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Concentration and velocity patterns in a horizontal rotating suspension of non-Brownian
settling particles
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We report a systematic experimental study of concentration and velocity patterns formed in a horizontal
rotating cylinder filled completely with a monodisperse suspension of non-Brownian settling particles. The
system shows a series of concentration and velocity patterns, or phases, with varying rotation rate and solvent
viscosity. Individual phases are studied using both side and cross-sectional imaging to examine the detailed
flow structures. The overall phase diagram of the system is mapped out as a function of the rotation rate and
solvent viscosity. Attempts are made to analyze the functional form of the phase boundaries in order to
understand the transition mechanism between different phases.
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[. INTRODUCTION vidual (heavy particle should not stay suspended in a rotat-

Flows of solid particles suspended in a continuous liquidnd cylinder indefinitely. Robertst al.[11] have shown that
are ubiquitous in nature and are also encountered in a wid@ Single particle inside a horizontal rotating cylinder will
range of techno|ogica| app||cat|o|ﬁ$_3] Examp|es include Splral outward COﬂtanOUSly until it reaches the cell wall. The
the flow of mud, glass fibers in polymer solutions, and seditraveling time for the particle to reach the cell wall is given
mentation and transport of particles, as well as fluidizatiorby
phenomena. Many industrial processes in chemical, metallur- -
gical, plastics, pharmaceutical, and food processing involve £ g | R _X0> 1)
particulate two-phase flows. Because of their fundamental wall 2Uqw? 14 ’
importance and wide applications, particulate two-phase
flows have become an active research area in recent yeamhereg is the gravitational acceleratiohl, is the particle
Uniform hard-sphere particles suspended in a Newtoniasettling velocity (Stokes velocity, » is the rotation rate of
fluid, in which thermodynamic forces and Brownian forcesthe cylinder,R is the cylinder radius, and is the initial
are unimportant, form a model system for the study of pardisplacement from the spiral centgs. The value ofx, is
ticulate flows. Although the single-particle motion is known obtained from the conditiomyw=U,, under which the par-
with high precision, the collective behavior of the particlesticle settling velocityU, is balanced by the upward rotation
often shows interesting but unexpected featUred]. Be-  velocity xqw. For our system with the solvent viscosity
cause of long-ranged hydrodynamic interactions, the particle 40 centipois€cP) and w=5.24 1/s, the traveling timg,,
configuration and structure formation are strongly coupled tas less than 10 min. Nevertheless, various concentration pat-
the flow field, making the suspension dynamics an interestterns have been observed in the rotating suspension for sev-
ing and challenging problem in statistical physics and low-eral weeks without a noticeable change. The collective be-
Reynolds-number hydrodynamics. havior of the particles is found to be qualitatively different

Recent experimen{$—9] in a horizontal rotating cylinder from the single-particle dynamics.
or Couette device partially filled with a suspension of either The rotating suspension is a complex system and has
neutrally buoyant or heavy particles revealed that the parmany experimental parameters. They include the rotation
ticles separate into a series of axial bands stacked along thate w, solvent viscosityy, particle radiusa, volume fraction
horizontal axis. While generally accepted explanations arep, cylinder lengthL, and radiusR. These parameters give
yet to be developed, the flowing fluid-air interface is thoughtrise to multiple velocity and time scales for the system. With-
to be important to structure formation in particle laden sys-out a theory, it is difficult to know what are the dimension-
tems. Recently, we carried out an experiment with a settlindess control parameters for the system. As a result, one has a
suspension of uniform non-Brownian particles completelyhuge parameter space to explore experimentally. In fact, sev-
filling a horizontal rotating cylindef10]. Here there is no eral independent experimerts2—15 have been carried out
surface responsible for pattern formation, yet the systemmecently in the rotating suspensions. These studies revealed
showed a series of sharp pattern changes. Before reachisgveral interesting concentration and flow patterns in the sys-
the centrifugal limit, at which all the particles are spun ontotem, but some of them were conducted only in an insolated
the cylinder wall, the rotating suspension exhibits a series ond rather limited parameter space. Theoretical arguments
interesting but unexpected concentration and velocity patand calculation$12—-16 have been made to explain the ob-
terns. served flow patterns, but they have different assumptions and

Because of the imbalance between the solvent pressumedictions. A generally accepted theoretical framework for
gradient and the centrifugal force due to rotation, an indi-the rotating suspension is yet to obtain.
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@ horizontally on a thermally isolated aluminum stand. The
inner diameter of the tube isSRZ=1.91+0.04 cm. Two brass
ends are milled to fit the tube and sealed with two o-rings. A
sliding plunger is built similarly inside the tube, so that the
rw length L of the tube to be filled in with a solution can be
= varied. A threaded plug is installed at the center of the
plunger to allow air to leak out completely from the tube.
Most measurements are carried out with a full tube length
L=22.75+0.05 cm. The cylinder rotates freely on ball bear-
ings inside a square cooling chamber, which has an inch of
clearance around the cylinder. The temperature of the cool-

5 S e ; ; S ) _
7 ing chamber is maintained constant by circulating cold water
«—[ 2R lunger from a temperature controlled bath and circulator. The tem-
perature stability of the circulator is 0.05 °C, which provides
L G == . . . . . .
K 2 7 3 fine control of the solution viscosity. The cooling chamber is
L made of flat transparent Plexiglas plates to admit the incident
light and observe the scattered light by the particles. The use
® E— : of the flat window eliminates the optical distortions gener-

ated by the curvature of the cylinder sidewall and thus im-
proves the quality of visualization of the concentration and
velocity fields. The base plate of the aluminum stand is
equipped with adjustable legs to facilitate precision leveling
of the cylinder and anchor holes to keep the entire system
fixed firmly on an optical table.

