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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, withRi /Ro50.29, andRi50.64 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 region,f, and angles of inclination of the Couette device relative to the horizontal,a. The
majority of the experiments were performed at a bulk average particle volume fraction off
50.2, although banding was observed over the range of concentrations 0.01<f<0.4. 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 bands atf ,0.65 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 abovef 50.65 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 dilute,f'0. This
change in banding behavior occurs over a narrow range aroundf 50.65, 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 axis. ©2002
American Institute of Physics.@DOI: 10.1063/1.1460877#
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I. INTRODUCTION

Despite its intrinsic interest to coatings applications,
interaction of a flowing bulk suspension with a free surfa
has received little attention. The usual approach in s
flows has been to treat the suspension as an effective flu
which the particles alter the rheology. Recent observation
a segregation phenomenon in the free-surface suspen
flow generated by partial filling of a concentric-cylind
shear flow ~Couette! apparatus with a viscous suspensi
have, however, demonstrated that the presence of a free
face in a particle-laden flow can have remarkable effects
particular, we note the axial concentration banding in a p
tially filled horizontal Couette flow, recently examined fo
viscous flow conditions by Tirumkudulu, Tripathi, an
Acrivos,1 although photographs showing similar axial pa
ticle fraction variation in the same flow geometry at mu
larger Reynolds number were presented earlier.2 A similar
segregation has been observed in flow of a suspension
tially filling a single rotating cylinder.3,4 While axial segre-
gation of dry granular materials flowing in the latter geo
etry is well-known, free surface-induced segregation
viscous suspensions occurs at vanishingly small inertia
is of a different origin.

The phenomenon of interest is the following: when
noncolloidal suspension partially fills the annulus betwe

a!Electronic mail: jeff.morris@che.gatech.edu
1581070-6631/2002/14(5)/1580/10/$19.00
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the cylinders in a Couette device to leave a free surfa
rotation of the inner cylinder results in axial segregation
the suspended particles into alternating concentrated an
lute bands. The mechanism leading to this segregation
mains an open question. In the initial observation in a C
ette device,1 the particles and fluid were of equal densi
~neutrally buoyant!, but the occurrence of banding in fre
surface flows is not limited to suspensions of neutrally bu
ant particles as was shown in experiments using heavy
ticles by Boote and Thomas3 in a partially filled rotating
single cylinder.

Shear-induced migration in concentrated suspens
leading to nonuniform particle concentration in ful
bounded suspensions has been of considerable interes
over a decade,5–8 with some of this work specifically consid
ering the radial migration in wide-gap Couette flow.7,8 It is
natural to consider that shear-induced migration may pla
role in the axial segregation under a free-surface, but se
gation in a partially filled Couette device has previously be
reported1 to occur at a particle volume fraction off50.05,
and in this work has been observed to occur in a suspen
of f50.01. The multiparticle interactions necessary to g
erate the changes in rheology leading to shear-induced
gration scale asf2 in the dilute limit,5,7,8and a scaling analy-
sis presented in Sec. IV suggests that this mechanism w
yield a migration rate too slow to explain the observed b
havior at largerf as well.

The range of behaviors possible in the free-surface C
0 © 2002 American Institute of Physics

AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp



s
c
n

e

in
hu

A
ar
tio
he

a
,
e
by
it

he
in
o
n
ac
e
in

nt
a

t
si

th
en
th

n

x-
T
id
n
ou
er
om
io
r t

in-
end
in

yl-

he
h a
to

o-
e-

is

d
ass

ll
t-
nd

the
as

ge

ri-

was

of
t
to

r t

es

nner

1581Phys. Fluids, Vol. 14, No. 5, May 2002 Concentration band dynamics in free-surface suspensions
ette flow was not clear from the prior study. This work aim
to expand understanding by considering free surface-indu
segregation in a Couette flow under viscous-flow conditio
differing in two ways from those of Tirumkuduluet al.
~1999!.1 In that work, the bands bridged the entire gap b
tween inner and outer cylinder. Because our interest is
examination of the dynamics of the bands, this bridg
which restricts the motion of the bands is undesirable. T
we study the free-surface flow in a Couette device with
ratio of inner to outer cylinder radii,Ri /Ro50.29, which is
markedly smaller than the value of 0.64 in the prior work.
photograph at a typical condition of 50% fill of the annul
space with a suspension of bulk average particle frac
fbulk50.2 is shown in Fig. 1. Second, the inclination of t
entire Couette device with respect to gravity has been
lowed to vary. These changes are apparently simple ones
each opens a window to dynamics previously unobserv
The smallerRi /Ro used here eliminates the interference
the outer cylinder, and also allows us to examine flows w
free surfaces of qualitatively different form. Specifically, t
free surface of the suspension may either cover the driv
inner cylinder or not before flow commences, depending
the fraction of the cylindrical annulus filled with suspensio
Previously unobserved phenomena occur at large fill fr
tion, meaning that the inner cylinder is completely cover
prior to flow. Here, the segregation rate decreases with
creasing fill fraction, but the concentrated bands are eve
ally separated by narrow zones essentially devoid of p
ticles.

