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Concentration band dynamics in free-surface Couette flow of a suspension
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Particle concentration banding has been studied by experiments in the flow driven by the inner
cylinder of a partially filled concentric cylinder, or Couette, device. In this geometry, alternating
bands of relatively concentrated and dilute particle fraction are observed along the axis. A small
ratio of the inner to outer radius was used, wiR/R,=0.29, andR;=0.64 cm, resulting in
concentration bands which were confined to the vicinity of the inner cylinder. This work examines
the dynamics of band formation and subsequent band motions for a range of filled fractions of the
annular regionf, and angles of inclination of the Couette device relative to the horizomtdlhe
majority of the experiments were performed at a bulk average particle volume fractign of
=0.2, although banding was observed over the range of concentratiors $00.4. The focus of

this work is on band dynamics, which have been analyzed by time-lapse video imaging and image
analysis. At zero inclination angle, the concentrated banéisc&t65 are narrow, and fluctuate both

in position and in number; the intervening zones are dilute relative to the bands but only slightly less
concentrated than the bulk average. At fill fractions ablbw®.65 and zero inclination, the number

of concentrated bands decreases while the bands become much longer in the axial direction, and the
intervening regions are both narrow relative to the concentrated bands and very @litu@e This
change in banding behavior occurs over a narrow range arber@65, which corresponds to
suspension just covering the inner cylinder in the absence of flow. For inclination angles in the range
0.4°<a<5.3°, concentrated bands form at regular intervals at the elevated end of the device
(shallow depth and move intact at a nearly constant speed down the cylinder axis2002
American Institute of Physics[DOI: 10.1063/1.1460877

I. INTRODUCTION the cylinders in a Couette device to leave a free surface,
rotation of the inner cylinder results in axial segregation of
Despite its intrinsic interest to coatings applications, thethe suspended particles into alternating concentrated and di-
interaction of a flowing bulk suspension with a free surfacelute bands. The mechanism leading to this segregation re-
has received little attention. The usual approach in suclnains an open question. In the initial observation in a Cou-
flows has been to treat the suspension as an effective fluid igtte devicé, the particles and fluid were of equal density
which the particles alter the rheology. Recent observations afheutrally buoyant but the occurrence of banding in free
a segregation phenomenon in the free-surface suspensigirface flows is not limited to suspensions of neutrally buoy-
flow generated by partial filling of a concentric-cylinder ant particles as was shown in experiments using heavy par-

shear flow(Couettg apparatus with a viscous suspensionticles by Boote and Thomasn a partially filled rotating
have, however, demonstrated that the presence of a free s@ingle cylinder.

face in a particle-laden flow can have remarkable effects. In Shear-induced migration in concentrated suspensions
particular, we note the axial concentration banding in a parteading to nonuniform particle concentration in fully
tially filled horizontal Couette flow, recently examined for hounded suspensions has been of considerable interest for
viscous flow conditions by Tirumkudulu, Tripathi, and over a decad®;®with some of this work specifically consid-
Acrivos," although photographs showing similar axial par-ering the radial migration in wide-gap Couette fIbfvit is
ticle fraction variation in the same flow geometry at muchpatyral to consider that shear-induced migration may play a
larger Reynolds number were presented eaflirsimilar  rgle in the axial segregation under a free-surface, but segre-
segregation has been observed in flow of a suspension pagation in a partially filled Couette device has previously been
tially filling a single rotating cylinde?:* While axial segre- reported to occur at a particle volume fraction @f=0.05,
gation of dry granular materials flowing in the latter geom-anq in this work has been observed to occur in a suspension
etry is well-known, free surface-induced segregation ingf 4—0.01. The multiparticle interactions necessary to gen-
yiscous _suspensiqn_s occurs at vanishingly small inertia angyate the changes in rheology leading to shear-induced mi-
is of a different origin. _ _ gration scale ag? in the dilute limit>"®and a scaling analy-
The phenomenon of interest is the following: when agjs presented in Sec. IV suggests that this mechanism would
noncolloidal suspension partially fills the annulus betweers,iem a migration rate too slow to explain the observed be-
havior at largerg as well.
dElectronic mail: jeff. morris@che.gatech.edu The range of behaviors possible in the free-surface Cou-
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FIG. 1. Concentration bands formed in the Couette device with inner to
outer cylinder ratio oR; /R,=0.29 at a fill fraction off =0.50 and particle
volume fraction of¢y,,,=0.2. The rotation rate is 8 RPM and the particles
are neutrally buoyant.