Figure Xa) also introduces the space coordinates for the

FIG. 1. () Construction of the rotating cylinder and the space following presentation of measurements. The origin of the
coordinates used in the presentation of the measuren@htShe  coordinate system is chosen to coincide with the center of
actual experimental setup. the rotating cylinder. The and 6 axes are, respectively, the
radial and azimuthal axes in the rotation plane andztagis

In this paper, we report a systematic experimental study o6 along the axis of symmetrithe rotation axis of the cyl-
a settling suspension of uniform non-Brownian particles in @nder. The cylinder is driven by a stepper motor. A thermally
completely filled horizontal rotating cylinder. The overall insulated coupler is used to prevent motor heat from entering
phase diagram of the system is carefully studied, and théhe cylinder system. A microstepping drive controller regu-
transition boundaries between different phases are mappé@tes the motor position with a resolution of X80* steps/
out over a wide range of the rotation rate and solvent viscostotation. The controller is stimulated by a homemade in-
ity. The aim of the paper is to provide the reader an overalfexer, which generates a stable pulse train with 1.0
picture of the rich dynamics of the system, so that further< 10°£1.0X 107 s in pulse period. These parameters pro-
theoretical analysis can be carried out to give specific guidevide an accuracy of 2:8107+2.5X 107 s in the rotation
lines and predictions for the experiment. Such a systematiferiod T. This fine control of the rotation perio@r the ro-
study is essential to the theoretical understanding of the rdation ratew=2m/T) allows us to determine the boundary of
tating suspension and will also facilitate further quantitativeeach dynamic phase accurately.
characterization of the flow structures formed in the system. The stepper motor ratchets the motion of the cell rotation,
In the experiment to be presented below, we choose a rota@Pplying a small-amplitude high-frequency oscillation. The
ing suspension with fixed values of particle radiysolume  frequency of the oscillation i&=wN, where o is the cell
fraction ¢, and cylinder radiu® and study how the concen- rotation rate andN=2.5x10" steps/rotation. For time-
tration and velocity fields of the suspension change with thélependent motion the viscous penetration depth Sis

rotation ratew and solvent viscosity;. The effects ofa, ¢,  =[7/ (Pszv)_]l/ %, wherez andp are, respectively, the viscosity
andR on the pattern formation in the rotating suspension willand density of the solvent. For a rotating suspension with
be discussed elsewher&7,18. 7=30 cP, ps=1.16 g/cni, and w=2(1/9), we have §

The remainder of the paper is organized as follows. We=22.5 um which is smaller than the size of the particles
first describe the apparatus and the experimental method ised in the experiment. Therefore, the small-amplitude high-
Sec. Il. Experimental observations of the concentration anffrequency oscillation produced by the stepper motor should
velocity patterns in the rotating suspension are presented inot affect the large-scale concentration and velocity patterns
Sec. lll. Further discussions of the experimental results arebserved in the rotating suspension.

given Sec. IV. Finally, the work is summarized in Sec. V. The cylinder is filled completely with an aqueous solution
of glycerin with a small amount of liquid detergent
Il EXPERIMENT (0.25 vol %) added to prevent particle aggregation. Two

aqueous solutions of glycerin are used to cover the solution
Figure 1 shows the actual experimental setup. The rotatviscosity ranged from 8 to 100 cP. One aqueous solution has
ing cylinder is made of a Plexiglas tube and is mounteds0 wt % mass concentration of glycerin and its viscosity var-
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ies from 8 to 22 cP when the temperature of the solution is @
changed from 30 to 5 °C. The other aqueous solution has
77 wt % mass concentration of glycerin and its viscosity var-
ies from 19 to 100 cP when the temperature of the solution
is changed from 44 to 6 °€18]. Measurements of the sol-
vent viscosity at different temperatures are conducted using a
Bohlin rheometer.

The particles used in the experiment are uniform glass
spheres with an average dengify=2.35 g/cm. The particle
radius isa=100 um and the size variation is less than 8%.
The volume fraction of the particle suspension is fixedbat
=0.023. The density difference between the particle and the
solvent isAp=p,—ps=1.19 g/cni, and the corresponding
Stokes velocity Is given by,=2Apga®/ (97), whereg is the
gravitational acceleration. For solutions with viscosity ®
ranged from 8 to 100 cP, the correspondldg varies from
3.25t0 0.26 mm/s. There are two length scales and two ve-
locity scales in the problem, which give rise to four defini-
tions of the Reynolds number. The Reynolds number based
on the particle size and the settling velocity is given by Re
=2aUyps/ 1, which varies from 9.4 1072 to 7.5 1072 in
the viscosity range mentioned above. The Reynolds number
based on the particle size and wall speed, ReReips/ 7,
ranges from 3 to 0.2 for a maximum rotation raie
=44 (1/9). The Reynolds number based on the cylinder ra-
dius and wall speed, ReR%wp/ 7, ranges from 1.X 1 to
13 for a maximum rotation rate =4 (1/s). The Reynolds
number based on the cylinder radius and the settling velocity

