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The sedimentation of spheres in a Newtonian fluid is experimentally studied under creeping flow
conditions. The mean patrticle settling velocity and the particle velocity fluctuations are measured
across the width of the sedimentation cell. We show that there can be a global intrinsic convection
of the suspension superimposed on the settling motion of the particles. Unlike the predictions of the
dilute theories of intrinsic convection, this effect is found to be small and even to disappear with
increasing concentrations. We also find that there is an ordering of the suspension near the wall,
which may be responsible for the observed small magnitude of the convectioh99® American
Institute of PhysicsS1070-663(98)00801-0

I. INTRODUCTION wall. This buoyant particle-depleted layer located at one par-
ticle radius from the wall drives an upward flow near the
Although it can be considered, in principle, as one of thewall. The circulation is completed by a downward return
simplest examples of suspension flow, the problem of parflow in the center. Moreover, when expressed with a bound-
ticle sedimentation in a viscous Newtonian fluid is compli- ary layer formulation, the model shows that the intrinsic con-
cated by the dominance of long-range multibody hydrody-ection reduces to a Poiseuille flow with a slip velocity at the
namic interactions. In particular, the difficulty of determining wall, w, =9Vg¢/4. The predictions of this simple point-
the effect of concentration on the sedimentation velocity of gorce suspension model are in good agreement with those of
suspension of spheres derives from the slow decay of thgeigenmiler and Mazut which have an uniform distribu-

perturbation of the fluid flow caused by a particle. tion of point forces distributed over the surface of the par-
Batchelot was the first to compute, to a first order in ticles.
particle volume fractiong, the particle sedimentation veloc- An attempt has been recently made to incorporate the

ity relative to the average volume velocity, i.e., relative toeffect of particle-wall interactions in a dilute sedimenting
the suspension velocity, in the case of a dilute, random anguspensiofl. The slip velocity at the wall was found to be
infinite suspension in which pair interactions dominate. Heincreased and therefore the intrinsic convection to be inten-
showed that this relative velocity is hindered by particle in-sified. Conversely, when the effect of particle concentration
teractions in particular through the fluid back flow. was included in the point-force suspension model, i.e., in a
Later, Mazur and his co-workers' addressed the ques- model without hydrodynamic interactions, by assuming an
tion of the dependence of the sedimentation velocity on thequilibrium distribution of hard spheres in the near wall re-
shape of the container. They found that the relative sedimergion and using a Percus-Yevick approximation for this dis-
tation velocity is shape independent and has, indeed, thgibution, the slip velocity was found to be considerably de-
value found by Batcheldrbut that there exists a convection creased with increasing concentration and therefore the
of the suspension in which the fluid and the particles moventrinsic convection to be diminished.
together. The amplitude of this convectiorO§Vs¢), where It is the purpose of the present paper to examine whether
Vg is the sedimentation velocity of an isolated sphere, andntrinsic convection can be seen experimentally and, if it
therefore is comparable to the first correction to the sedimerexists, how its amplitude varies with particle concentration.
tation velocity found by Batcheldr. To this end, we have developed an experimental system to
This convection phenomenon which occurs in the sedimeasure the particle sedimentation velocity across the width
mentation of an homogeneous suspension has been callefl the sedimentation cell. This system is derived from that
intrinsic convection Noziaes showed that it could be un- used by Nicolaket all! where marked particles are tracked in
derstood, on a macroscopic level, as a consequence of tleesedimenting suspension of unmarked spheres made opti-
local coupling between the relative velocity field and thecally transparent by matching the index of refraction of the
average volume velocity field. The phenomenological equafluid to that of the glass spheres. If intrinsic convection ex-
tions of Noziees were derived by Noetindeby using the ists, the particles should settle faster in the center of the cell
method of Mazur and van Saarloos to compute the manythan near the side walls. Indeed, this difference should be
sphere hydrodynamic interactiohs. due to the global convection of the suspension which is su-
More recently, Bruneaet al® calculated this convection perimposed on the settling motion of the particles relative to
by using a simple model in which the particles were reprethe suspension, this latter being independent of the shape of
sented by an excluded volume and by point forces at theithe cell.
centers. In this approximation, the deficit in point forces near  In addition to measurement of the variation of the mean
the wall produces a deficit in suspension density near theelocity, this experimental technique also provides the varia-
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tion of the velocity fluctuations across the width of the cell. Typically, about 0.05% of the beads were silvered particles.
No prediction concerning these velocity fluctuations hasA single particle volume fraction of 20% was studied with
been given by theories of intrinsic convection. However,cell 1. Five particle volume fraction®%, 10%, 20%, 30%,
these fluctuations have been found to be of the order of thand 40%) were studied with cell 2. The experimental rela-
mean and to have a diffusive long time behavior, known asive error in particle volume fraction measurements was
hydrodynamic self-diffusion, in experimehts® performed  about 4%.
in the whole cell, i.e., in different regions of the suspension  During the experiments, the cell was held in a fixed po-
across the cell. These fluctuations were shown to be indepesition on a rail and the cell walls were oriented vertically
dent of the size of the settling vesg8l. within 0.05 cm. The cell was uniformly lit from behind and
Since the variation of the particle concentration acrosshe silvered particles were then easily tracked with a charged
the cell width is of fundamental importance for the origin of coupled device camera (5%%512 pixel$ connected to a real
the intrinsic convection, as has been emphasized by thgme digital imaging system. The camera was focused in the
boundary layer approadhwe have also performed light at- median plane of the celmidway between the front and the
tenuation measurements through the suspension across th&ck wallg. The depth of field of the imaging system corre-
cell. These measurements, as well as visualization of the sugponded to the depth of the cel=@ cm). The camera re-
pension, provide information regarding the particle concencorded trajectories of silvered spheres settling in a square
tration variation near the wall. window of approximately 44 cm located in the middle
The present paper is organized as follows. The experiregion of the cell far from the sedimentation front and the
mental techniques are presented in Sec. Il. The experimentgkdiment growth. This window captured the full width of cell
results are described and compared with theoretical predi¢. However, it was not wide enough to comprise the full