FIG. 2. Schematic in side and end views of the Couette device. The inner
cylinder is stainless steel and has radijs- 0.6 cm, while the outer Lexan
cylinder has inner radiufR,=2.2cm, and the annulus has length
=27.2cm.
ette flow was not clear from the prior study. This work aims
to expand understanding by considering free surface-induced
segregation in a Couette flow under viscous-flow conditions
differing in two ways from those of Tirumkuduletal. || ExpERIMENTAL PROCEDURES
(1999.1 In that work, the bands bridged the entire gap be- )
tween inner and outer cylinder. Because our interest is if\ Suspensions and apparatus
examination of the dynamics of the bands, this bridging  Our experiments were performed in a concentric cylin-
which restricts the motion of the bands is undesirable. Thu@er, or Couette, device shown schematically in side and end
we study the free-surface flow in a Couette device with aviews in Fig. 2. The actual device is seen from the side in
ratio of inner to outer cylinder radiR; /R,=0.29, which is  Fig. 1. This device consists of two concentric, 27.2 cm cyl-
markedly smaller than the value of 0.64 in the prior work. Ainders. The outer cylinder is a tube of Lex@olycarbonate
photograph at a typical condition of 50% fill of the annular plastig, and the solid interior cylinder is stainless steel. The
space with a suspension of bulk average particle fractiomnnulus is closed at each end by Lexan caps into which a
¢pu= 0.2 is shown in Fig. 1. Second, the inclination of the sealed bearing is mounted, allowing the inner cylinder to
entire Couette device with respect to gravity has been alturn while the outer cylinder is stationary. The cylinder mo-
lowed to vary. These changes are apparently simple ones, ygbn is driven by a 1/15 horsepower electric motor. The de-
each opens a window to dynamics previously unobservedsice can be mounted horizontallgaxis perpendicular to
The smallerR; /R, used here eliminates the interference bygravity) or in an inclined position; as seen in Fig. 2, this
the outer cylinder, and also allows us to examine flows withinclination is defined by the angle, which the cylinder axis

free surfaces of qualitatively different form. Specifically, the makes with the horizontal. Angles studied were<®
free surface of the suspension may either cover the drivingzg.5°.

inner cylinder or not before flow commences, depending on  The radius of the solid inner cylinder &;=0.64 cm,
the fraction of the cylindrical annulus filled with suspension.while the outer cylinder has inner radiBs=2.2 cm, and the
Previously unobserved phenomena occur at large fill fracannulus has length=27.2 cm. The fill fraction occupied by
tion, meaning that the inner cylinder is completely coveredthe suspension is given uy:Vsusp/"T(Rg_Riz)L; the vol-
prior to flow. Here, the segregation rate decreases with ingme of suspensionyg,sp, in the annulus was determined
creasing fill fraction, but the concentrated bands are eventfrom the known suspension density and the measured mass
ally separated by narrow zones essentially devoid of parof suspension placed into the device.
ticles. Two outer cylinders were used. For sufficiently small fill
The most striking novel behavior reported here is due tGraction, an outer cylinder with four 2.54 cm by 6.2 cm rect-
inclination of the Couette device. Inclination breaks a basicangular holes in the top was used, allowing easier filling and
symmetry found in prior studie's}* and under inclination, optical access. Larger fill fractions required, in order that the
concentration bands migrate down the axis away from thélow not be disturbed, a complete outer cylinder which was
elevated end of the device. In general, the bands are identiiled through two 0.6 cm radius circular holes.
fiable over many hours: bands, periodically formed at the  Spherical polytmethyl methacrylate (PMMA; ICI
elevated end, flow intact with nearly uniform spacing downAcrylics) particles were sieved to diameters in the range
the entire length of the device. 2a=250-300um where we introduce for the radius. The
The following section provides a description of our ex- suspending fluid was a mixture of 76% of the surfactant Tri-
perimental methods and image analysis techniques. Th@n X-100(Sigma, 16.2% zinc chloride (ZnG), and 7.8%
number of parameters of the problem is large, and to providevater, with the percentages based on mass. This mixture was
context for the conditions probed by this work, a dimen-density matchedd=1.180 g/cm) and roughly refractive in-
sional analysis of the suspension-flow problem in the Coudex (RI) matched to the PMMA particlefRI=1.491 atT
ette device is presented in Sec. IID. Results of our experi=20°C). This suspending liquid mixture had a viscosity of
ments are presented in Sec. Ill, with conclusions drawn fromu= 160 Poise al =23 °C. A few experiments used different
our investigations presented in Sec. IV. This final sectiorratios of the same components of the suspending liquid to
includes a discussion of a proposed mechanistic basis for theary the ratio of fluid to particle density¢/pp,) from unity.
onset of segregation. These will be noted where the results are described.
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B. Particle concentration measurements Brownian motion and nonhydrodynamic interparticle forces
are therefore also negligible influences.