IS g!ven by. Re:RUOPS/ 7 Wh'ch varies from 2.%10°? to FIG. 2. (a) Overall phase diagram as a function of the rotation
4.5 |n_the viscosity range me"‘“o"‘eq above. The Pe_clet nun}ieriod 27l w and solvent viscosityy. (b) An enlarged part of the
ber given by PeaUy/Do, whereDy is the Stokes-Einstein hase diagram for high-rotation-rate states. The symbols are experi-
diffusion constant for a single particle, ranges from 6.5nentally determined data points and the solid lines are spline-fitted
X 10° to 1.2x 10", implying negligible Brownian motion smooth curves for the phase boundaries. The dashed lines are the
for all the suspensions used in the experiment. extrapolated curves from the fit. GB: granular bed. F1: fingering
In the experiment, we use a standard video imaging techiiow I. F2: fingering flow II. LT: low-rotation-rate transition. SB:
nique to record the motion and spatial distribution of thestable bands. LD: local-structure dropout. HR: homogenous region.
particles. A video charge-coupled-devid€CD) camera HT: high-rotation-rate transition. DB: discontinuous banding. CL:
records particle images in different cross-sectional planes afentrifugal limit.
the cylinder(r-0 plane and in the#-z planes. To facilitate
the imaging in the-¢ plane(end view, we construct a spe-  sjide on the bottom of the cylinder, forming a fluidized
having a transparent end window for video imaging. Theforce becomes dominant and all the particles are spun onto
short cell rotates freely on a ball bearing inside a squarg¢ne cylinder wall. Between the two extremes, we observe a
cooling chamber and is connected to a drive motor outside oferies of interesting but unexpected concentration and veloc-
the cooling chamber. A sheet of laser light of 1 mm in thick-ity patterns in the rotating suspension. The system exhibits a
ness is used to illuminate thed plane of the cell. The whole total of ten different steady statésr dynamic phas@sand
cell is mounted on a translation stage, so that the flow visuthey are distinguished in the experiment by their unique flow
alization in ther-6 plane can be carried out at different lo- patterns and particle distributions. In this section, we de-
cations along the axis. For the imaging of the long cylinder scribe each of the phases in order of their appearance with
in the 6-z plane (side view, back-lit illumination is used. increasings. Some of the results have been reported briefly
The particle trajectories are visible as streaks in superposaf a rapid communicatiofil0].
consecutive images. To vary the contrast of the particle im-
ages, we use both blue and translucent white glass spheres.

2x7/ w (8)

n(cP)

A. Granular bed (GB)

Whenw is zero, the particles lie on the cylinder floor as a
loosely packed granular bed. As the cylinder rotates clock-

Figure 2 shows the “phase diagram” for the rotating suswise, the bed is carried up along the rising wall on the left
pension as a function of the rotation period/2» and sol-  [brighter region in Fig. 85B)]. Under gravity the inner layer
vent viscosityz. At low rotation rates, the particles lie and of particles in contact with the solvent slides downward, cre-

IIl. OBSERVATIONS
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ticles follow looplike orbits but these orbits are not closed in
general.

There are two distinct circulations present in this phase.
First, a counterrotating flowjopposite to the cylinder rota-
tion) is located near the granular baggionB). Second, the
upper part of the bulk fluidregion A) rotates in the same
direction as the cylinder rotation and encompasses the lead-
ing edge of the bed, where particles are injected into the
solvent. The circulation feeds the injected particles back to
the granular bedregionB).

GB F1

Ta B. Fingering flow | (F1)

Fingering flow | is distinguished objectively from the GB
phase, when particles in regignhopposite the granular bed
are no longer carried to the bed. Rather, the counterrotating
region near the bettegionB) and the corotating region op-
posite the bedregion A) do not share particles as seen in
Fig. 3(F1). These two flow structures are separated by a nar-
row region, which divides the cross section of the cylinder
roughly in half. Particles approaching this region are swept
into parallel trajectories on each side of the region, as if a
high potential ridge exists along the dividing line. Near the
top leading edge of the granular bgatighter region in Fig.
3(F1)], the counterrotating flow meets the wall driven coro-
tating flow, producing a saddle-point-like flow structure. In
this region, fluctuations carry some of the particles to the
corotating region but most of them stay in the counterrotat-
ing structure.

Particles in the F1 phase behave differently from those in
the GB phase on a microscopic level. In the GB phase, par-
ticles are mostly contained in the granular bed region. Those
particles traveling near the upper part of the bed move down-

FIG. 3. Cross-sectional view of particle trajectories in the shortward together with the bed with the same velocity and they
rotating cylinder. For clarity, 30 sequential images taken at timgoin the bed downstream in a relatively short period of time.
intervals ranged from 1 §for low-w sate$ to 1/30 s(for high-w In the F1 phase, however, particles leave the top or leading
sate$ are superimposefexcept(CLa) which is an individual im-  edge of the bed as a two-dimensional sheet. This is an un-
agd and the contrast of the pictures is reversed with white streakstable situation leading to a Rayleigh-Taylor-like instability.
on a black background. The arrows indicate the direction of theParticles clump together into lines or fingers. Initially, two or
local flow and the cylinder rotation. GB: granular bed. F1: fingeringthree particles line up loosely in the flow and then grow into
flow I. F2: fingering flow I1. LTa: low-rotation-rate transition with @ chainlike structures of several millimeters in length and a
remaining granular bed. LTb: low-rotation-rate transition without afay particle diameters in width. We call this “finger forma-
granul_ar be_d. SB: stabl_e bands. HT: high-ro;at_ion-rate transitio_ntionn and hence the resulting flow is named “fingering flow.”
IZ?B: discontinuous bandln.g. CLq: (?ent.rlfugal Ilm{t near the transi- Closer examination of the flow field near the leading edge
Flon boundary. CLb: centrifugal limit with all particles on the cyl- of the granular bed reveals that a finger forms where a se-
inder wall lected particle begins to fall and draws one or more neigh-

boring particles along with it. The effective range of the pre-
ating a circulation within the bed. A steady state is reachedsumed  “attractive”  hydrodynamic  interaction s
which results in a fluidized granular flow similar in appear- approximately five particle diameters. As a group of par-
ance to that observed for a simple viscous liquid in a pariicles, the settling velocity of the fingers is much larger than
tially filled rotating cylinder[19]. This gravity-driven flow the Stokes velocity), [20]. As w increases, the fingers grow
produces a counterclockwise rotation for the pure solvent iboth in number and size, and so does their settling velocity
the central region of the cell. With larger, the top leading relative the rotating background. The fingers distribute them-
edge of the bed moves into the upper half of the cell and theelves along the axis uniformly. Figure 4 shows a magni-
particles are injected into and become suspended in the pufied side view of the fingers formed in the F1 phase. The thin
solvent region. As shown in Fig.(@B), the particle trajec- vertical dark strands are the fingers, which fall vertically in
tories extend from the leading edge of the granular bed anthe direction of gravity.
then bend back to the lower half of the bed due to the coun- Near the lowe boundary, the spacing between the fingers
terclockwise flow field of the solvent. It is seen that the par-is comparable to their own width, only two to three particle