tions in Sec. Ill and then discussed in Sec. IV. width of the cell 1. In this case, two sets of experiments were

undertaken. The window was located in the left half-width of
Il. EXPERIMENTAL TECHNIQUES the cell for the first set of experiments and in the right half-
A. Particles and fluid width of the cell for the second. An overlap between the two

) o ~ locations of the window provided measurement continuity.
The particles were glass beads with index of refractionrne size of the silvered particles corresponded to at least 9
1.5190+0.0002, densityp,=2.53+0.02 g/em and radius pixels. In order to reduce the experimental error in the mea-
a=394+ 17 um. This batch of spheres was the same as thalrement of the instantaneous velocity §5»30% with cell
used by Nicolakt al'* and was supplied by the Laboratoire 2, a larger magnification was used which made the silvered

Central des Ponts et ChausseA fraction of these particles particles approximately 17 pixels. Indeed, the experimental

was uniformly silvered so that they could be tracked in thegor jn the measurement of the local particle velocity can

midst of an optically transparent sedimenting suspension gfecome large for high volume fractions with a small image
like particles. The thin coating of silver did not modify the 1o qnification since the particle displacement can be about
particle setiling characteristics. the uncertainty in the measurement of the particle center of

The suspending fluid was an alkyl benzyl phthalate plas-mass during the sampling timsee Nicolaiet al* for fur-

ticizer named Santicizer 278 and produced by Monsantqye, giscyssion regarding sampling problenia this latter
The matching of the refractive index of the fluid with that of case, the window, which could not again comprise the full

the glass beads of the suspension was ensured by aWidth of the cell, was located in an half-width of cell 2.

conditioning thellabc.)rator.y room at 22 °C. At this tem- The experimental procedure was identical for each ex-
perat.ure, the fluid viscosity wag=13=2 P and the fluid periment. It consisted of carefully mixing the suspension,
density qu,)le.qgtp.01 g/crﬁ. allowing the suspension to settle for a short time and then
veIoI(::ic:r tor}'sar(:oigg?ggsgc’: r?;gb“o_l g?d fphfgis}gthe( Stigkestracking the silvered particles as soon as they entered the
A y eration d pherdis= 0”6’3{6 00% 77/9h imaging window. The suspension was mixed with a small
the acceleration due to gravitywas 0. ) cmis(the propeller fixed to the end of a shaft driven by a variable-