Geometric variables include the ratie$(R,—R;) and
i/R,, both of which are held fixed. Also fixed for our

Particle concentration was measured in a limited numbe
of experiments by direct sampling of the suspension from th%

Couette device. A variable volume pipette with opening Ofexamination of the role dfand « is the bulk particle volume

diameter 1.5 mm _was used to _r(_emo_ve approximately fraction, ¢y =0.2. Our studies find that banding occurs in a
:0'3_9 of suspension from a posmo_n in the flow. The SUStorizontal device over the range 08,1, =< 0.40. We have
pending liquid was removed by flooding the suspension with, performed experiments at outside this range.

warm water, and the particles were dried and weighed to find ~ Tpe remaining dimensionless variables for a monodis-
their massm, . The particles and fluid were equal density in herse suspension are the fraction of the annulus filled by

all sampled cases, yielding=mg/m. The method was ac- syspensionf, the angle of inclinationg, and the ratio of
curate to+0.01 in the absolute value Qf based upon sam- gravitationa| to viscous stresses given by
pling from known+< suspensions.

G= ApgR

C. Band tracking Mrw

Band positions and velocities were determined for manyVhere Ap is the density difference between the suspension
of the experiments from time-lapsed video imaging of theand the overlying fluidw is the angular velocity of the inner
Couette device taken for the duration of an experiment. Thigod of radiusR;, and is the suspending fluid viscosity. A

video was digitally downloaded to a personal computer. Inm€asure _of the role of surface_ tension through a capillary
dividual images were analyzed by an algorithm, imme_number(wscous to surface tension effectsyr Bond number

mented using the Matlab Image Processing Toolbox, to deldravity to surface tension effests also needed based sim-
termine positions of all bands, which were identified bypIy on dimensional considerations. Although it is expected
characteristic image properties. For example, at stz that particle motions at the free surface may be influenced by

. urface tensiof®*we have not successfully examined this
concentrated band causes elevation of the free surface oB— y

servable as a bright spétee Fig. 1 reflecting more light to > e
o > “ » g gnt The primary variables considered here are the fill frac-
the camera. The algorithm was “tuned” such that positions,

. : : ion, f, the angle of inclinationg, and the rotation rate of the
determined computationally agreed with those found by ey inner cylinder,w, expressed in rotations per minu@PM).

this was performed by setting the threshold level of IightBecause the experimental apparatus and physical properties

intensity for a position to be associated with a band. Th%f the suspension are fixed, we report dependence on the
information on band positions was further processed Using gimensionale rather than the dimensionless quantiy
minimum spanning tree algorithtnwhich identifies bands

by linking close points to form lineéstraight or curveglin a
space—time plot of band positions. Groups with fewer thar!l- RESULTS

10 points, determined by visual inspection of the video to be  As in prior experimental examination of free-surface

spurious in most cases, were discarded. Couette flow of a suspensidnye observe the formation of
particle-rich bands separated in the axial direction by rela-
D. Dimensional analysis tively dilute regions. However, we have also observed sev-

eral features of the phenomenon not previously described,
and we summarize these here. These include bands undergo-

The scope of our study is limited primarily to examina-

tion of the role off anda upon the segregation phenomenon, . i
ing a fluctuational motion, coalescence of two bands to form

with examination of limited ranges of certain other variables. . ) :
one or simple disappearance of bands, and uniform-speed

Because numerous parameters are needed to fully character-. S S
. . . . axial migration of the bands when the device is angled rela-
ize mixture flow in the Couette device, the number of rel-

evant dimensionless variables in the general case is rathtei\r/e o the horizontal. We have also determined that the band-
_ _ T 9 . ing has different regimes depending upon whether the inner
large. A dimensional analysis is presented here to delineal

. . t(,e\/linder is covered by suspension without flow. The fill frac-
the factors which may influence the flow phenomena undef\ "\ hich just covers the inner cylinder is defined fs

the conditions studied. _ _ _ =f. with f.=0.65 for the apparatus of this study. Fbr
We study the flow of a suspension with a very ViSCOUS~. ¢ ' pand formation rate was observed to slow dramati-

suspending fluid. The bulk scale Reynolds numberg Re |y, while the bands increased in width, and the number of
=pi2moR AR/ with AR=R,—R;, satisfies Rg<0.1 forall  pands was decreased.

conditions described and the Reynolds number based on the The investigations reported here provide an experimental
particle scale is much smaller, Ré/AR)*Rex=0(10"°).  characterization of band formation and dynamics for a range
Inertia is thus negligible. Particle sedimentation is negligibleof f and inclination anglex. The majority of these were
for the standard case of neutrally buoyant particle susperperformed atey,,,=0.2 and our standard rotation rate was
sions, although we have examined cases with weak positivg =8 RPM: where it is not stated, these were the values
and negative particle buoyancy. The particles are of noncolused. We begin by considering in Sec. Ill A the influence of
loidal scale at 250—30@m in diameter and are readily dis- inclination angle upon the band dynamics, followed by a
persed in the surfactant solution used as suspending fluidonsideration of the influence of fill fraction in Sec. Il B; the
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FIG. 3. Measured band velocity as a function of the incline aagl®r the

conditions ¢, =0.2 andf=0.50, and inner cylinder rotation rate of 8 FIG. 4. Measured particle fraction along axiseat 6.5° for the conditions

rotations/minute. The velocity plotted is the velocity of a particular band. ¢=0.2 andf=0.50, and inner cylinder rotation rate of 8 rotations/minute.

