displays common features whose specifi
has recently aroused interest. The sedimentation is chara
ized by the succession of three velocity regimes: after a
riod during which little or no settling occurs, a rapid collap
is observed that is further followed by the slow compact
of the gel. Formation of channels in the bulk of the gel
well as volcanolike structures at the gel-solvent interface
been observed in different systems during the phase of r
collapse@1,2,5#. The origin and the mechanism of this co
lapse remain unclear. Although a model has recently b
proposed to describe the processes involved in the sud
collapse@6#, it is limited to the case of weakly aggregate
suspensions in which the gel restructures under the actio
thermal motion. Moreover, the link between the apparition
channels within the gel and the sudden increase in the
tling velocity has not been investigated yet.

In this paper we focus on gels formed from strongly a
gregating suspensions, that do not evolve under the actio
thermal motion once they are formed~‘‘permanent gels’’!.
The particle density being large, the action of gravity c
nevertheless affect the gel stability. We have shown in a p
vious paper@2# that the behavior of such gels depends on
particle volume fractionF: at small volume fractions (F
,F* ), aggregates form that further settle individual
whereas at largeF (F.F** ) a stable gel fills the whole
cell. At intermediate values ofF, a gel constituted by a clos
packing of fractal aggregates quickly forms, but it is
brittle that it further settles under the action of its ow
weight. The settling behavior then follows the three regim
described above. Taking into account the microscopic st
ture of the gel and its specific mechanical properties we h
successfully modeled the first and final settling regimes i
previous work@7#. In the present work we propose a descr
tion for the settling velocity in the fast settling regime.
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The colloidal particles are spherical calcium carbon
particles~radiusa535 nm) that are dispersed in deionize
water. A strong stirring of the suspensions during two wee
ensures that the particles are in a well-dispersed state pri
each experiment. The experimental conditions@8# are such
that once in solution the particles are weakly charged, p
ticle interactions therefore result in van der Waals attract
forces. As a consequence, the particles irreversibly aggre
as soon as the stirring of the suspension is stopped.
particle volume fractionF ranges from 0.4% to 0.8%, which
corresponds to the intermediate range within which
formed gel settles (F* ,F,F** ).

The settling cells are made of Plexiglas. They are of re
angular section, of useful heightH570 mm and inner width
d512 mm. Three cells of different lengthsL have been
used: a small one~inner length 30 mm!, a medium one~60
mm!, and a large one~120 mm!. Before each experiment th
cells are entirely filled with the suspension and sealed s
as to eliminate the air from the sample. We thus avoid
presence of an air-suspension meniscus that could hinde
displacement of the interface. The settling of all the us
suspensions~F ranging from 0.4% to 0.8%! has been studied
in the small cell, while experiments in the medium cell we
performed forF50.7% and experiments in the large cell fo
F50.5%, 0.7%, and 0.8%.

The motion of the gel is recorded through a charg
coupled device~CCD! camera that takes views of the widt
to height plane of the cell. Space vs time diagrams are fur
built from the video images by placing side by side on
pixel-wide lines recorded at successive times. The line
parallel to the height of the cell and is placed at a dista
d/4 of one side wall. The position of the interface as a fun
tion of time, h(t), is extracted from the space vs time di
grams. The eruptions are located at the midwidth of the
and can significantly deform the water-gel interface, this
formation is, however, negligible at a distanced/4 from the
side walls, and thus does not appear on the space vs
diagrams. Side views~length to height! of the cell are also
taken by another CCD camera in order to observe the ap
rition of eruptions at the interface.

A typical space vs time diagram is shown in Fig. 1. T
position of the interfaceh(t) is given by the frontier between
the dark~supernatant! and white~gel! zones. The three suc
cessive regimes described above can be distinguished.
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the beginning of the final regime~corresponding to the slow
compaction of the gel! appears in Fig. 1. Equilibrium is
reached within a time scale much larger than that of Fig
~several hours!. Note that owing to the fractal structure of th
aggregates the final height of the sediment is large eve
the moderate volume fractions we work@7#. For instance, it
is of the order of half the initial suspension height forF
50.7%.