Séo:]gs;s'sngqniggy d\;Je /to p\e/lvra“ggnilazltlaecrjIfr?aerzsg?;ghti:ae speed drill motor. The propeller was moved randomly within
Brgwnian Belet nrﬁmibpernév /D, . was very large Dg is the suspension in order to obtain a uniform particle distribu-
S e ST B y large Pg | tion throughout the suspension. We checked the homogene-
the Brownian diffusivity of the sphergs . o . .
ity of the mixing by examining the attenuation of a laser
beam through the suspensi@ee the principle of the light
attenuation technique described in Sec. )l Che mixing
Experiments were performed in two glass walled cellswas stopped when the light attenuation reached a constant
(1 and 2). Cell 1 had a rectangular cross section with awalue in a given location as well as across different locations
inside width b=10.00+0.05 cm, an inside depth of in the suspension. After the cessation of mixing, a short time
4.00+0.05 cm, and a height of 50.60.05 cm. Cell 2 had of approximately 1 min was necessary for the upper front
an inside square cross section of 4005 cm by between the suspension and the clear fluid to form and then
4.00+0.05 cm p=4.00+=0.05) and a height of 50.000.05 particle tracking began. The experiment was terminated
cm. Experiments were carried out by introducing weightedwhen the upper front arrived 7 cm above the imaging win-
amounts of fluid and silvered and unsilvered spheres into thdow. This yielded a recording time during an experiment of
cell until the desired particle volume fraction was reached5—20 min depending upon the volume fraction.

B. Particle tracking
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Additional experiments were performed to examine theconcentration(see for instance the use of this technique in
variation of the settling of a single silvered sphere across théhe case of fluidized betfs'®and in the case of sedimenting
cell containing only the fluid. The sphere was positioned insuspensiors).
the top of the median plane of the cell but at a given location  The experimental set up was identical to that described
from the side of the cell. The sphere was then allowed tan the preceding Sec. Il B. The light attenuation measure-
settle and particle tracking was started as soon as the sphareents were only performed in cell 2 for the five particle
reached the top of the window. The experiment ended whemolume fractiong5%, 10%, 20%, 30%, and 40%). Thell
the sphere reached the bottom of the window. Different exwas again uniformly lit from behind. The suspension was
periments corresponding to different starting locations werearefully mixed and was allowed to settle for a short time
performed. (the same as that used for the particle trackifithe video

To check whether a convection current existed in the celbutput of the camera was set to be linearly proportional to
containing only the fluid, the trajectory of a nearly buoyantthe received light quantity. A horizontal line of 512 pixels
particle was also examined. A small convection current dueorresponding to the full width of the celbr part of its
to a small thermal gradient was found across the cell. It wasvidth) was sampled 1000 times during the same recording
however of the order of I0* cm/s which is significantly less time that was used for particle tracking and then averaged.
than the error in particle velocity measuremefgse Sec. The line was chosen to be located in the middle region of the
HA). cell far from the sedimentation front and the sediment

The imaging system consisted of the video camera congrowth. This measurement provided the gray level intensity
nected to a fast and intelligent image processing and acquéf the light, 1, transmitted through the suspension across the
sition board (Matrox Image 128f) located in a personal cell. The same measurement was performed through the pure
computer operating with a digital imaging software packagdluid and yielded the light intensityl,y, across the cell for
(Visilog 4.1 by Noesis The tracking was achieved in real zero particle volume fraction. The attenuation of the light
time with a specially designed program which allowed thewas then defined bi/1,. Since the index of the suspending
localization of the center of mass of the projection of thefluid was matched with that of the particles, this light attenu-
silvered particle onto the window plane. The horizontal andation was mainly due to light scattering by the surfaces of the
vertical coordinates of the projected center of mass were respheres.
corded as a function of time into a file. The experimental
error in the particle center measurement was of the order db. Visualization of the sedimenting suspension
one pixel. It should be mentioned that the major part of this

. . In order to examine the structure of the suspension, mag-
error comes from the image threshold because of small im-._. . . . .
) . . . o nified pictures of the sedimenting suspension near the wall
perfections in the homogeneity of the cell illumination. On

. . were also recorded with the camera. The depth of field was
the other hand, the resolution of the center of mass is Very, sut 1 cm. Because of the index matching, the bulk of the
precise ¢-0.1 p'X.E’ls' The samplmg time, that is the time lEz)articles was nearly transparent. Conversely, the rim of the
2?gvierI1tt\;vr?oﬁ‘ladrtlt?éerﬁi?ntt(ieornrsgotfall??si’shggn?nliivetriﬁee \\,ﬂ é)erojected particles could be clearly observed, therefore pro-

' : . ping viding information about the suspension microstructure near
always smaller than the time a test particle takes to traver