The range of velocities determined for all bands measured is shown at eadttere, “front” is defined as the side of the device on which the cylinder

angle. surface moves up, while “back” is defined as the side of the device on
which the cylinder moves down.

experiments which probed these dependences are numerous
and appear to adequately demonstrate the range of behawo&?/namics for zero and very small inclination angles. The

We have also examined in more limited studies described i o' ositions of all of the identified bands as functions of
Sec. I C the influence of varying the rotation speed of the,

i . - time, Z(t), are seen in Figs.(8 and 3b), respectively, for
driving .cylmder, the role of wealf particle buoyancy, and therepresentative experiments at=0 anda=0.4°. All cases
spreading of a drop of suspension; the latter study was pe

o . . for which results are presented in Fig. 5 areg¢qf=0.2,
formed to gain insight to drainage flows of suspensions. £=050. andw=8 RPM. In the case of zero inclination:

=0, the particle-rich band positions are found to fluctuate.
Near the ends of the annulus, the band motion is biased by
Our experiments have shown that for appropriate condithe endcapsin a manner we do not understantut in the
tions, the concentrated bands form and move at nearly corcenter of the device the bands undergo an unbiased oscilla-
stant speedy, down the axis of the Couette for inclination tory motion with a characteristic time of 60—80 minutes; the
angles 0.8=a=<5.3°. In general, as shown by Fig. 3 for motion is not sufficiently regular to define a period, as seen
dpu=0.2,f=0.50, andw =8 RPM the speed increases with in Fig. 5a). Similar oscillatory motion is observed for small
increasing angle. At each value ef several points are plot- angles, but is accompanied by an average motion of the
ted. The velocity points plotted each correspond to the vebands from the elevated to the lower end of the device. Note
locity of a particular band; because the band velocity variedalso that there is correlation between the motions of adjacent
slightly with time and with location of the band in the Cou- bands; for example, considér=200—-500 minutes in Fig.
ette, several fairly closely grouped values of the velocity areb(b), which illustrates the band dynamics far=0.4°. As
found for a single experiment. A#>5.3°, bands are no noted the endcaps play a role, and for batkr0 and «
longer observed to form. However, at these large angles, par=0.4°, the tendency of the particle-rich bands to move to-
ticles concentrate at the “lower” end of the Couette, i.e., atward and “die” at the ends of the device is evident. In the
the end where the fluid is deeper. o+ 6.5°, f=0.50, and case ofa=0, the bands near the center of the apparatus
a bulk fraction of ¢,,=0.2, the steady-state concentration (betweenZ=10 and 20 cm last essentially for the entire
was measured at a number of points along the axis, with thexperiment, of duration greater than 24 hours, while those
results shown in Fig. 4. It should be noted that for anglemear the ends of the Couette are seen to form, migrate toward
sufficiently large, «>4.5°, the inner cylinder was raised the wall, and vanish in 1 to 4 hours. At=0.4°, the migra-
completely out of the suspension at its elevated end and bartibn of bands on average is down the incline, but is far from
formation and motion were clearly altered. This is the reasomniform for bands at different axial positions. Bands at the
for the break in the linear increasewfvith @ seen in Fig. 3, low end(to the right in the diagrajrare observed to migrate
but it is important to emphasize that even for angles 4.5‘much more rapidly than those at the elevated end, and as a
< @<5.5° bands continuously formed over the leftmest-  result vanish into the boundary. This difference in the axial
ted portion of the inner cylinder. speed of the bands, coupled with the fact that bands vanish
From image analysis of the time-lapse video, the bandis they encounter the end cap, results in gaps larger than
positions have been identified. We consider first the bandvhat may be termed the “natural” spacing of the bands, and

A. Influence of inclination angle, «
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FIG. 5. Diagrams showing the concentration band positions as functions of time {a)therizontal Couette =0), and at inclination angles @b) «
=0.4°, (c) «=2.0°, and(d) «=3.3°. Time was set equal to zero when the presence of bands was first observed. In all cases, the suspewsgign is at
=0.2 and the inner cylinder rotates at 8 rotations/minute.