Let us now focus on the first and second regimes. The
first settles at a constant velocityvs that depends on the
volume fraction such that

vs;F~12D !/~32D !, ~1!

whereD is the fractal dimension of the aggregates@2#. Note
that numerical and experimental works@9,10# have shown
thatD can vary with the volume fraction~although the nature
of this variation is still an open matter!; this variation is,
however, expected to be smaller than 2% within the limi
range of volume fractions we consider@9#.

In the case of Fig. 1, the slow velocity isvs
55.1mm s21. The slow settling regime is followed by th
rapid collapse of the gel. The beginning of this fast regi
always coincides with the apparition of a small volcanoli
structure at the gel-water interface. Other eruptions can l
appear, their total number depending on the cell size. Fig
1 corresponds to an experiment performed in the small
in which two eruptions are observed as indicated~white ar-

FIG. 1. Space vs time diagram of a settling gel (F50.5%). The
diagram is obtained by recording a vertical single-pixel line at s
cessive times. The dimensions of the diagram corresponds hor
tally to 1770 s and vertically to 74 mm. The frontier between t
dark and white zones corresponds to the water-gel interface pos
as a function of time. It is enhanced by a white line in the first a
second settling regime. The white arrows indicate the occurrenc
eruptions at the surface of the gel.
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rows!. The first one appears at the beginning of the sec
regime and is later followed by a second eruption. After ea
eruption the settling velocity is constant and is of the order
five times larger thanvs . In the case of Fig. 1, the value o
the settling velocity isv f525mm s21 after the first eruption
and 35mm s21 after the second one. A close side view of t
interface showing the apparition of an eruption is display
in Fig. 2. The eruptions are the signature of the opening
fractures within the gel, forming channels that provide
easy route for the upward flow of the solvent. As this flo
erodes the channel, colloidal material is carried to the in
face and forms the observed volcanolike structure. We h
found that the number of eruptions depends on the cell
ometry, whereas it remains constant when the volume fr
tion varies. Two eruptions are observed in the small cell.
the larger cells, the number of eruptions can slightly va
from one experiment to another: 5–7 eruptions occur in
medium cell, and 11–12 in the large cell. In all cells, t
eruptions appear along a line parallel to the length of the
and situated at a distanced/2 from the walls. Since it is
difficult to separate the influence of the formation of t
different fractures on the motion of the interface, we w
herein focus on the settling velocity resulting from the app
rition of a single fracture denoted asv f .

To model its influence on the settling kinetics, we co
sider a fracture as a vertical cylindrical channel of radiusr c ,
as schematized in Fig. 3. Similarly, to macroscopic susp
sions, the settling gel can be roughly divided into two par
a compacted sediment lying in the bottom of the cell and
upper part within which compaction is negligible. Althoug
the particle volume fraction is larger thanF in the bottom of
the cell, it can be considered as uniform and can be ta
equal toF in the other part. The channel of heighthc extends
over the part of the gel that is not compacted at the end of
first settling regime, thus of volume fractionF.

Let us now describe the flow field within the gel. Th
solvent is assumed to freely flow upward through the fr
ture. As a result, in a zone centered on the fracture, the
vent is drained toward the fracture that provides an e
route to the surface. We therefore consider a zone of radix
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FIG. 2. Close view of an eruption at the surface of the settl
gel at different successive times~a!–~d!. The gel appears in gray
and the supernatant in black. The width of the photographs co
sponds to 7.5 mm and the time interval between two photograph
4 s.
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such that inside this zone (r ,x) the solvent flow is mainly
radial. Outside this zone (r .x), the influence of the fracture
is negligible and the solvent flows vertically, as it would
the absence of fractures. Let us now write the pressure
dient in the different zones.

~1! For r .x, the description is identical to that of the fir
settling regime that is detailed elsewhere@2,7#: considering
that the close packing of fractal aggregates of sizej that
constitutes the gel is analogous to a porous medium of
meability k, the vertical component of the pressure gradi
is related to velocity of the solvent in the gel frame throu
Darcy’s law

dP

dz
52

h

k
~12F!~Vz1vs!, ~2!

whereh is the solvent viscosity,Vz the vertical component o
the solvent velocity in the laboratory frame, andvs the ab-
solute value of the particles velocity in the same frame. U
ing flow conservation, the pressure gradient can furtherm
be expressed as a function ofvs only, i.e., dP/dz
52hvx /k. Taking into account the fractal nature of the a
gregates and using the relation between the permeabilik
and sizej eventually yields Eq.~1!, which is in good agree-
ment with the experimental data, as shown in Fig. 4.