LTb SB

HT DB

CLa CLb
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FIG. 4. Side view of chainlike structuréfngers formed in the
F1 phase. For clarity, 30 sequential images are superimposed an
the dark streaks show the chainlike structures fall vertically in the DB
direction of gravity. The displayed region is approximately 1.1 cm
by 1.5 cm. CLb

) ) ) ) L FIG. 5. Side view of the particle distribution in the long rotating
diameter wide. At higher rotation rates, the spacing increasegjinder. Darker regions have more particles. GB: granular bed. F1:
to several millimeters while the fingers themselves remaiingering flow I. F2: fingering flow II. LTb: low-rotation-rate tran-
relatively narrow. Particles within a finger are separated bysition without a granular bed. SB: stable bands. LD: local-structure
approximately one to two particle diameters, and they appeairopout. HR: homogenous region. HT: high-rotation-rate transition.
to be distributed symmetrically about the central fall line of DB: discontinuous banding. CLb: centrifugal limit with all particles

the finger. Fingers occur somewhat quasiperiodically inon the cylinder wall.
terms of the rotation period, giving rise to a time-dependent

velocity field. When a finger falls, it follows the granular of the circulationC in Fig. 3(F2). The fingers of F1 are no
bed, keeping its radial position nearly constant until it |onger absorbed into the granular bed. Rather, the momen-
reaches the base of the bed. Careful particle tracking reveajgm is now so large that inertia carries the fingers beyond the
that the particles shown in Fig(R1) remain within the light  ped and into the corotating flow. This produces the circula-
sheet during their entire journey, indicating that the fingeringsjon c.
flow is essentially two dimensional. As indicated in Fig. 82), fingers start at the top leading
edge of the granular bed, where the corotating reghon
meets with the counterrotating regid They travel along
the left side of regiorB (near the granular bedintil a large

As mentioned above, the fingers become larger with inportion of the mass is ejected upward between regiasd
creasingw and thus produce larger disturbances to the flonC. When the particles moving inward approach the particle-
field in the closed cylinder. Figure(B2) shows the global fluid interface, which separates regiddsandC from region
flow structure of fingering flow Il. The arrows indicate the A, they are split almost evenly between regidhsand C
direction of the local flow and the cylinder rotation. The without disturbing the interface. Similar to the situation in
corotating regionA opposite the granular bedbrighter re-  the F1 phase, fingering flow Il is also two dimensional.
gion in Fig. 3F2)] is pushed further to the upper right corner  Figure 5 shows the side view of the particle distribution in
of the cylinder, and the particles in regi@ntravel a single  the long rotating cylinder. These images are taken using back
loop of orbit before returning to the granular bed regi@s lighting. Regions with higher particle population absorb and
andC. Particles in the counterrotating regi@also exhibit  scatter more light and thus exhibit darker color. The fingers
closed orbits and can remain suspended for many rotationi the F2 phase are large enough and become visible in this
RegionC near the lower edge of the granular bed is a newside view image. As shown in Fig.(52), the thin vertical
circulation, which is absent in Fig.(B1). This corotating dark strands on the upper half of the tube are the growing
region is generated by a wall-driven clockwise flow and afingers, which are distributed rather uniformly along the
faster counterclockwise circulation of the granular bed dueaxis. These thin dark strands are invisible in Fi(FB.
the settling of larger fingers. Close observation of the Closer examination of the finger detachment near the top
particle-fluid interface separating regioBsand C from re-  leading edge of the granular bed reveals that the fingers in
gion A reveals a sharp boundary between the heavily poputhe F1 phase detach from the rising wall at fixed locations of
lated region(B and C) and the nearly void solutiofiA).  approximately equal distance along the cylintgde view.
Operationally, the F2 transition is defined by the appearanck going from the F1 to F2 phases, we find that the detaching

C. Fingering flow Il (F2)
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At larger rotation rate, the fingers fall next to the down-
ward moving cylinder wall, as shown in Fig(l3'b). Once
this occurs, the granular bed is quickly dissolved and all the
particles remain suspended. In this case, the fall of the fin-
gers reinforces the lifting of the rising wall on the opposite
side of the cylinder, providing a positive feedback to the
overall rotating structure. It is seen from FigLBb) that the
flow field now contains a laminar outer layer following the
rotation of the cylinder and an inner fluctuating core region,
which, presumably, contributes to the unsteady nature of
bandlike structures.