new bands form between existing bands. This event i§ig. 3 to be roughly linear inv: v~ka with k=5 (cm/h)/
readily apparent in a video image, and can be seen in Figlegree of inclination. The band positions as a function of
5(a) at (Z=9t=420) or Z=12t=500), and in Fig. ) at  time for «=2.0° anda=3.3° are shown as Figs(& and
(Z=14t=260) or Z=14}t=350). 5(d), respectively. It is important to note that the bands are
We turn now to larger angles of inclination. For 0.8° separate and do not form a continuous spiral structure. These
=a=<4.5°, the bands migrate at a rate which is seen fronplots illustrate that regular band formation occurs at the el-
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evated end of the apparat(sft in the diagramfollowed by

regular motion of the bands toward the lower end. As the

bands move down axis at these valuesapfthe interband

spacing remains nearly constant, which is evident from par-

allel lines formed by the sequential positions of adjacent

bands in Figs. &) and 5d). This spacing is found to de-

crease ag increases. Depth
To conclude, we note that observation of the complete  {em)

dynamics in this flow requires, in general, experiments of

many hours duration. Both the band fluctuational motions at

small « and the slow evolution of the bulk concentration

field at largea take place over many cylinder rotations. For

intermediatey, relatively short experiments provide informa-

tion on the band formation and motion down the axis, al-

though as the experiments progressed the appearance of ne®

bands neaZ=0 occurred at slightly longer intervals. This f

result is thought to be attributable to an apparatus-scale

variation of the concentration similar to but weaker than that lem

illustrated by Fig. 4 fore=6.5°. It is interesting to take note  [EE——

of this last observation from a different perspective: despite ‘ e

the motion of the bands, there was only a very slow net} g S Bt s\

transport of particles toward the lower end of the device.

B. Influence of filling fraction, f (b)

We begin consideration of the influence of fill fraction

upon whether there is suspension completely covering the
inner cylinder in the absence of flow. Note that all results in
this section are for the horizontal configuratian=0. For B 4
f<0.65, the free surface of the mixture at rest lies below the = T ke
topmost point on the inner cylinder. The depth of the suspen ‘
sion over the inner cylinder in the absence of flow, as a
function off, is illustrated in Fig. 6a).
As f increases beyontk0.65, the number of bands de- ()
creases, the width of a band increases, and the number of ' _ _ _ ' _
rotations required for band formation increases dramatically;'C- 6- In(@ is a plot of film thicknesswhen the inner rod is not rotating
To illustrate the difference in the band structure. band above the inner cylinder of the device at sevdrdl.=0.65 is the fill frac-
01 - ] T Sion at which the suspension just covers the inner cylinder. Photographs of
formed atf=0.50 andf=0.90 are illustrated in Figs.(B)  bands af =0.50 andf = 0.90 atey= 0.2 andw==8 RPM are shown irib)
and Gc), respectively. and (c), respectively. The bands i) are observed after roughly 200 rota-
The number of bands fluctuated during the course of art.jons of the inner cylinder, while those ift) were first observable after
. . fapproximately 25 000 rotations, and the image was taken after about 50 000
experiment and the observed range plotted as a functién of, i vions.
is presented in Fig. 7. Fdr=0.50, 8 to 11 bands are present,
while atf=0.90 only three bands form. The abrupt change in
number of bands af~0.65, where as noted previously the possible for the “dilute” regions to differ little from the bulk
inner cylinder is just covered by suspension, leads us to deaverage concentration: we have made measurements of

fine f,=0.65 as a critical fill fraction foR;/R,=0.29. =0.35 within a band forg,,,=0.2, while the separating
The concentration bands formedfat f; are of qualita-  regions were measured ét=0.19.
tively different structure from those at smalfeiThe concen- The characteristic timéor number of rotationsfor band

trated bands are wider, and fér-0.8, the regions between formation and fluctuational motion is also affected by fill
the bands are swept essentially free of particles after two téraction. It was noted above in the discussion of Fig. 5 that
three days at 8 RPNbver 25 000 rotationsA similar com-  the time required for accessing the full dynamics of the
plete removal of particles from the dilute regions has beerands was many hours at small fill fraction, and this time
observed for certain parameters in the segregation of a suseale increased dramatically férf.. Considering a sus-
pension in a partially filled and rotating single cylindéfor ~ pension oféy, = 0.2, forf=0.50 bands are clearly apparent
the Couette flow aR; /R,=0.29 studied here, this is in sharp after about 200 rotations of the driving inner cylinder at a
contrast to the dilute regions formed fo<f.. For f<f, rotation rate of 8 RPM. By contrast, for the same volume
the concentrated bands are ¢twell above ¢y, but be-  fraction at f=0.90 and 8 RPM, there was no observable
cause of the narrowness of these elevaberkgions, it is  concentration variation after 12000 rotatiofrsughly one
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12 T . T T T TABLE I. Band formation time and number of bands, reported as the range
observed when variable, as a function of cylinder rotation rate gy
* =0.2,f=0.5, anda=0.
10 . ]
Rotation ratew (RPM)  Band formation timgmin) Number of bands
a a
4 480 7
3p- = . T 6 26 12
. 8 21 8-11
12 6 9-12
Bands ¢ | - 16 4 9-12
24 5 8-10
" 32 9-11
4 I . -
sa L] [ ] [ ]
2 m » [ ] -
tion time is an estimate based on the ability to clearly iden-
tify concentration bands on the videotape. The number of
0 5 s . > y cylinder rotations for the formation of bands at 4 RPM was