The most striking novel behavior reported here is due
inclination of the Couette device. Inclination breaks a ba
symmetry found in prior studies,1,3,4 and under inclination,
concentration bands migrate down the axis away from
elevated end of the device. In general, the bands are id
fiable over many hours: bands, periodically formed at
elevated end, flow intact with nearly uniform spacing dow
the entire length of the device.

The following section provides a description of our e
perimental methods and image analysis techniques.
number of parameters of the problem is large, and to prov
context for the conditions probed by this work, a dime
sional analysis of the suspension-flow problem in the C
ette device is presented in Sec. II D. Results of our exp
ments are presented in Sec. III, with conclusions drawn fr
our investigations presented in Sec. IV. This final sect
includes a discussion of a proposed mechanistic basis fo
onset of segregation.

FIG. 1. Concentration bands formed in the Couette device with inne
outer cylinder ratio ofRi /Ro50.29 at a fill fraction off 50.50 and particle
volume fraction offbulk50.2. The rotation rate is 8 RPM and the particl
are neutrally buoyant.
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II. EXPERIMENTAL PROCEDURES

A. Suspensions and apparatus

Our experiments were performed in a concentric cyl
der, or Couette, device shown schematically in side and
views in Fig. 2. The actual device is seen from the side
Fig. 1. This device consists of two concentric, 27.2 cm c
inders. The outer cylinder is a tube of Lexan~polycarbonate
plastic!, and the solid interior cylinder is stainless steel. T
annulus is closed at each end by Lexan caps into whic
sealed bearing is mounted, allowing the inner cylinder
turn while the outer cylinder is stationary. The cylinder m
tion is driven by a 1/15 horsepower electric motor. The d
vice can be mounted horizontally~axis perpendicular to
gravity! or in an inclined position; as seen in Fig. 2, th
inclination is defined by the angle,a, which the cylinder axis
makes with the horizontal. Angles studied were 0<a
<6.5°.

The radius of the solid inner cylinder isRi50.64 cm,
while the outer cylinder has inner radiusRo52.2 cm, and the
annulus has lengthL527.2 cm. The fill fraction occupied by
the suspension is given byf 5Vsusp/p(Ro

22Ri
2)L; the vol-

ume of suspension,Vsusp, in the annulus was determine
from the known suspension density and the measured m
of suspension placed into the device.

Two outer cylinders were used. For sufficiently small fi
fraction, an outer cylinder with four 2.54 cm by 6.2 cm rec
angular holes in the top was used, allowing easier filling a
optical access. Larger fill fractions required, in order that
flow not be disturbed, a complete outer cylinder which w
filled through two 0.6 cm radius circular holes.

Spherical poly-~methyl methacrylate! ~PMMA; ICI
Acrylics! particles were sieved to diameters in the ran
2a5250– 300mm where we introducea for the radius. The
suspending fluid was a mixture of 76% of the surfactant T
ton X-100 ~Sigma!, 16.2% zinc chloride (ZnCl2), and 7.8%
water, with the percentages based on mass. This mixture
density matched (r51.180 g/cm3) and roughly refractive in-
dex ~RI! matched to the PMMA particles~RI51.491 atT
520 °C!. This suspending liquid mixture had a viscosity
m5160 Poise atT523 °C. A few experiments used differen
ratios of the same components of the suspending liquid
vary the ratio of fluid to particle density (r f /rp) from unity.
These will be noted where the results are described.

o

FIG. 2. Schematic in side and end views of the Couette device. The i
cylinder is stainless steel and has radiusRi50.6 cm, while the outer Lexan
cylinder has inner radiusRo52.2 cm, and the annulus has lengthL
527.2 cm.
AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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B. Particle concentration measurements

Particle concentration was measured in a limited num
of experiments by direct sampling of the suspension from
Couette device. A variable volume pipette with opening
diameter 1.5 mm was used to remove approximatelym
50.3 g of suspension from a position in the flow. The s
pending liquid was removed by flooding the suspension w
warm water, and the particles were dried and weighed to
their mass,mp . The particles and fluid were equal density
all sampled cases, yieldingf5mp /m. The method was ac
curate to60.01 in the absolute value off based upon sam
pling from known-f suspensions.