S
the recording windowbetween 2 min and 7 min depending fhe wall.
upon the particle volume fractipnTypically 1000 particle
trajectories were recorded for each volume fraction. How-“l' EXPERIMENTAL RESULTS
ever, since the objective of the experiments was to study th&. Statistical analysis of particle trajectories
variation of particle velocity across the width of the cell, we

only selected particles located in the middle depth of the Ce"window containing the full cell width for cell 2 ap=20%
We visually chose particles located between the m'ddlqn Fig. 1. The trajectories are rather tortuous and present

depth plane and a plang Iocateq at5 mm fr'om the inner fror\tnany loops as previously noted by Nicotgial 1 Since one
v_vaII of t_he ce_II. Alter t_h|3 selec_t|on, apprommate_ly _500 PA” of the objectives of this work was to measure the variation of
fucle trajectories remained, which provide a statistically Sat'the mean velocity and the velocity fluctuations across the cell
isfactory data ensembl_e. e . . width, this recording window was divided in 4 mm wide

. ExcepF for some slight modlf!cat|ons,l}h|s tracking teCh'(~10 particle radius widevertical slices as indicated in Fig.
nique replicated th"."t used by N|.colai al. whgrg further 1 and therefore the square section cell width was divided into
details of the experimental technique and statistical analysef0 slices. At the large concentrations for which a larger mag-
may be found. nification was used, the window corresponding to half of the
square cell was divided into 5 slices. In the case of the rect-
angular section cell 1, the recording window which contains

In order to examine the variation of the particle concen-only half of the cell width was divided in 5 mm wide-(12

tration across the cell, measurements of the attenuation gfarticle radius widgvertical slices and therefore, after com-
light through the suspension across the cell were performelining the results of two half-width windows, the full width
with the imaging system. The basic principle behind thisof the cell was finally divided into 20 slices.
light attenuation technique is that the amount of light attenu-  Horizontal and vertical instantaneous velocities of a par-
ation by particles in a suspension is a function of the particldicle were calculated over each sampling time. Mean and

Typical particle trajectories are presented in the4cm

C. Light attenuation measurements
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Position (/Cell width) tion x has been normalized by the width of the cell

0 02 04 06 0.8 1 (=b=10.00=0.05 cnj. The horizontal positionsx, of the
0 experimental data correspond to the centers of the slices.
\ J Clearly, the mean vertical particle velocity varies across the
— cell. The particles settle faster in the center of the cell than
% 0.2 1 near the side walls. This finding demonstrates the existence
s of a global intrinsic convection in the cell. The measured
= 0.4 mean horizontal velocities are zero within error bars across
S \ the cell width.
‘;’ 06 4 In Fig. 2(a), the experimental results are also compared
o - with the theoretical predictions for the same three-
"5,' dimensional rectangular section cell in the case of dilute sus-
& 0.8 1 pensiongwithout hydrodynamic interactionsThe theoreti-
N { / cal computation is derived from the classical expression for a
i Poisedille flow in a three-dimensional rectangular section

_ S _ cell with a slip velocity at the wallw, =9Vs$/4.1° It pro-
FIG. 1. Typical particle trajectories for cell 2 gt=20%. The coordinates vides the variation of the suspension velocity, i.e., the veloc-
are normalized by the cell widtth, . . . . ’ ’
ity of the mixture of the particles and fluid, across the cell.
To obtain the variation of the particle settling velocity, the

standard deviation,VV,)(x) and va(x), respectively, of the particle velocity relative to the suspension velocity, which is

instantaneous velocities for all times and all tracked particleShaPe independent and is equal(i,) (average over the
located in the slice were then determined. Here and in the Whole cell width, must be added to this suspension velocity.
remainder of the paper, the brackéts mean ensemble av- The vertical velocity in the center of the measurement zone
erage. Typically, for each slice, the number of instantaneou® Plane located 12.5 mm from the inner front wall of the
velocities was of the order of 5000 for the rectangular cell 1¢€ll) and the more realistic velocity averaged over the mea-
and 3000 for the square cell 2. We also computed the mea$Hrement zongbetween the middle depth plane and a plane
and standard deviatioV,) and oy, respectively, of the located at 5 mm from the inner front wall of the geflave

instantaneous velocities for all times and all tracked particle?een computed. There is so little difference between these

across the entire cell width. We checked that the histogram®© the_oretlcoal velocities that the two curves cannot be
of the velocities, in each slice as well as in the whole Ce”dlstlngmsheol. The shape of the theoretical flow is in quali-

width, were all found to be very smooth and approximatelytative agreement with the experimental data. However, the

Gaussian, and therefore well represented by the mean arnplitude of the experimental intrinsic convection is much
standard deviation. smaller than that predicted. It corresponds to 12% of the