FIG. 3. Schematic representation of the fracture as considere
the proposed model. It consists of a vertical cylindrical channe
heighthc and radiusr c through which the solvent flows toward th
gel-water interface. The arrows indicate the direction of the do
nant flow in each region: within a cylindrical zone of radiusx
centered on the fracture the flow is horizontal, whereas it rem
vertical outside this zone.
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pointed out in what precedes, the use of a constant fra
dimension to describe the experimental data of Fig. 4 is
evant within the small range of volume fractions we are co
cerned with.

~2! For r c<r ,x, we assume that the radial compone
Vr of the solvent velocity does not depend on the heighz,
which corresponds to a negligible pressure loss along
fracture. The radial component of the pressure gradient
lows Darcy’s law such that

dP

dr
52

h

k
~12F!Vr~r !. ~3!

Conservation of the fluid flow toward the channel yiel
r cVr(r c)5rVr(r ). Moreover, the displacement of the inte
face at the velocityv f being the consequence of the flow
the channel, the flow rate in the channel is equivalent to
flow rate resulting from the settling of the zone of radiusx,
i.e., 2pr chc(12F)Vr(r c)52px2v f . The radial compo-
nent of the pressure gradient finally writes

dP

dr
51

h

k

x2

2r chc
v f . ~4!

Finally, from the definition ofx, the radial and vertical
components must be equal atr 5x. Using Eq.~2! and~4! we
obtain a relation between the slow and fast settling veloci
that writes

v f

vs
5

2hc

x
. ~5!

in
f

i-

s

FIG. 4. Settling velocitiesvs ~open circles! andv f ~full circles!
as a function of the particle volume fractionF. The experimental
uncertainty uponvs is too small to appear. The full line represen
Eq. ~1! with D52.43. The inset shows the corresponding variatio
of the ratiov f /vs .
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Let us now compare Eq.~5! to the experimental results
Figure 4 shows the variations of both settling velocitiesvs
andv f as a function ofF. The ratiov f /vs remains constan
within the experimental uncertainty and its mean value is
for volume fractions ranging from 0.4% to 0.8%. Note that
Eq. ~5!, the velocityv f represents the interface velocity
the vicinity of the fracture, whereas experimentally we me
sure a mean velocity of the interface in the whole cell. Ho
ever, since the velocityv f is much larger thanvs and the
experiments of Fig. 4 have been performed in the sma
cell, the values of the mean and local velocities are v
close.

In order to check the validity of Eq.~5!, we have esti-
mated the distancex and heighthc . An evaluation ofx is
provided by the observation of the spatial location of t
eruptions in the different cells. Sincex represents the radiu
of the zone of influence of a fracture, two eruptions are
pected to be separated by a distance larger thanx. We have
found in all cells that the distance separating active erupti
is 1262 mm. This value being consistent with the fact th
only one eruption occurs along the widthd512 mm of the
cells, we thus estimate thatx51262 mm. The heighthc can
be deduced from the space vs time diagrams, as show
W
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Fig. 1, small cracks indicated by darker lines appear at
cell wall. These cracks slowly evolve with time at the botto
of the cell, whereas they reproduce the fast interface mo
in the upper part of the gel. We identifyhc with the height of
the gel that follows this fast motion and we have system
cally measured it from the space vs time diagrams. We h
thus found thathc53063 mm, which gives 2hc /x5561.
This value is in good agreement with that found for the ra
v f /vs , which shows the relevancy of the model we propo
Note that the channel radiusr c can moreover be estimate
from the gel properties. It is found to be of the order of a fe
hundreds of micrometers, which is consistent with the
perimental observations and further validates the model.

Using a simple hydrodynamical model allowed us to d
scribe the increase in the settling velocity of a colloidal g
caused by the apparition of fractures within the gel. T
description we propose could be compared to experime
results obtained with other colloidal systems that exh
similar settling behavior.
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