C. Band tracking

Band positions and velocities were determined for ma
of the experiments from time-lapsed video imaging of t
Couette device taken for the duration of an experiment. T
video was digitally downloaded to a personal computer.
dividual images were analyzed by an algorithm, imp
mented using the Matlab Image Processing Toolbox, to
termine positions of all bands, which were identified
characteristic image properties. For example, at smallf, a
concentrated band causes elevation of the free surface
servable as a bright spot~see Fig. 1! reflecting more light to
the camera. The algorithm was ‘‘tuned’’ such that positio
determined computationally agreed with those found by e
this was performed by setting the threshold level of lig
intensity for a position to be associated with a band. T
information on band positions was further processed usin
minimum spanning tree algorithm,9 which identifies bands
by linking close points to form lines~straight or curved! in a
space–time plot of band positions. Groups with fewer th
10 points, determined by visual inspection of the video to
spurious in most cases, were discarded.

D. Dimensional analysis

The scope of our study is limited primarily to examin
tion of the role off anda upon the segregation phenomeno
with examination of limited ranges of certain other variabl
Because numerous parameters are needed to fully chara
ize mixture flow in the Couette device, the number of r
evant dimensionless variables in the general case is ra
large. A dimensional analysis is presented here to delin
the factors which may influence the flow phenomena un
the conditions studied.

We study the flow of a suspension with a very visco
suspending fluid. The bulk scale Reynolds number, RR

5rf2pvRiDR/m with DR5Ro2Ri , satisfies ReR,0.1 for all
conditions described and the Reynolds number based on
particle scale is much smaller, Re5(a/DR)2 ReR5O(1026).
Inertia is thus negligible. Particle sedimentation is negligi
for the standard case of neutrally buoyant particle susp
sions, although we have examined cases with weak pos
and negative particle buoyancy. The particles are of non
loidal scale at 250–300mm in diameter and are readily dis
persed in the surfactant solution used as suspending fl
Downloaded 15 May 2002 to 130.207.74.182. Redistribution subject to 
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Brownian motion and nonhydrodynamic interparticle forc
are therefore also negligible influences.

Geometric variables include the ratiosa/(Ro2Ri) and
Ri /Ro , both of which are held fixed. Also fixed for ou
examination of the role off anda is the bulk particle volume
fraction,fbulk50.2. Our studies find that banding occurs in
horizontal device over the range 0.01<fbulk<0.40. We have
not performed experiments atf outside this range.

The remaining dimensionless variables for a monod
perse suspension are the fraction of the annulus filled
suspension,f, the angle of inclination,a, and the ratio of
gravitational to viscous stresses given by

G[
DrgRi

mv
,

whereDr is the density difference between the suspens
and the overlying fluid,v is the angular velocity of the inne
rod of radiusRi , andm is the suspending fluid viscosity. A
measure of the role of surface tension through a capill
number~viscous to surface tension effects! or Bond number
~gravity to surface tension effects! is also needed based sim
ply on dimensional considerations. Although it is expect
that particle motions at the free surface may be influenced
surface tension,10–14we have not successfully examined th
issue.

The primary variables considered here are the fill fra
tion, f, the angle of inclination,a, and the rotation rate of the
inner cylinder,v, expressed in rotations per minute~RPM!.
Because the experimental apparatus and physical prope
of the suspension are fixed, we report dependence on
dimensionalv rather than the dimensionless quantityG.

III. RESULTS

As in prior experimental examination of free-surfa
Couette flow of a suspension,1 we observe the formation o
particle-rich bands separated in the axial direction by re
tively dilute regions. However, we have also observed s
eral features of the phenomenon not previously describ
and we summarize these here. These include bands und
ing a fluctuational motion, coalescence of two bands to fo
one or simple disappearance of bands, and uniform-sp
axial migration of the bands when the device is angled re
tive to the horizontal. We have also determined that the ba
ing has different regimes depending upon whether the in
cylinder is covered by suspension without flow. The fill fra
tion which just covers the inner cylinder is defined asf
[ f c with f c50.65 for the apparatus of this study. Forf
. f c , band formation rate was observed to slow drama
cally, while the bands increased in width, and the numbe
bands was decreased.

The investigations reported here provide an experime
characterization of band formation and dynamics for a ra
of f and inclination angle,a. The majority of these were
performed atfbulk50.2 and our standard rotation rate w
v58 RPM; where it is not stated, these were the valu
used. We begin by considering in Sec. III A the influence
inclination angle upon the band dynamics, followed by
consideration of the influence of fill fraction in Sec. III B; th
AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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1583Phys. Fluids, Vol. 14, No. 5, May 2002 Concentration band dynamics in free-surface suspensions
experiments which probed these dependences are num
and appear to adequately demonstrate the range of beha
We have also examined in more limited studies describe
Sec. III C the influence of varying the rotation speed of t
driving cylinder, the role of weak particle buoyancy, and t
spreading of a drop of suspension; the latter study was
formed to gain insight to drainage flows of suspensions.