The experimental errors in the mean and standard devidheoretical prediction. . _ .
tion were also estimated by computing the usual propagation 1he variations of the horizontal and vertical particle ve-
of errors in simple measurements, such as the particle coolCity fluctuations,oy,  (x) and oy (X), respectively, nor-
dinates and sampling time. We also computed the statisticamalized by(V,), with the horizontal positiorx/b are pre-
error in the mean, i.e., the 68% confidence limit, as the stansented in Fig. &) for the rectangular cell 1 a#h=20%.
dard deviation divided by the square root of the number oBoth fluctuations seem approximately constant in the center
uncorrelated instantaneous velocities. We assumed that tloé the cell and present a decrease near the side walls. The
local velocities remain correlated only during the time for therelative vertical particle velocity quctuatione,VpH(x)/(VpH>

velocity autocorrelation function to drop to the noise level. x(x), do not seem to vary significantly across the §stle
This time was chosen to be that found by Nico#ial"™™  Fig. 2(c)]. The fluctuation anisotropyy, (X)/av, (x), is

§~6O%/\_/5) hfor ?1" |V°|ur|'|1e _fract|ohns in _ex_pelrlments _perr-] approximately constant in the center of the cell and increases
ormed in the whole cell. Since the statistical errors in the, oo 1o side wallssee Fig. )],

mean were always found to be Iarger than the experimental It is interesting to notice that the experimental mean ve-
erors in the mean, they were considered the more TEPrese|yities and velocity fluctuations over the entire ceidth

tative. (see Table)lare in good agreement with those measured by
Nicolai et al!! in the middle width of the same rectangular

B. Influence of the shape of the cell on particle cell but over the celtlepthat the same volume fraction and

velocity for the same fluid and particlgsee their Table)! This in-

The variations of the mean horizontal and vertical par-dicates the perfect reproducibility of the experiments. It also
ticle velocities, (V,,; )(x) and (Vp)(x), respectively, with — confirms that by averaging local velocities over the width or
the horizontal positionx (measured from the left inside side over the depth of the cell, i.e., by averaging out the intrinsic
of the cel) are displayed in Fig. @) for the rectangular cell convection, one indeed obtains the mean particle velocity
1 at $=20%. The velocities have been normalized by therelative to the suspension. It should be mentioned that, to
mean settling velocity(V), for all instantaneous vertical obtain the correct measurement of the mean particle velocity
velocities across the entire cell width. The horizontal posi-relative to the suspension, one would need to average over
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FIG. 2. Results versus/b for cell 1 at$=20%: () Normalized mean horizontal and vertical particle velocitig,, )(x)/(Vp) (O) and(Vy)(X)/{(Vy)

(@), respectively(the solid curve is the theoretical vertical velocity in the center of the measurement zone and the dashed curve is the theoretical vertical
velocity averaged over the measurement zone with the amplitude of the intrinsic convection fixed at 12% of the theoretical prégidtiormalized
horizontal and vertical particle velocity fluctuations«pl(x)/(vpu) (O) and o\,pu(x)/<VpH> (@), respectively(c) Relative vertical particle velocity fluctua-

tions, (Tva(X)/<Vpu>(X) (@). (d) Particle velocity fluctuation anisotropyr,vpu(x)/ovm(x) (0).

the entire cell and not over the width or the depth individu-of the cell than near the side walls as shown in Figb) and
ally. However, there is only few percent difference betweerB(c). However, the amplitude of the experimental intrinsic
averaging over the entire cell and over the widtr the  convection is much smaller than the predictions of the dilute
depth. In any case, this difference is smaller than the errottheories>®° Moreover, the experimental convection is
bars. smaller at¢p=20% than aip=10%. As the concentration is
further increased¢=30%), the mean vertical velocity near
C. Influence of particle concentration on particle the wall seems slightly larger than the velocities in the center
velocity as shown by the results of two different sets of experiments

The variation of the amplitude of the intrinsic convection in Fig. 3(d). This finding suggests that there is an intrinsic
with particle volume fraction was examined in cell 2. Al- convection in the opposite direction. However, the amplitude
though intrinsic convection is predicted theoretically to ariseof this inverse convection is very small and at the limit of the
for dilute suspension&®!® no significant variation of the —Present experimental resolution. At even larger volume frac-
mean vertical particle velocity is measured across the cell fofion (¢=40%), no notable variation is measured across the
¢=5%, as displayed in Fig.(8). At larger volume fractions cell. The measured mean horizontal velocities are zero
(¢=10% and 20%), the particles settle faster in the centewithin error bars across the cell width for all volume frac-
tions.