The LT phase has a transition character, which is unique
when compared with the other phases discussed above. For
the GB, F1, or F2 phases, the basic flow structure does not
change much with the rotation rate, as long as the rotation
rate stays within the appropriate phase space as shown in
Fig. 2. The shape of the granular bed and the general behav-

FIG. 6. Side view of fingers formed in the F2 phase. For clarity,jor of the fingering flow all remain unchanged throughout the
30 sequential images are superimposed and darker regions haﬁﬁase region. For the LT phase, however, the basic flow
more particles. The arrows indicate four fingers visible in the im-gtrcture changes continuously with increasisgs demon-
age. The displayed region is approximately 1.9 cm by 25 cm.  gpniag by Figs. @Ta) and 3LTb). Near the lowew (higher

rotation periodT) boundary, the system behaves more like
position of the settling fingers begins to drift over a smallfingering flow 1l. As the system moves toward the larger
horizontal distance, leading to an apparent zigzaglike patismallerT) boundary, the fingering flow behavior diminishes
for the falling fingers when viewed at a fixed downstreamand the system resembles more like the stable bands phase,
location as a function of time. Figure 6 shows a side view ofto be discussed in the following section. The bandlike ap-
the fingers formed in the F2 phase. The arrows point at foupearance is clearly seen in FiglL5b). Particles form peri-
fingers visible in the image and they also indicate the driftodic bands along the axis with a distinct self-reinforcing
direction of the detaching position of the settling fingers inflow structure(see Fig. 8 below for more detajlsThe self
the following time period. It is seen that the fingers in the F2reinforcing secondary flow is more pronounced at low vis-
phase have grown much bigger with a typical width of cosity than at high viscosity. The bandlike structure is more
~2 mm (10-15 particle diameters robust at lower viscosity and fingering is more evident at

In a recent experiment, Breet al. [15] found “traveling  large viscosity. In this regard, the LT phase resembles a tran-
waves” in a rotating suspension of 3@@n-diam glass beads sitional or coexistence phase.
in an aqueous solution of glycerin. Given our results, though Before reaching the lowes boundary of the SB phase,
in a slightly different region of parameter space, we postulatéiowever, these bands are unstable and fluctuate both in time
that the onset of the traveling waves reported by Breal.  and spatial orientation in a quasiperiodic fashion. These fluc-
is associated with the transition from the F1 to F2 phasesuations are associated with the unstable central core region
Because narrow strip imagé812x 2 pixels were used for  as shown in Fig. @Tb). The fluctuation frequency decreases
flow visualization, only the axialhorizonta) motion of a  with increasingw, from a few seconds at the initial onset of
thin horizontal layer of particles was recorded and the threethe unstable bands to approximately 1 min near the lawer-
dimensional structure of the concentration and velocity fieldboundary of the SB phase. The fluctuation frequency also
was not studied in the experiment by Breual. decreases with increasing solvent viscosity, as the viscous
drag slows everything down, but the general behavior of the
fluctuating bands remain unchanged.

D. Low-rotation-rate transition (LT)

Operationally, the onset of low-rotation-rate transition is
marked by the development of an axial componen} of E. Stable bands (SB)
the finger velocity. This transition is observed in the cross- Secondary flow components parallel to the axis of rotation
sectional view(r-6 plane by a change in the internal flow appear with fingering in the lowe® boundary of the LT
structure, as shown in Fig(I3ra). In the F2 phase, the mo- phase. This axial flow continues throughout the phase even
tion of the fingers is confined in the-6 plane and most as the particle density evidences bands near the lasger
fingers fall along a well-defined channel created by the counboundary. What distinguishes this boundary to the stable
terrotating flow near the bed. This channel can be seen ibands phase is a switching off of the fluctuating velocity
Fig. 3(F2). The motion of the fingers becomes three dimen-components parallel to the rotation axis, while the large-scale
sional in the LT phase when the fingers start to fall towardoand density distribution persists. Once the lowebound-
the center of rotation at higher rotation rate. In this case, thary of the SB phase is reached, the self-reinforcing secondary
radial positionr of the settling fingers does not remain con- flow pattern associated with the band structure stabilizes and
stant anymore. the bands themselves become stationary in space.
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0.4 FIG. 7. Measured absorption coefficieftof
. /w the transmitted light as a function of the axil po-
M sition z. The transmitted light intensity has been
HR averaged over the cylinder diameter and the ver-
< tical line atz=0 indicates the middle of the cyl-
08¢} inder. The measurements are made in the follow-
ing phases: SB: stable bands. HR: homogenous
0.6l region. HT: high-rotation-rate transition. DB: dis-
- continuous banding.
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As shown in Fig. $SB), the bands are structurally identi- | —I_(z)
cal and are separated alternately by void regions. The posi- A==2—7 (2)
tion of the bands remains fixed for a given with fairly s

uniform spacing, except near the cylinder ends. The average . L )

spacing between the bandsNs 2.2 cm, which is 1.2+0.1 Wherel;=255 is the saturation intensity of the CCD camera
times the tube diameter. The measurements of the band spa¢sed in the experiment. With this definition, darker regions
ing have been conducted throughout the SB phase space Wgh more particles will have a larger value &f It is seen
shown in Fig. 2. Lipson and co-worker2,13 also reported  from Fig. 7 that the particle concentration profile has a sharp
band formation for nearly neutral buoyant particles in wateitriangular wave form(which is also directly visible from a
and other low-viscosity fluids. While their experimental un- top view). The particle distribution inside each band is sym-
certainties are relatively large, the measured band spacing meetric about its central peak position. These maximum con-
comparable to our result discussed above. In a different exeentration planes are stationary in space and the velocities at
periment[17,18, we vary the cylinder diameter by a factor these locations are vertical and parallel with each other.

of 2. The patrticle size is also varied by a factor of 2 and the As shown in Fig. 8SB), the particle trajectories in the
particle volume fractiong is changed from 1.1% to 2.6%. r-g plane become exclusively clockwise in the SB phase. It
These measurements reveal that the average band spacigteen that the “center” of the particle trajectories does not
changes only with the cylinder diameter and is independentgincide with the axis of rotation. The trajectory center fol-
of other control parameters, sugh as the solvent viscosity, thews a zigzag path, being closer to the upgoing wall in the
rotation rate, and the particle size and concentration. r-6 planes with the highest particle concentration and closest
h To characterlze the paf“c'.e (ioncentratlon varlaﬂon alonqo the downgoing wall at the smallest particle concentrations
:jireneznsﬁ)xrll; irr?ggee %léinitrl&%“\éig:divn\féngi?)rrl\z/i?ritrwténiit;vﬁ;)-[as shown in Fig. ®B)]. Figure 8 shows a side view of the
files by averaging out the column pixels in each of the ingi-velocity field inside a stable band. The vertical dashedline