found to be over an order of magnitude larger than at 6 RPM
f (~1900 to~160 rotations. Furthermore, the band structure
FIG. 7. Number of bands observed for the Triton X-100/Zh@ter sus- for the lower rotation rate cont.in'u'ed to evolve for a further
pension as a function of fill fraction foty,,=0.2 at an inner cylinder 10 hours after the bands were Imt_la”y observed. The number
rotation rate of 8 RPM. The symbols indicate the range of number of band®f bands was found to be essentially constant throughout an
observed at a giveh experiment for the 4 and 6 RPM conditions, but became
quite variable as the rotation speed was increase to
- =8 RPM.
full day), definite bands were observed only after 25000 ro- It is important to note that along with the abrupt change
.. in segregation rate frorm=4 RPM tow=6 RPM, there is a
¥.]ualitative change in the band structure. At the slower rate,
"the bands are similar to those formed at large fill fraction,
e s o o o oo |~ 05Isee Fig 61 ith broad concented bands s
ok ’ rated by relatively narrow and very dilute regions. Note that

:'r?anUde'd;S ratpldly with furtheglmcreasefmFor f>.0'8' ¢ tffe drainage from the inner cylinder is more thorough at the
€ bands do not move measurably even over Experiments Q. qr rate. This results in a very thin film of the suspension

several days duration at the standard driving rate of 8 RPMremaining on the inner cylinder, apparently too thin for band

formation to occur here. Instead, the bands are observed to
form throughout the entire radius of the annultrem R; to
Finite « at f>f_: The behavior at small incline angle for R,) at w=4 RPM, rather than on or directly adjacent to the
high fill fraction was considered. This provided a test of theinner cylinder as seen at the higher rates.
role of the film depth in the segregation process. @At A comparison of the role of» seen in this work with
=0.7° andf =0.75, the free surface lay above the inner cyl-prior observations shows that the separation between the
inder at all axial positions before flow commenced, but thebands in a Couette device wiR /R,=0.64 was found by
minimum depth of suspension over the cylinder at the el-Tirumkudulu et al® to increase with rotation rate, and the
evated and lower ends was equivalent to that in a horizontadame trend was seen in the banding in a single cylinder by
Couette wherd=0.7 andf=0.8, respectively. The expecta- Boote and Thoma$.The latter study was at a larger Rey-
tion based upon arguments presented in prior &rars that  nolds number. Fow=4-6, we observe the opposite trend,
bands would form, if at all, first at the elevated end of thebut with the noted change in band structure. ket 6, our
device where the “film” was of least depth. A single band results show a weak trend similar to the earlier work, as the
was, in fact, observed at the elevated end of the devicéaverage” separation between concentrated bands is ob-
within roughly 300 rotations of the cylinder. This band be- served to increase slightly with the driving rate: for a sub-
came more pronounced over the course of an hour and astantial fraction of the time the number of bands is at the
other band formed toward the opposite end of the devicéower end of the range shown.
after several hours. These bands did not, however, migrate Non-neutral buoyancyBy altering the ratios of compo-
down the axis. nents, the liquid density was varied while keeping the vis-
Rotation rate:At =0, f=0.5, and¢$=0.2, the rotation cosity roughly constant. The same PMMA particles were
speed was found to have the effects summarized in Table used in all experiments. At 8 RPMp, «=0.2, anda=0,
The most notable variation occurred in the range slightly less dense particlep(/p,=1.38) resulted in a be-
=4-6 RPM, as the time for band formation was muchhavior indistinguishable from that of neutrally buoyant par-
larger at the slower rate and the number of bands was sevéitles. A weak excess particle density;(p,=0.89) at these
at w=4 RPM and increased to 12 at=6 RPM. The forma- conditions resulted in formation of bands which then de-

zero (after four days The band motions described in Sec

C. Other results
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ing of the liquid front ahead of the particles indicates that
there is “differential drainage” in the thin film: the film-
averaged velocity of the particles is smaller than that of the
liquid in the direction of spread. Differential drainage is dis-
cussed in connection with a proposed mechanistic basis for
the onset of banding in Sec. IV.