The amplitude of the intrinsic convection is plotted as a
a11‘|unction of particle volume fractiong, in Fig. 4. There are
different ways to define this amplitude. We chose to define it
as (Vom—(Vp))/Vs where (V) is the mean vertical
velocity of particles located in the middle 40% of the cell
width. The advantage of this definition is th@¥,),, and
(Vp)) are measured very accurately. Other definitions such as

TABLE I. Mean velocities and velocity fluctuations over the whole width of
cell 1. The results are made dimensionless by scaling with the theoretic
value of the Stokes’ velocityys.

¢ (Vp)IVs
0.200* 0.008 0.000+ 0.005 0.39+ 0.06 0.26*= 0.05 0.50= 0.08

(Vp!Vs ov,, Vs ov,, IVs
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FIG. 3. Normalized mean horizontal and vertical particle velocif§, )(x)/(Vy) (O) and(Vy)(x)/(Vy) (@), respectively, versus/b for cell 2 at(a)
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intrinsic convection fixed at 35% of the theoretical predictjoft) ¢=20% (the solid curve is the theoretical vertical velocity in the center of the
measurement zone with the amplitude of the intrinsic convection fixed at 7% of the theoretical prigdéstibi) ¢=30% [a second set of data for the
vertical velocity is also presented()].

(d) Position (/Cell width)

the difference between velocities in the middle of the celluse the settling velocity in the middle to determine the global

and near the wall, give similar variation as a function of convection motion. This amplitude is zero at small volume

concentration. However, since the settling velocity near théraction ¢=5%, attains a maximum value at abati= 10%,

wall is affected by particle-walls interaction, it is better to decreases for larger volume fraction to become slightly nega-
tive at $=30%, and then is zero fap>30%. It is interest-

ing to notice that the amplitude of the intrinsic convection is

020 approximately the same for the two cells 4t=20%. The
0.15 | dilute theory predicts that the amplitude is slightly larger for
a squared section cefthe shape of the flow is somehow
3 0.10 | flatter in the center for a rectangular section cBlIHow-
2 e. ever, because of the data scatter, such a subtle difference
E‘ 0.05 | “-.. cannot be measured experimentally. In Fig. 4, the experi-
< ’ mental results are also compared with the predictions of the
0.00 T .. 3 three-dimensional theory. Same definition has been
I ¢ adopted for the amplitude of the intrinsic convection. In par-
-0.05 . . : ticular,(Vp)m has been averaged in the same middle 40% of

the flow. The velocity difference is then simply
(Vpidm—(Vp)=0.94v, where w, =9V ¢/4 in the dilute
theory andw, is given in Fig. 4 of Bruneawet al!° when

FIG. 4. Amplitude of the intrinsic convection{\,)m—(V))/Vs, versus  concentration effects are included by assuming a Percus-

¢ for cell 1 (@) and cell 2 O). The solid straight line is the theoretical Yevick distribution of spheres near the walls. Clearly, the

prediction of the three-dimensional dilute theory. The dashed curve is the I fth . di ith th f the dil
theoretical prediction of the model which assumes a Percus-Yevick approxi[esu ts of the experiments disagree with those of the dilute

mation for the distribution of spheres. theory which predicts a linear variation with volume fraction.

0% 10% 20% 30% 40%
Particle volume fraction
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TABLE Il. Mean velocities and velocity fluctuations over the whole width
of cell 2 (or over half the width of cell 2 fosb=30%). The results are made
dimensionless by scaling with the theoretical value of the Stokes’ velocity,
Vs.

¢ (Vp ) Vs (Vpi)Vs vy, Vs TV Vs

0.050+0.002 0.0050.008 0.8:0.1 0.25-0.04  0.54-0.09

0.100£0.004 —-0.01*0.01 0.70.1 0.310.05 0.6:0.1

0.200+0.008 —0.001+0.008 0.43-0.07 0.25:0.04 0.52:0.09
0.30+0.02 0.004:0.004 0.1%0.02 0.16:0.02  0.14-0.02
0.30+0.0 —0.002+0.005 0.1%*0.02 0.1%0.02 0.15-0.03
0.40+0.02 0.00%0.002 0.06:0.01 0.0310.005 0.05-0.01

Mean Velocity

'0.2 T T T T
First set of experiments.
0 0.2 0.4 0.6 0.8 1 bSecond set of experiments.