. 4 L ) i indicates ther-6 plane with the highest particle concentra-
vidual images shown in Fig. 5 o obtain the column-average ion. It is seen that the velocity field is symmetric about the

transmitted light intensity(z) as a function of the axial po- maximum concentration line. On each side of lide each
sition z. Because the scattering and absorption of the inciderrgartide orbits on its own axis, which tilts at an angle with
light are proportional to the number of the particles in theregpect to the rotation axis and points out of the plane of the
optical path(for vanishing¢), the measured intensity profile jmage toward the less populated band region. The arrows in
I(z) provides information about the particle concentrationFig. 8 indicate the direction of the local flow. Particles are
profile along thez axis. Figure 7 shows the normalized in- drawn into the dense band region by the secondary flow.
tensity profile of the transmitted light along thexis. In the  Evidently this increased particle concentration produces a
plot, the absorption coefficient is define as larger downward velocity and reinforces the secondary flow.
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F. Local-structure dropout (LD)

At even largero, the secondary circulation shown in Fig.
8 cannot keep up with the increased cylinder rotation and the
band structure decays. At first, one segment of the band
disappears and that region appears uniform at lower particlg
concentration. The other band segments remain unchangg
with little or no adjustment in axial location. However, they
may absorb particles to increase the required force to main
tain the remaining structures. This is shown in Fig.[3).
Once the drop-off process starts at a given location, it§
spreads along theaxis in both directions with increasing \
It is found that the local-structure drop-off is a reversible =
process. Reducing the rotation rate reverses the process aliu
restores any destroyed structures in their original positions. ¢ g sjde view of the velocity field inside a stable band. For
clarity, 30 sequential images taken at 1/30 s intervals are superim-
posed and darker regions have more particles. The vertical dashed
. . . . . line M indicates ther-¢ plane with the highest particle concentra-

For high viscosity solutions, the drop-off process contin-tion and the arrows indicate the direction of the local flow. The
ues with increasingy until all the bands disappear from the norizontal solid line indicates the beginning and ending edges of
entire cylinder. As shown in Fig.(BIR), the spatial distribu-  the single band region.
tion of the particles in the HR phase is fairly uniform

thfo‘ﬂgh"“t .the cylinde_r. The measured transmitteq light in'also shown in the measured transmitted light intensity profile
tensity profile shown in Fig. (HR) also reveals this near ispiaved in Fig. HT). Usually we see two or three con-
homogeneous particle dlstrlbutlon_across the entire cylinder.qntrated regions along the entire length of the cylinder.
The HR phase was referred previou$0] as *rigid-body  there js no obvious secondary flow associated with this
rotation,” because the secondary flows in this phase are smasl ructure, as in the case of the SB phase and the LD phase.
and the whole suspension rotates along with the cylindefe eyact number and the location of the concentrated re-
More accurate flow visualization using a synchronized iMagyions vary withe and 7 but their dependence on other ex-
ing technique with a frame rate exactly the same as the IG5¢imental parameters, such as the cylinder leigtis not
tation rate reveals that the suspension actually rotates slightfy,, ;.\ at the moment. From the cross-sectional view shown
slowgr than the cyIinQer rotation. Th_e HR phase is extrer_nelyn Fig. 3HT), we find that the center of the particle trajec-
sensitive to the leveling of the rotating cylinder and a Sl'ghttories in the HT phase coincides with the rotation axis

tilt of less than a tenth of a degree will result in a notable  g;iiar to the situation in the LT phase, the HT phasé also
concentration gradient along the tube length. Careful level:ocamples a coexistence phase. Near th'e lawioundary.

ing is necessary in order to prevent the gravitationally in-e gystem resembles the LD phase with a background con-
duced concentration stratification. In the experiment, we arggation variation. As the system moves toward the larger-
able to keep the cylinder at a perfectly leveled state for sev; boundary, the concentrated regions shrink and the system

eral weeks to test the steady-state nature of the HR phasepap 465 more like the DB phase, to be discussed in the fol-
It is seen from Fig. 2 that the HR phase occupies a sma wing section.

island region in phase space. The viscosity range is only a
few centipoises in width and the largest variation in rotation
period is less than 0.5 s per rotation. Random fluctuations in
rotation period or temperatufgiscosity) outside this region As o increases further, the wide concentrated region in
will destroy the phase completely, and consequently the syghe HT phase contracts to form a very dense region of par-
tem cannot reach a true steady state. Therefore, long-terticles having a width up to one cylinder diameter. The opera-
stability for o and 7 is needed in the experiment. Even undertional definition of the onset of the DB phase is the develop-
ideal conditions, it may take up to 18 h for the system toment of a sharp drop in concentration along the cylinder axis.
reach a steady state. The small phase space for the HR phaBgis is seen when comparing the concentration profiles be-
indicates that a delicate balance among the governing forcéween Figs. HT) and 1DB).
is required for this particular flow state. Figure §DB) shows the concentration profile of the DB
phase along the axis. Hereafter, we refer these dense re-
gions of particles as segregation bands. The location of the
band regions appears random and they evidence no interband
The high-rotation-rate transition is characterized by largeinteraction. From the cross-sectional views we find that each
scale concentration variations along the rotation éxaxis). band is composed of a large node of particles located at the
As shown in Fig. BHT), the particles migrate and form three rotation center and a layer of particles hovered near the cyl-
concentrateddark) regions extending along theaxis in this  inder wall. Between them is a thin layer of sparsely popu-
case. The dark regions are several centimeters in length amated region. This is shown in Fig(BB) with more particles
are separated by two less populatéight) regions. This is accumulated around the center of rotation and a thin layer of

G. Homogeneous region (HR)

I. Discontinuous banding (DB)

H. High-rotation-rate transition (HT)
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particles near the cylinder wallbrighter regions in Fig.
3(DB)]. In some cases, the particles are ejected from the
central node and slowly spiral outward toward the cylinder
wall with a small velocity in thez direction.