A. Influence of inclination angle, a

Our experiments have shown that for appropriate con
tions, the concentrated bands form and move at nearly c
stant speed,v, down the axis of the Couette for inclinatio
angles 0.8°<a<5.3°. In general, as shown by Fig. 3 fo
fbulk50.2, f 50.50, andv58 RPM the speed increases wi
increasing angle. At each value ofa, several points are plot
ted. The velocity points plotted each correspond to the
locity of a particular band; because the band velocity var
slightly with time and with location of the band in the Co
ette, several fairly closely grouped values of the velocity
found for a single experiment. Ata.5.3°, bands are no
longer observed to form. However, at these large angles,
ticles concentrate at the ‘‘lower’’ end of the Couette, i.e.,
the end where the fluid is deeper. Fora56.5°, f 50.50, and
a bulk fraction offbulk50.2, the steady-state concentrati
was measured at a number of points along the axis, with
results shown in Fig. 4. It should be noted that for ang
sufficiently large,a.4.5°, the inner cylinder was raise
completely out of the suspension at its elevated end and b
formation and motion were clearly altered. This is the rea
for the break in the linear increase ofv with a seen in Fig. 3,
but it is important to emphasize that even for angles 4
,a,5.5° bands continuously formed over the leftmostwet-
ted portion of the inner cylinder.

From image analysis of the time-lapse video, the ba
positions have been identified. We consider first the b

FIG. 3. Measured band velocity as a function of the incline anglea, for the
conditions fbulk50.2 and f 50.50, and inner cylinder rotation rate of
rotations/minute. The velocity plotted is the velocity of a particular ba
The range of velocities determined for all bands measured is shown at
angle.
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dynamics for zero and very small inclination angles. T
axial positions of all of the identified bands as functions
time, Z(t), are seen in Figs. 5~a! and 5~b!, respectively, for
representative experiments ata50 anda50.4°. All cases
for which results are presented in Fig. 5 are atfbulk50.2,
f 50.50, andv58 RPM. In the case of zero inclination,a
50, the particle-rich band positions are found to fluctua
Near the ends of the annulus, the band motion is biased
the endcaps~in a manner we do not understand!, but in the
center of the device the bands undergo an unbiased osc
tory motion with a characteristic time of 60–80 minutes; t
motion is not sufficiently regular to define a period, as se
in Fig. 5~a!. Similar oscillatory motion is observed for sma
angles, but is accompanied by an average motion of
bands from the elevated to the lower end of the device. N
also that there is correlation between the motions of adjac
bands; for example, considert5200– 500 minutes in Fig.
5~b!, which illustrates the band dynamics fora50.4°. As
noted the endcaps play a role, and for botha50 and a
50.4°, the tendency of the particle-rich bands to move
ward and ‘‘die’’ at the ends of the device is evident. In th
case ofa50, the bands near the center of the appara
~betweenZ510 and 20 cm! last essentially for the entire
experiment, of duration greater than 24 hours, while th
near the ends of the Couette are seen to form, migrate tow
the wall, and vanish in 1 to 4 hours. Ata50.4°, the migra-
tion of bands on average is down the incline, but is far fro
uniform for bands at different axial positions. Bands at t
low end~to the right in the diagram! are observed to migrate
much more rapidly than those at the elevated end, and
result vanish into the boundary. This difference in the ax
speed of the bands, coupled with the fact that bands va
as they encounter the end cap, results in gaps larger
what may be termed the ‘‘natural’’ spacing of the bands, a

.
ch

FIG. 4. Measured particle fraction along axis ata56.5° for the conditions
f50.2 andf 50.50, and inner cylinder rotation rate of 8 rotations/minu
Here, ‘‘front’’ is defined as the side of the device on which the cylind
surface moves up, while ‘‘back’’ is defined as the side of the device
which the cylinder moves down.
AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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FIG. 5. Diagrams showing the concentration band positions as functions of time in the~a! horizontal Couette (a50), and at inclination angles of~b! a
50.4°, ~c! a52.0°, and~d! a53.3°. Time was set equal to zero when the presence of bands was first observed. In all cases, the suspensionfbulk

50.2 and the inner cylinder rotates at 8 rotations/minute.
t
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°
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are
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new bands form between existing bands. This even
readily apparent in a video image, and can be seen in
5~a! at (Z59,t5420) or (Z512,t5500), and in Fig. 5~b! at
(Z514,t5260) or (Z514,t5350).

We turn now to larger angles of inclination. For 0.8
<a<4.5°, the bands migrate at a rate which is seen fr
Downloaded 15 May 2002 to 130.207.74.182. Redistribution subject to 
is
g.
Fig. 3 to be roughly linear ina: v'ka with k'5 ~cm/h!/
degree of inclination. The band positions as a function
time for a52.0° anda53.3° are shown as Figs. 5~c! and
5~d!, respectively. It is important to note that the bands
separate and do not form a continuous spiral structure. Th
plots illustrate that regular band formation occurs at the
AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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1585Phys. Fluids, Vol. 14, No. 5, May 2002 Concentration band dynamics in free-surface suspensions
evated end of the apparatus~left in the diagram! followed by
regular motion of the bands toward the lower end. As
bands move down axis at these values ofa, the interband
spacing remains nearly constant, which is evident from p
allel lines formed by the sequential positions of adjac
bands in Figs. 5~c! and 5~d!. This spacing is found to de
crease asa increases.