Position (/Cell width)

F_IG. 5. Normalized mean horizonta@Q _and vertical vglocitiesQ) of a as previously noted in Fig. 2. This behavior is observed even

single sphere versugb for cell 2 containing only the fluid. The results are . s . .

made dimensionless by scaling with the theoretical value of the Stokeg" the _ab_sence of measure_d Intrinsic convectl_on.

velocity, Vg, of the sphere. The solid curve is the theoretical prediction for It is important to mention that the experimental mean

the vertical velocity near the wall. velocities and velocity fluctuations over the entire width of
cell 2 (see Table Il are of the same order of magnitude as
those measured by Nicolait all! over the entire depth of

When the effect of particle concentration is included, thece!l 1 and for the same fluid and particlee their Table)l

This confirms that velocity fluctuations do not vary with the

in Fig. 5 theSize of the celt* It should be noted that the velocity fluctua-

tion computed over the entire cell are also of the same order

of magnitude as those measured by Xueal® However the

decrease of the relative velocity fluctuations abge 30%

in these later experiments performed in a fluidized bed is,

however, stronger than in the present results and those of

Nicolai et al!!

agreement is better.

We have also plotted, for comparison,
variation of the settling velocity of a single sphere with the
horizontal positionx/b for cell 2 containing only the fluid.
The experimental data are in perfect agreement with the th
oretical results of the Stokes’ equatith?! The measured
settling velocity in the middle of the cell is found to be in
good agreement with the theoretical value of the Stokes
velocity, V5. The horizontal velocity is zero within error
bars. We can see that, unlike the intrinsic convection whiclD. Structure of the suspension near the wall
has an effect up to the middle of the cell, the influence of the o . ¢ ihe light attenuation/l,, versusx/2a (mea-

wall extends only apout 10 particle radii for a single particle.Sureol from the left inside side of the dedlre presented for
.PIOtS of nprmahzed horizontal and vertical particle ve- the different volume fractions in Fig. 7. For all volume frac-
locity fluctuat|ons,aym(>.<)/ Vo, anfj vy () v,, VEISUS 450 “the attenuation is approximately constant except near
x/b are presented in Fig. 6 for different. As a general the wall. The noise in the data results from statistical fluc-
trend, both fluctuations seem approximately constant in the,ations in the number and the position of the particles. For
center of the cell and present a decrease near the side Wau§;5%, there is a larger transmission very close to the wall
but there exists a decrease at about one particle diameter. At
¢»=30%, the attenuation exhibits an additional oscillation.

1.4 For larger volume fraction¢=40%), the attenuation is so
1o o strong that it is very difficult to detect its small variations. It
: x & g B & § should be also mentioned that these attenuation measure-
c 1.0 g g X § ¥ ments are very reproducible for each concentration. The con-
S sl o © stant attenuation in the uniform middle region of the cell is
s ™ % X plotted as a function of the particle volume fraction in Fig. 8.
‘g’ 064 ¢ & It is a monotonically decreasing function which was used to
i ® calibrate the light attenuatiob/l 5. The logarithm o /1, can
0.4 1 indeed be fitted to a linear function @f by using a linear
0.2 1 regression. The best fit is found to bellif)=—8.1¢. We
can then determine the variation of the local volume fraction
0.0 ' ' ' ' ¢(x) across the cell. The differene&x) — ¢ versusx/2a is
0 0.2 0.4 06 0.8 1 displayed in Fig. 9. There is clearly a deficit of particles near

Position (/Cell width) the wall but there exists an accumulation of particles at about

. . . . _ ___a diameter from the wall. There is a second accumulation

FIG. 6. Normalized horizontal and vertical particle velocity fluctuations, b 1.8 di far=30%. Th illati b
oy (X)/oy andoy H(x)/zrv ,» respectively, versusg/b for cell 2 at(a) Zon_e ata Ou_t : lameter C_‘r_ 0. € 059' aF'”Q e-

$=5% (O ‘and~, respectively, (b) ¢=20% (¢ and+, respectively, and  havior of particle volume fraction near the wall is similar but

(c) $=40% ([ and X, respectively. quantitatively different to that deduced from a Percus-Yevick
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FIG. 7. Plots of the light attenuatioh/l ,, versusx/2a for (a) ¢»=5% and FIG. 9. Plots of the difference in particle volume fracti@f(x) — ¢, versus