High-viscosity suspensions tend to have more but smaller
and less-developed segregation bands. These bands have a
negligible population of particles near the cylinder wall and a
weak but often imbalanced central node. The node tends to
oscillate in ther-6 plane about the axis of rotation and lags
behind the cylinder rotation. By comparison, low-viscosity
suspensions have fewer but larger and better formed segre-
gation bands. Well-defined segregation bands occur approxi-
mately every 8—10 cm, whereas poorly defined bands in
high-viscosity suspensions may occur as often as every
2—3 cm. In general, the more distinct the segregation bands logso [ ()]
are, the greater the separation between the adjacent bands is
Itis seen from Fig. B) that the \(0|d region between the. the logo(T-Ty) versus logyn plane. The open triangles are ob-
bands is completely empty of particles. Unlike the bands inajneq in the present study and the open square is extrapolated from

the SB phase, the segregation bands have sharp interfacgg recent experiment by Brei al. [14]. The solid line shows the
with the neighboring unpopulated regions, a discontinuougower-law fit, T-T,=0.40,°45 to the open triangles.
concentration profile at the interface. This is clearly shown in

the measured concentration profile displayed in FQE). wall. This reversibility in phase change is of particular inter-

Segregation bands are generally time independent, thoug@st, since the positioning of the segregation bands has been

some may have mass fluctuations as discussed earlier. For
Y SRown to bew dependent.

given rotation rate, the bands form at fixed locations along When reducings toward the boundary between DB and

the z axis. Changing the rotat_lon rate shghtly_,_however, will CL, the uniform particle coating layer develops an instability,
cause the bands to move axially and reposition themselves

They will again become axially fixed in their new locations Which causes the particle layer to collapse and form axial
y 9 . yi ' chains on the cylinder wall prior to the onset of segregation
as long as the conditions remain unchanged. The few par-

ticles left in the void regions are swept into these band re?ﬁ)ands. The axial chains of particles exhibit wavelike motion

gions, though this process may take much longer figes- on the inner surface of the cylinder and they also leave the
eral hours at n~40 cP compared with that for the surface and intrude the interior solvent region. Figu@L®)

segregation structure to fornfless than 30 min at is an individual image taken in the CL phase near the tran-
:20 39 T sition boundary. Four particle chains have intruded the inte-

rior solvent region at this particular time. We believe that this
instability is of Rayleigh-Taylor typg21] and is a precursor
J. Centrifugal limit (CL) for the onse_t of s_e_gregation ban(_JIs. BMu_iI. [14] also re-
o ) . ) ported the instability of the particle coating layer and the
~ The largee limit of the phase diagram is the centrifugal formation of segregation bands in a rotating suspension of
limit, at which all the particles spin out to the cylinder wall 300-um-diam glass beads in watep=1 cP). They found a
under the influence of the centrifugal force. This is shown ingyitical rotation period for the onset of segregation bands
Fig. 3(CLb), where no particle is found in the interior of the ith decreasing, which agrees well with our result for the
cylinder. Given enough time, all patterns present on the cylyansition boundary between DB and CL extrapolated;to
inder wall are eliminated and a uniform coating layer of par--1 ¢p (see Fig. 9 belo It was suggestedi14] that the
ticles is generated on the wall. In our experiment, we typi-instapility for the particle coating layer is caused by the

cally have an insufficient amount of particles to coat thepgyncing of the particles against the cylinder wall.
entire inner wall, which results in one or more single-layered

patches of particles on the rotating wall. Figur€Cbb)
§hows the side view of the particle coating layer on the cyl- IV. DISCUSSIONS
inder wall.

The transition from the DB phase to the CL phase is one While our discussion on the phase behavior of the system
of the sharpest transitions discussed so far. As mentioneid Sec. Il is largely descriptive, the actual determination of
above, our resolution in the rotation period is 25 ms per roeach phase is based on the sudden changes of the concentra-
tation. The transition between DB and CL takes place withirtion and flow fields. Information about the particle concen-
this fine adjustment and is completely reversible. In othetration is obtained by the local particle counting and optical
words, a change of rotation period of 25 ms per rotation willtransmission measurements. The flow field is obtained by
cause all the particles to spin out to the cylinder wall. Goingparticle tracking. By watching the motion of the particles
back to the previous setting will recreate the segregatioover a period of time, one can distinguish these dynamic
bands in exactly the same axial locations, even when thphases accurately. The velocity and concentration fields are
system is allowed to reach a uniform coating on the cylindeexamined both at small length scales comparable to the par-

logo [T-Ty ()]

0 0.5 1 1.5 2

FIG. 9. Measured transition boundary between DB and CL in

031401-9



MATSON et al. PHYSICAL REVIEW E 71, 031401(2009

ticle diameter and at larger length scales of the order of the
cylinder length. Particle tracking is carried out over varying
time scales from a second to several minutes.