To conclude, we note that observation of the compl
dynamics in this flow requires, in general, experiments
many hours duration. Both the band fluctuational motions
small a and the slow evolution of the bulk concentratio
field at largea take place over many cylinder rotations. F
intermediatea, relatively short experiments provide informa
tion on the band formation and motion down the axis,
though as the experiments progressed the appearance o
bands nearZ50 occurred at slightly longer intervals. Th
result is thought to be attributable to an apparatus-s
variation of the concentration similar to but weaker than t
illustrated by Fig. 4 fora56.5°. It is interesting to take not
of this last observation from a different perspective: desp
the motion of the bands, there was only a very slow
transport of particles toward the lower end of the device.

B. Influence of filling fraction, f

We begin consideration of the influence of fill fractio
by noting that the banding behavior depends qualitativ
upon whether there is suspension completely covering
inner cylinder in the absence of flow. Note that all results
this section are for the horizontal configuration,a50. For
f ,0.65, the free surface of the mixture at rest lies below
topmost point on the inner cylinder. The depth of the susp
sion over the inner cylinder in the absence of flow, as
function of f, is illustrated in Fig. 6~a!.

As f increases beyondf '0.65, the number of bands de
creases, the width of a band increases, and the numbe
rotations required for band formation increases dramatica
To illustrate the difference in the band structure, ban
formed at f 50.50 andf 50.90 are illustrated in Figs. 6~b!
and 6~c!, respectively.

The number of bands fluctuated during the course of
experiment and the observed range plotted as a functionf
is presented in Fig. 7. Forf 50.50, 8 to 11 bands are presen
while at f 50.90 only three bands form. The abrupt change
number of bands atf '0.65, where as noted previously th
inner cylinder is just covered by suspension, leads us to
fine f c50.65 as a critical fill fraction forRi /Ro50.29.

The concentration bands formed atf . f c are of qualita-
tively different structure from those at smallerf. The concen-
trated bands are wider, and forf .0.8, the regions betwee
the bands are swept essentially free of particles after tw
three days at 8 RPM~over 25 000 rotations!. A similar com-
plete removal of particles from the dilute regions has be
observed for certain parameters in the segregation of a
pension in a partially filled and rotating single cylinder.4 For
the Couette flow atRi /Ro50.29 studied here, this is in shar
contrast to the dilute regions formed forf , f c . For f , f c ,
the concentrated bands are atf well abovefbulk , but be-
cause of the narrowness of these elevated-f regions, it is
Downloaded 15 May 2002 to 130.207.74.182. Redistribution subject to 
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possible for the ‘‘dilute’’ regions to differ little from the bulk
average concentration: we have made measurementsf
50.35 within a band forfbulk50.2, while the separating
regions were measured atf50.19.

The characteristic time~or number of rotations! for band
formation and fluctuational motion is also affected by fi
fraction. It was noted above in the discussion of Fig. 5 t
the time required for accessing the full dynamics of t
bands was many hours at small fill fraction, and this tim
scale increased dramatically forf . f c . Considering a sus-
pension offbulk50.2, for f 50.50 bands are clearly appare
after about 200 rotations of the driving inner cylinder at
rotation rate of 8 RPM. By contrast, for the same volum
fraction at f 50.90 and 8 RPM, there was no observab
concentration variation after 12 000 rotations~roughly one

FIG. 6. In ~a! is a plot of film thickness~when the inner rod is not rotating!
above the inner cylinder of the device at severalf; f c50.65 is the fill frac-
tion at which the suspension just covers the inner cylinder. Photograph
bands atf 50.50 andf 50.90 atfbulk50.2 andv58 RPM are shown in~b!
and ~c!, respectively. The bands in~b! are observed after roughly 200 rota
tions of the inner cylinder, while those in~c! were first observable after
approximately 25 000 rotations, and the image was taken after about 50
rotations.
AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp



ro

al
c.

ts
M

r
he

yl
th
e
nt
-

he
d

vic
e-
a
ic
ra

le

ch
ev

n-
of

as
PM
e
er
ber
t an
me

ge

te,
n,
a-
at

the
ion
nd
d to

e

the

e
by

y-
d,

the
ob-
b-

the

-
is-
re

r-

e-

nd

nge

1586 Phys. Fluids, Vol. 14, No. 5, May 2002 B. D. Timberlake and J. F. Morris
full day!, definite bands were observed only after 25 000
tations ~two full days into the experiment!, and f in the
dilute regions continued to decrease until it was essenti
zero ~after four days!. The band motions described in Se
III A for f , f c are not observed at elevatedf. For 0.5, f
,0.7, the bands are found to migrate ata50, but this mo-
tion subsides rapidly with further increase inf. For f .0.8,
the bands do not move measurably even over experimen
several days duration at the standard driving rate of 8 RP