10% and(b) ¢=20%, 30%, and 40%. x/2a (a) for ¢=5% and 10%(b) for 20% and 30%. The theoretical curves
for ¢=10% (@) with the amplitude at 100% of the theoretical prediction
and for ¢=30% (O) with the amplitude at 33% of the theoretical predic-

equilibrium distribution function(see Fig. 3 of Bruneau tion are also provided. The experimental error in position is 0.1 diameter.

et al1%. Indeed, peak positions are well predicted by the
Percus-Yevick model but peak amplitudes are not. The am-
plitude of the first accumulation peak does not seem to vaﬁ
with concentration while the model predicts an increase wit

erved atp=10% (see Fig. 10 Moreover at$=10% and
0%, where intrinsic convection is observed, a layer of par-
concentration. ]E:cl_zs |sdli,-;t behind th_e sedlmenttl)ng front. blce:pNeleg the.cleiatla
Visualization of the suspension microstructure confirmsI uid and the suspension as can be seen in Fig. 1Y against the
eft lateral wall. We discovered that this latter layer is how-

that there is particle ordering near the wall. In particular, ; : ) : . .
there exists a layer of particles that pile up against the wallBver very dilute by recording side pictures of the sedimenting
front. This dilute layerconsisting of only few particlesan

This concentrated layer inside the suspension is clearly Obt}e also seen against the front wall behind the sedimenting
front in Fig. 10.

1.0 We have estimated the velocity of the near wall concen-
0.9 trated layer inside the suspension from particle tracking ex-
0.8 - periments. The mean settling velocity of particles whose cen-
c 0.7 ters are located at about 1-2 radii from the weMl,),,, are
2 06 plotted as a function ot in Fig. 11. For comparison, the
S 054 decrease of the mean vertical velocitgverage over the
S 04 . whole cell width, see Tables | and) V), with ¢ is also
< 03 - provided in Fig. 11. The velocities are made dimensionless
0.2 | by the Stokes’ velocity. It should be mentioned that an im-
011 ° portant part of the error in dimensionless velocities comes
0:0 . . . ) from the error in S_tokeg’ velo_citythe uncertainty i_s mainly
0% 10% 0% 0% A0% du(_e tq pgrtlple size @spgrsﬂmAt volume fractions for
which intrinsic convection is clearly observeg£ 10% and
Particule Volume Fraction 20%), the layer velocity(V )y, is smaller thar(Vy,). It is
FIG. 8. Calibration of the attenuatiohllo, with ¢. Experimental data@) ~ iNteresting to mention that, at these volume fractions, the
and best fit(solid curve. velocity of this layer relative to the suspension,
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FIG. 10. Picture of the sedimenting suspension near the wall for cell@=20%.

(Vpiyw— (Vo) is much larger than the estimated slip veloc- V. DISCUSSIONS AND CONCLUDING REMARKS
ity. At smaller (#=5%) and larger $=30%) volume frac-
tions, the layer velocity(V),, is approximately equal to
the settling velocity{Vp,).

By measuring the mean particle settling velocity across
the width of the sedimentation cell, we have shown that there
can be a global intrinsic convection of the suspension super-
imposed on the settling motion of the particles. The ampli-
tude of the intrinsic convection is found as a function of
1.2 particle volume fraction. No convection is measured at low
volume fraction ¢p=5%). Conversely, at larger volume
fraction (¢=10%), the particles settle faster in the center of
the cell than near the side walls. The amplitude of the con-
vection diminishes as the concentration is further increased
(¢p=20%). There may even be a convection in the opposite
direction at¢=30%. However, if this inverse convection
" exists, its amplitude is very small and is at the limit of the
- present experimental resolution. At an even larger volume
fraction (¢=40%), no significant velocity variation is ob-
served across the cell. Light attenuation measurements as
well as visualization of the suspension show that there is
ordering of the particles near the wall for non-dilute suspen-
sions (@=5%). Such behavior has been observed for con-
FIG. 11. Mean velocity over the whole cell widt®(for cell 1 andO for centrated suspensions under stéaf®In the present experi-
cell 2),(V,) and mean settling velocity of the particles located in the Iayerment, there is clearly a concentrated layer of particles that
near the wall © for cell 1 andx for cell 2), (Vp)y (the datum ath=0% 0\ against the wall. This layer settles slower than the

comes from that of Fig. 5 at the wallThe results are made dimensionless ; . ; .
by scaling with the theoretical value of the Stokes’ velocity, The solid ~ PUIK at concentrations for which convection is clearly ob-

curve corresponds to the Richardson-Zaki law-(@)° (Ref. 22. served ¢p=10% and 20%).
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