IV. DISCUSSION

Particle segregation in the Couette device is apparently
caused by repeated exposure of the suspension to a free sur-
face. Our examination of this phenomenon has focused upon

=18 s jE=01's the role of fill fraction and angle of inclination, thereby ex-
ploring the behavior under conditions previously unstudied.
FIG. 8. Sequence of four images in the spreading of a dyed drop of théntroduction of inclination breaks a basic symmetry of the

Triton X-100 suspension, ap= 0.2, on a thin film of the suspending fluid. system relative to prior studies, and the dynamics at finite
The times at which the images were taken are shown relative to an arbitra

zero time for the upper left image. The dark region free of particles resultihcnnatlon include a hlghly regular _down'aX'S mOt'On of
from the spread of the dyed suspending liquid. evenly spaced bands. The observation of regular motion of

long-lived bands prompted consideration of the general char-

acteristics of the band motions, and the bands have been
tached from the inner cylinder and settled to the bottom okhown to undergo sustained fluctuational motion in the hori-
the annulus. zontal device.

Spreading of a suspension drop on a wetted surfabe: Such fluctuational motions of the concentrated bands
banding leads to elevated portions of the free surface, andave not been described previously, and this may be related
prior work? has suggested that fluctuations of the free surfacéo the geometry of the Couette device used. The device used
could be a factor in the segregation behavior. These fluctuder this work was a wide-gap Couette of radius rafigR,
tions could be due, for example, to viscosity variation caused=0.29, and while we find qualitative behavior similar to that
by variation of temperature ap. Such fluctuations lead to found' at R;/R,=0.64, the bands formed &,/R,=0.29
gravity-driven (drainage flows for which there is little un- have a different appearance at small fill fractions, being nar-
derstanding in the case of suspensions. To gain some insighgw, directly adjacent to the inner cylinder rather than span-
simple experiments on the spreading of a suspension droping the annulus, and separated by regions only slightly di-
were performed, using a suspension of neutrally buoyant patuted relative to the meag. Because of the small ratio of
ticles and fluid. In these experiments, the Triton X-100 susR;/R,, there was no bridging of the gap by suspension over
pending fluid is dyed very dark purp(®IT liquid dye, Wine  the inner cylinder as seen in prior work in this geometry,
10) and the particle surfaces are dyed bl&BKT liquid dye, leaving the free surface undisturbed by the outer wall. The
Black 15. The PMMA particles used were in this case notsmallerR;/R, allowed examination of the flow for fill frac-
from a narrowly sieved fraction and the diameters rangedions well above and below the value bfvhich provides
roughly from 100—30Qum, with the majority of the volume complete coverage of the inner cylinder, specifically
in the 250—-30Qum fraction. =0.65.

A drop of dyed suspension, volume approximately 0.1 ~ The summary observation is thé{ separates two re-
cnr®, was dropped from an orifice at a height of 2 cm onto agimes of behavior. The band number and structure change
horizontal plate covered by a submillimeter flat film of the abruptly atf.~0.65 for «=0. The primary influence of the
undyed suspending liquid only. The viscous drop lost its infill fraction appears to be due to its relation to the thickness
ertia almost immediately upon impact. The subsequentf the “film” of suspension covering the inner cylinder. At
spreading behavior is illustrated by the sequence of images<f., this film is generated by the cylinder carrying the
in Fig. 8. These images are taken from a fixed vantage anguspension over to the opposite side of the device and thus
focal point, with the first image, labeled by tine=0s, drainage competes with the driving rotation to establish a
taken at the instant the image first came clearly into focudilm thickness. This thickness is generally thinner than the
(after abot 1 s during which the initial curvature of the film depth generated in the case whienf.. There appears
surface was reduced by spreadinghis first image illus- to be a lower limit to the film thickness for which the band-
trates the formation of a leading “foot” of the dyed suspend-ing occurs due to flows on the inner cylinder; very slow
ing liquid, which is observed as a dark region advancingrotation rates af <f. yield such a thin film that banding
ahead of the particles. The region of dyed fluid advancesccurs in the entire radial extent of the annular region rather
progressively farther ahead of the particles, which also conthan on the inner cylinder.
tinue to spread. The characteristic distance between the par- The velocity field is also influenced by fill fraction. For
ticle and fluid fronts is 60Qum, 1000 xm, 1400 um, and  f<f. the mixture is forced to return predominantly under the
2000 um (2 mm), respectively, at 0, 6, 18, and 91 s. Inde- cylinder. The coupling of the particle fraction to the velocity
pendent tests showed that diffusional spreading of the dy&eld warrants further study, as the return flow under the inner
was essentially unmeasurable on this time scale. The advancylinder is known to be a factor in the centrifugal instability
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leading to recirculation eddies and pattern formation of pureevation. We interpret the arguments presented here to be con-
liquids in the partially filled Couette geometly:®However,  sistent with the discussion of banding segregation in the par-
our studies are at vanishing inertia and the results obtainetiglly filled single cylinder presented by Tirumkuduéi al.
for varying f and a have shown that banding occurs for a (2000.* In that study, the particle size relative to the film
range of base state flows, supporting the view that instabilitghickness in the drainage flow down the cylinder wall was
of the subsurface flow is not a cause of the concentratiomoted to be a controlling factor in the degree of segregation.
banding. The central idea upon which our proposed mechanism rests
In regard to the cause of the banding, it has beens that in gravity-driven flow in a thin film of suspension the
suggestet!*8that shear-induced migration leads to the seg{luid and particle phase film-averaged velocities will differ.
regations. A scaling analysis shows that for the migratiorResults of the drop spreading experiments described in Sec.
distances in the Couette flow, which are comparable to théll C support this notion. If we consider fluctuations of the
inner cylinder radius, the time requiredtis R?/Dg,, where  free surface of a Couette flow along the cylindeaxis of
Dy= ya?D(¢) is the shear-induced diffusivity arf(¢) isa  form sh=ecos@\) at uniform ¢, the more rapid fluid
dimensionless function of particle fraction. Simulation anddrainage would result in a slight increase of the logat the
experiment have been performed to deternfihand an up- crests of the surface. Such a mechanism is self-propagating
per estimate from experimental wdPk(smaller values are in the sense that increasgdeads to an increase in the local
found in simulatior%) for the axial component i9,,(¢  effective viscosity, which in turn will cause the free surface
=0.2)~0.02. The shear rate in the thin film is estimated ago remain elevated at this position on subsequent rotations.