C. Other results

Finite a at f. f c: The behavior at small incline angle fo
high fill fraction was considered. This provided a test of t
role of the film depth in the segregation process. Ata
50.7° andf 50.75, the free surface lay above the inner c
inder at all axial positions before flow commenced, but
minimum depth of suspension over the cylinder at the
evated and lower ends was equivalent to that in a horizo
Couette wheref 80.7 andf 80.8, respectively. The expecta
tion based upon arguments presented in prior work4 was that
bands would form, if at all, first at the elevated end of t
device where the ‘‘film’’ was of least depth. A single ban
was, in fact, observed at the elevated end of the de
within roughly 300 rotations of the cylinder. This band b
came more pronounced over the course of an hour and
other band formed toward the opposite end of the dev
after several hours. These bands did not, however, mig
down the axis.

Rotation rate:At a50, f 50.5, andf50.2, the rotation
speed was found to have the effects summarized in Tab
The most notable variation occurred in the rangev
54 – 6 RPM, as the time for band formation was mu
larger at the slower rate and the number of bands was s
at v54 RPM and increased to 12 atv56 RPM. The forma-

FIG. 7. Number of bands observed for the Triton X-100/ZnCl2/water sus-
pension as a function of fill fraction forfbulk50.2 at an inner cylinder
rotation rate of 8 RPM. The symbols indicate the range of number of ba
observed at a givenf.
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tion time is an estimate based on the ability to clearly ide
tify concentration bands on the videotape. The number
cylinder rotations for the formation of bands at 4 RPM w
found to be over an order of magnitude larger than at 6 R
~;1900 to;160 rotations!. Furthermore, the band structur
for the lower rotation rate continued to evolve for a furth
10 hours after the bands were initially observed. The num
of bands was found to be essentially constant throughou
experiment for the 4 and 6 RPM conditions, but beca
quite variable as the rotation speed was increased tov
>8 RPM.

It is important to note that along with the abrupt chan
in segregation rate fromv54 RPM tov56 RPM, there is a
qualitative change in the band structure. At the slower ra
the bands are similar to those formed at large fill fractio
f .0.65 @see Fig. 6~c!#, with broad concentrated bands sep
rated by relatively narrow and very dilute regions. Note th
the drainage from the inner cylinder is more thorough at
slower rate. This results in a very thin film of the suspens
remaining on the inner cylinder, apparently too thin for ba
formation to occur here. Instead, the bands are observe
form throughout the entire radius of the annulus~from Ri to
Ro! at v54 RPM, rather than on or directly adjacent to th
inner cylinder as seen at the higher rates.

A comparison of the role ofv seen in this work with
prior observations shows that the separation between
bands in a Couette device withRi /Ro50.64 was found by
Tirumkudulu et al.1 to increase with rotation rate, and th
same trend was seen in the banding in a single cylinder
Boote and Thomas.3 The latter study was at a larger Re
nolds number. Forv54 – 6, we observe the opposite tren
but with the noted change in band structure. Forv>6, our
results show a weak trend similar to the earlier work, as
‘‘average’’ separation between concentrated bands is
served to increase slightly with the driving rate: for a su
stantial fraction of the time the number of bands is at
lower end of the range shown.

Non-neutral buoyancy:By altering the ratios of compo
nents, the liquid density was varied while keeping the v
cosity roughly constant. The same PMMA particles we
used in all experiments. At 8 RPM,fbulk50.2, anda50,
slightly less dense particles (r f /rp51.38) resulted in a be-
havior indistinguishable from that of neutrally buoyant pa
ticles. A weak excess particle density (r f /rp50.89) at these
conditions resulted in formation of bands which then d

s

TABLE I. Band formation time and number of bands, reported as the ra
observed when variable, as a function of cylinder rotation rate, forfbulk

50.2, f 50.5, anda50.

Rotation rate,v ~RPM! Band formation time~min! Number of bands

4 480 7
6 26 12
8 21 8–11
12 6 9–12
16 4 9–12
24 5 8–10
32 9–11
AIP license or copyright, see http://ojps.aip.org/phf/phfcr.jsp
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tached from the inner cylinder and settled to the bottom
the annulus.

Spreading of a suspension drop on a wetted surface:The
banding leads to elevated portions of the free surface,
prior work4 has suggested that fluctuations of the free surf
could be a factor in the segregation behavior. These fluc
tions could be due, for example, to viscosity variation cau
by variation of temperature orf. Such fluctuations lead to
gravity-driven ~drainage! flows for which there is little un-
derstanding in the case of suspensions. To gain some ins
simple experiments on the spreading of a suspension
were performed, using a suspension of neutrally buoyant
ticles and fluid. In these experiments, the Triton X-100 s
pending fluid is dyed very dark purple~RIT liquid dye, Wine
10! and the particle surfaces are dyed black~RIT liquid dye,
Black 15!. The PMMA particles used were in this case n
from a narrowly sieved fraction and the diameters rang
roughly from 100–300mm, with the majority of the volume
in the 250–300mm fraction.