As described in Sec. lll, the dynamic phases are identified
according to their unique concentration and velocity patterns.
The observed effects are drastic, robust and have been repre=
duced many times in various cylinders and under different®
sample conditions. To establish the phase boundary at i &
given value ofy, we changew back and forth with increas- g’
ingly smaller steps and watch the evolution of the two adja-
cent phaseor flow state using various viewing techniques
(end and side viewsAt each step adequate time is given to
allow the system to reach a steady state, in which the long-
time behavior of the system becomes independent of time
This procedure is repeated at other valuesyofintil a com-
plete phase boundary is mapped out in the phase space. Tt
highly accurate control ofo and » produces sharp phase log,o (Re)
boundaries with no hysteresis.

For example, the transition from DB to CL is so sharp that FIG. 10. Replot of the phase diagram shown in Fig. 2 as a
it lies beyond our resolution limit fow. It is seen from Fig.  function of logF; and logoRe. The symbols show the experimen-

2 that the measured transition boundary between DB and clally determined phase boundaries and the solid line is the power-
has an interesting solvent viscosity dependence. By equatirlgW fit: F1=87.85Re%%, to the diamonds. The dashed lines indi-
the gravitational acceleratiapwith the centripetal accelera- cate the linear behavior of each phase boundary in the log-log plot.
tion 3R at the cell wall, we obtain a characteristic rotation

period To=27/w,=0.196, which is independent af and the solution at the cylinder wall. The second parameter is the
approximates the phase boundary between DB and CL at thatio of the Stokes velocity, to the cylinder wall speeRow,
low-7 limit. To examine the functional form of the transition
boundary more closely, we plot the measured transition
boundary(open trianglesin the log(T-Ty) versus logyn

plane, as shown in Fig. 9. It is seen that the measured tran- . . . :
sition boundary is well described by a power T, Note that this velocity ratio is proportional to that of the

=0.407° (solid line) with the exponente=0.45+0.05. The rotation period Zr/ w to the settling time across the cylinder
open square shown in Fig. 9 is obtained from the recen'Ead'“SR/UO' In other words, the settling is balanced by the

: lift of the upward moving wall. The third parameter is the
measurement by Breat al. [14]. Their result also agrees )
with the power-lgw fit. [14] g Reynolds number based on the cylinder radend the wall

As shown in Fig. 2, different dynamic states occupy sepaSPeedR®,

_Uo _ 2Apga?

= . 4
" Ro  97Rw @

rate regions in the phase space, which do not overlap with R0
each other. In addition to these major changes of the flow Re :—ps. (5)
state, we also find some more subtle structural changes in the 7

concentration and velocity fields, which coexist with the Figure 10 is a replot of the phase diagram shown in Fig. 2
phase changes discussed above. While these secondary strgg-5 function of logF, and loggRe. It is seen that the
tural changes are more gradual in nature, they are an impogyrved phase boundaries in the linear plot shown in Fig. 2
tant part of the overall structural changes that occurred in th@ecome almost linear, as indicated by the dashed lines in the
rotating suspension. Similar to the phase changes discussggy-log plot shown in Fig. 10. The linear behavior in the
above, the secondary structural changes have their own onsgh-jog plot suggests that the phase boundaries can be de-
conditions with increasings. They occur among different g¢riped by an effective power lavE, ~Ref. For example,
dynamic phases and interact with the underlying phases ifhe solid line in Fig. 10 shows a power-law fit to the phase
various degrees. Details about these secondary structur@bundary between DB and CL. From the fit, we fied
changes are described in REE8]. . . =0.49, which is very close to the value obtained in Fig. 9.
While we have not been able to verify experimentally aThe small difference between the two fitted values of the
u_nique set of_ dimensionless parameters for the system, @ponent is caused by the fact that an offset constgihias
simple analysis based on the two-fluid mo@22,23 sug-  peen subtracted out from the rotation periodsed in Fig. 9.
gests that the rotating suspension has at least three dimeg-s also seen from Fig. 10 that the measured phase bound-

sionless parameters. The first parameter is aries form three distinct groups. The three-low-rotation-rate
Apg boundaries form a group, the two high-rotation-rate bound-
Fi= (3)  aries form another group, and the remaining intermediate

= 5,
psRo rotation rate boundaries form a third group. It should be

which is a ratio of the effective acceleration of gravity for the pointed out that the actual variables used in Fig. 10 are?1/
particles in the suspension to the centripetal acceleration afnd /7 (or n/w). All the other parameters in Eq&3) and
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(5) remain constant in the experiment. To verify a unique set The experiment suggests that the large number of patterns
of dimensionless parameters experimentally, one needs tnd rich dynamics found in the rotating suspension come
change the values of other experimental parameters for thieom the interplay among the viscous drag, gravitational
system, such as the particle radayscylinder radiusi, vol-  force, and centrifugal force. It is likely that the dynamics of
ume fractione, and density differencAp. New experiments the system is controlled by more than one dimensionless
are underway looking at the influence of these parameters gmarameter. Log-log plots of the transition boundaries over the
the phase behavior of the rotating suspension. The resultcaling parameters suggest that the phase diagram of the ro-

will be reported elsewherel7,18. tating suspension can be divided into three regions. In the
low-rotation-rate regime, hydrodynamic interactions result-
V. SUMMARY ing from the settling of individual particles are important. In

A suspension of non-Brownian settling particles in a Com_the high-rotation-rate regime, however, the centrifugal force

pletely filled horizontal rotating cylinder demonstrates a richggcomes_domuﬁant. The transmonl boubn%am_as in the Interme-
array of concentration and velocity patterns. Individual flowd/ate regime show a more complex behavior, suggesting a

states, or phases, are studied using both side and crosdrong competition among the viscous, gravitational, and

sectional imaging to examine the detailed flow structures?emrifug"’1I fort_:es. Afurther_theoretipal analysis is needed_ in
The overall steady-state phase diagram of the system is cargtder o expla|_n the dynamic _behawor and pattern formation
fully studied and the transition boundaries between differenf! the System in greater detail.

phases are mapped out over a wide range of the rotation rate
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