y~Apgh/ . Consider the time predicted for shear-inducedThe primary factors which cause “differential drainage” of
migration for particles ofa=150um and a film prior to the phases appear to be the followirig: the layer of mate-
banding ofh=0.2 cm in thickness fom=8 RPM. Using the rial directly adjacent to the free surface is liquid if the par-
pure fluid viscosity, the full gravitational acceleration, andticles are wetted, and has the largest gravity-driven velocity,
assuming the suspension is subjected to the film shear rate &#d (b) the motion of a particle within a thin film will be

all times overestimates the rate of migration. However, evefindered by the presence of the saléhd to a lesser degree
with these values for parametets; 6x 10* s, or almost 17 the freg surface. Both factors will result in fluid flowing
hours, during which time the cylinder would undergo @head of the particles in an experiment such as the drop-
roughly 8000 rotations ab=8 RPM. Development of bands Spreading tests described in Sec. Ill C. Both factors also have
occurs in 200 rotations in most cases fet . (see Table), relatively less influence at film depths which are many times
or 40 times more rapidly than this prediction. We further notethe particle size. For this reason, the segregation is expected
that migration was observed in a suspensionpgf,=0.01  to be most rapid in regions of small film depth, and under
after several hours at 8 RPM in the Couettef at0.5, and  limited testing we find this expectation holds. As noted in
the procedure above yields an estimate for shear-induced mpec. Il C, at an overalf =0.75 and small inclination, band-
gration on the order of severhlindredhours for this condi- ing occurs most rapidly in the elevated end of the Couette
tion. Hence, there is strong evidence against shear-inducadhere the film is shallow.

migration as the mechanism responsible for the observed The arguments above are only intended to hold for the
segregation. onset of the segregation. The subsequent evolution of the

Experimental results from this work suggest that theband structure involves complex secondary flows owing to
minimum film depth is a controlling factor in the rate and the structure of the particle fraction field. The flow in the
structure of the observed banding. For fill fractidns0.65  Couette device becomes three dimensional when the particle
in which the film is thin at the driving rates of this study, concentration varies axially, and in our experiments we have
about 10 narrow bands of elevatedare formed within 200 observed—atfter the banding is well-developed—pronounced
rotations of the inner cylinder, with the intervening regionsextensional flows which pull suspension into the bands on
only slightly diluted relative togy,,. The bands formed at the upflow side of the driving cylinder. Other structural fea-
these low fill fractions are mobile, and their positions fluctu-tures, including a “triplet” band structure where an indi-
ate, leading to coalescence and vanishing at the axial endidual concentrated band is made up of one central and two
caps at zero inclinationg=0. For small values ofy, the  Side bands, have been described in recent work on the single
band formation rate and migration speed are observed to B/linder banding segregation by Thometsal!’” An under-
regular. As the fill fraction increases beyofig=0.65, the standing of how structural features of the band couple to the
time scale, or number of rotations of the driving cylinder, mixture velocity appears to require a detailed analysis of the
required for banding increases rapidly. From less than 208elocity field.
rotations to establish bands fat 0.50, the number increases
to about 4000 at=0.71, and to at least 25000 rotations at
f=0.90. At largef, the concentrated bands become wider and
the dilute regions, as seen in Fig.ch tend towardp=0.  ACKNOWLEDGMENTS
The behavior forf >0.90 remains unknown.
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