A drop of dyed suspension, volume approximately 0
cm3, was dropped from an orifice at a height of 2 cm onto
horizontal plate covered by a submillimeter flat film of th
undyed suspending liquid only. The viscous drop lost its
ertia almost immediately upon impact. The subsequ
spreading behavior is illustrated by the sequence of ima
in Fig. 8. These images are taken from a fixed vantage
focal point, with the first image, labeled by timeT50 s,
taken at the instant the image first came clearly into fo
~after about 1 s during which the initial curvature of th
surface was reduced by spreading!. This first image illus-
trates the formation of a leading ‘‘foot’’ of the dyed suspen
ing liquid, which is observed as a dark region advanc
ahead of the particles. The region of dyed fluid advan
progressively farther ahead of the particles, which also c
tinue to spread. The characteristic distance between the
ticle and fluid fronts is 600mm, 1000mm, 1400mm, and
2000 mm ~2 mm!, respectively, at 0, 6, 18, and 91 s. Ind
pendent tests showed that diffusional spreading of the
was essentially unmeasurable on this time scale. The adv

FIG. 8. Sequence of four images in the spreading of a dyed drop of
Triton X-100 suspension, off50.2, on a thin film of the suspending fluid
The times at which the images were taken are shown relative to an arb
zero time for the upper left image. The dark region free of particles res
from the spread of the dyed suspending liquid.
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ing of the liquid front ahead of the particles indicates th
there is ‘‘differential drainage’’ in the thin film: the film-
averaged velocity of the particles is smaller than that of
liquid in the direction of spread. Differential drainage is di
cussed in connection with a proposed mechanistic basis
the onset of banding in Sec. IV.

IV. DISCUSSION

Particle segregation in the Couette device is appare
caused by repeated exposure of the suspension to a free
face. Our examination of this phenomenon has focused u
the role of fill fraction and angle of inclination, thereby e
ploring the behavior under conditions previously unstudi
Introduction of inclination breaks a basic symmetry of t
system relative to prior studies, and the dynamics at fin
inclination include a highly regular down-axis motion o
evenly spaced bands. The observation of regular motion
long-lived bands prompted consideration of the general ch
acteristics of the band motions, and the bands have b
shown to undergo sustained fluctuational motion in the h
zontal device.

Such fluctuational motions of the concentrated ban
have not been described previously, and this may be rel
to the geometry of the Couette device used. The device u
for this work was a wide-gap Couette of radius ratioRi /Ro

50.29, and while we find qualitative behavior similar to th
found1 at Ri /Ro50.64, the bands formed atRi /Ro50.29
have a different appearance at small fill fractions, being n
row, directly adjacent to the inner cylinder rather than sp
ning the annulus, and separated by regions only slightly
luted relative to the meanf. Because of the small ratio o
Ri /Ro , there was no bridging of the gap by suspension o
the inner cylinder as seen in prior work in this geomet
leaving the free surface undisturbed by the outer wall. T
smallerRi /Ro allowed examination of the flow for fill frac-
tions well above and below the value off which provides
complete coverage of the inner cylinder, specificallyf c

50.65.
The summary observation is thatf c separates two re

gimes of behavior. The band number and structure cha
abruptly atf c'0.65 for a50. The primary influence of the
fill fraction appears to be due to its relation to the thickne
of the ‘‘film’’ of suspension covering the inner cylinder. A
f , f c , this film is generated by the cylinder carrying th
suspension over to the opposite side of the device and
drainage competes with the driving rotation to establish
film thickness. This thickness is generally thinner than
film depth generated in the case whenf . f c . There appears
to be a lower limit to the film thickness for which the ban
ing occurs due to flows on the inner cylinder; very slo
rotation rates atf , f c yield such a thin film that banding
occurs in the entire radial extent of the annular region rat
than on the inner cylinder.

The velocity field is also influenced by fill fraction. Fo
f , f c the mixture is forced to return predominantly under t
cylinder. The coupling of the particle fraction to the veloci
field warrants further study, as the return flow under the in
cylinder is known to be a factor in the centrifugal instabili
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leading to recirculation eddies and pattern formation of p
liquids in the partially filled Couette geometry.15,16However,
our studies are at vanishing inertia and the results obta
for varying f and a have shown that banding occurs for
range of base state flows, supporting the view that instab
of the subsurface flow is not a cause of the concentra
banding.

In regard to the cause of the banding, it has be
suggested3,17,18that shear-induced migration leads to the s
regations. A scaling analysis shows that for the migrat
distances in the Couette flow, which are comparable to
inner cylinder radius, the time required ist;Ri

2/Dsh, where
Dsh5ġa2D(f) is the shear-induced diffusivity andD~f! is a
dimensionless function of particle fraction. Simulation a
experiment have been performed to determineD and an up-
per estimate from experimental work19 ~smaller values are
found in simulation20! for the axial component isDzz(f
50.2)'0.02. The shear rate in the thin film is estimated
ġ;Drgh/m. Consider the time predicted for shear-induc
migration for particles ofa5150mm and a film prior to
banding ofh50.2 cm in thickness forv58 RPM. Using the
pure fluid viscosity, the full gravitational acceleration, a
assuming the suspension is subjected to the film shear ra
all times overestimates the rate of migration. However, e
with these values for parameters,t;63104 s, or almost 17
hours, during which time the cylinder would underg
roughly 8000 rotations atv58 RPM. Development of band
occurs in 200 rotations in most cases forf , f c ~see Table I!,
or 40 times more rapidly than this prediction. We further no
that migration was observed in a suspension offbulk50.01
after several hours at 8 RPM in the Couette atf 50.5, and
the procedure above yields an estimate for shear-induced
gration on the order of severalhundredhours for this condi-
tion. Hence, there is strong evidence against shear-indu
migration as the mechanism responsible for the obser
segregation.

Experimental results from this work suggest that t
minimum film depth is a controlling factor in the rate an
structure of the observed banding. For fill fractionsf ,0.65
in which the film is thin at the driving rates of this stud
about 10 narrow bands of elevatedf are formed within 200
rotations of the inner cylinder, with the intervening regio
only slightly diluted relative tofbulk . The bands formed a
these low fill fractions are mobile, and their positions fluc
ate, leading to coalescence and vanishing at the axial
caps at zero inclination,a50. For small values ofa, the
band formation rate and migration speed are observed t
regular. As the fill fraction increases beyondf c50.65, the
time scale, or number of rotations of the driving cylind
required for banding increases rapidly. From less than
rotations to establish bands atf 50.50, the number increase
to about 4000 atf 50.71, and to at least 25 000 rotations
f 50.90. At largef, the concentrated bands become wider a
the dilute regions, as seen in Fig. 6~c!, tend towardf50.
The behavior forf .0.90 remains unknown.

The mechanistic basis which appears most plausible
the earliest stages, or onset, of axial segregation to con
trated bands is differential rates of drainage of particles
fluid by gravity-driven flows from fluctuations in surface e
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evation. We interpret the arguments presented here to be
sistent with the discussion of banding segregation in the p
tially filled single cylinder presented by Tirumkuduluet al.
~2000!.4 In that study, the particle size relative to the fil
thickness in the drainage flow down the cylinder wall w
noted to be a controlling factor in the degree of segregat
The central idea upon which our proposed mechanism r
is that in gravity-driven flow in a thin film of suspension th
fluid and particle phase film-averaged velocities will diffe
Results of the drop spreading experiments described in
III C support this notion. If we consider fluctuations of th
free surface of a Couette flow along the cylinderz axis of
form dh5e cos(z/l) at uniform f, the more rapid fluid
drainage would result in a slight increase of the localf at the
crests of the surface. Such a mechanism is self-propaga
in the sense that increasedf leads to an increase in the loc
effective viscosity, which in turn will cause the free surfa
to remain elevated at this position on subsequent rotatio
The primary factors which cause ‘‘differential drainage’’ o
the phases appear to be the following:~a! the layer of mate-
rial directly adjacent to the free surface is liquid if the pa
ticles are wetted, and has the largest gravity-driven veloc
and ~b! the motion of a particle within a thin film will be
hindered by the presence of the solid~and to a lesser degre
the free! surface. Both factors will result in fluid flowing
ahead of the particles in an experiment such as the d
spreading tests described in Sec. III C. Both factors also h
relatively less influence at film depths which are many tim
the particle size. For this reason, the segregation is expe
to be most rapid in regions of small film depth, and und
limited testing we find this expectation holds. As noted
Sec. III C, at an overallf 50.75 and small inclination, band
ing occurs most rapidly in the elevated end of the Coue
where the film is shallow.

The arguments above are only intended to hold for
onset of the segregation. The subsequent evolution of
band structure involves complex secondary flows owing
the structure of the particle fraction field. The flow in th
Couette device becomes three dimensional when the par
concentration varies axially, and in our experiments we h
observed—after the banding is well-developed—pronoun
extensional flows which pull suspension into the bands
the upflow side of the driving cylinder. Other structural fe
tures, including a ‘‘triplet’’ band structure where an ind
vidual concentrated band is made up of one central and
side bands, have been described in recent work on the si
cylinder banding segregation by Thomaset al.17 An under-
standing of how structural features of the band couple to
mixture velocity appears to require a detailed analysis of
velocity field.
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