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Flow and pattern formation in a binary mixture of rotating granular materials
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In a horizontally rotating cylinder, size segregation, pattern formation, and its time development are studied
for a binary mixture of rodlike and disklike materials at various rotational frequencies. The rodlike particles
formed a network that influenced their mobility and the shape of the avalanching surface. Windows installed on
the cylinder enabled us to examine and control the distribution of the components of the mixture throughout
the bulk. This has allowed us to study the evolution of naturally occurring and artificially created patterns. All
observed patterns had a degree of asymmetry and were unstable. The stability of a band pattern is shown to
depend on its symmetry. Qualitatively, the time for the transition from one set of bands to another was
inversely related to the degree of asymmetry of the pattern. In addition, we propose that the pabdicheter
(diameter of the cylinder over the diameter of the graplays a significant role in the functional dependence
of the avalanching surface current on the dynamical angle of repose, and in the segregation process itself.

PACS numbeps): 45.05+x, 47.27.Te, 64.75:g

[. INTRODUCTION where the grains of different sizes occupy the space between
two coaxial cylinders while the inner cylinder is rotated.
In addition to having numerous industrial and geologicalHere the larger particles rise to the top and remain on the top
applications, the unusual and counterintuitive properties ofurface. The segregation can be explained in terms of a com-
granular material have captured the interest of scientists angsination of sifting and convective flow generated by the
engineers alike. While granular materials, under some cirshear[6]. A third kind of segregation, accompanied by pat-
cumstances, exhibit fluid or solidlike behavior, they are distern formation, occurs when a cylinder partially filled with a
tinctly different from ordinary solids and liquids. For ex- mixture of granular materials that may differ in size, rough-
ample, as with fluids, the collective shape of a static pile ofhess, density, etc., is rotated about a horizontal axis that is
granular material is defined in part by the shape of thecoincident with the cylinder's axis of symmetry.
boundaries. On the other hand, equally important influences Under certain circumstances, for example, a two compo-
are friction, gravity, and recent dynamic history. An examplenent mixture segregates into an alternating pattern of bands
that is relevant to the present work is the behavior of a sandrranged along the cylinder's axiaxial segregation The
pile. A sand pile at rest with a surface slope less than th@attern is unstable and changes with time through band
angle of reposef, , behaves in some respects like a solid inshrinking and merging until steady state is reached, as first
that it keeps its shape. As material is added to the pile, neeported by Oyam47]. Donald and Roseman did an exten-
spontaneous movement takes place until the surface slopeds/e study of the mixing and segregation in small aspect ratio
increased above the maximum angle of stability, where-  (length-to-diametercylindrical tubes for many different bi-
upon grains begin to flow and an avalanche of particles ocnary mixtures. They concluded that, in addition to the differ-
curs in a relatively thin boundary layer near the surface. Beence of the static angle of repose of the components, the
tween 6, and 6, is a region of complex, bistable behavior effect of the ends of the cylinder is fundamental in starting
where the surface can either be moving or stationary dependke axial segregatiof8]. Their work was further developed
ing on its dynamic history. For angles larger thythe flow by Das Guptaet al,, who investigated the role of rotation
can be either smooth or accompanied by avalanche wavespeed on the segregation and the axial pattern formation in
This aspect of granular dynamics has been used to modsmall aspect ratio tubes. They concluded that the parameter
systems that are marginally stable. Other aspects of granul#inat drives the segregation process is the difference between
dynamics that depend on the size and surface properties tfie dynamic angle of repose of the componedi®ks The
the grains, such as convection, size segregation, and pattedlgnamic angle of repose, the angle that the moving surface
formation, are unique and the subject of many investigationsf rotating granular material makes with the horizontal, is
[1-4]. rotational frequency dependent, and the functional depen-
Size segregation, unique to granular materials, has beeafence can be different for different components. Therefore a
observed and studied in many different experiments where gystem can show segregation and instability in some ranges
mixture composed of different grains is shaken or placedf frequencies and not others.
under shear. When granular materials are shaken, particles of A model was proposed by de Gennes and Savage to ex-
different size tend to separate. This process is believed to h@ain the physical mechanism for the segregation based on
driven by convection currents generated within the mediunthe difference of the dynamic angle of repose of the two
caused by the shaking process. These convection rolls, for@mponent$10]. Hill and Kakalios reported that in the case
given composition of grains, can be changed depending oof some binary mixtures, using glass beads of different sizes,
the shape of the container and the wall frictifs]l. Size the difference between the dynamic angle of repose for the
segregation has also been observed in Couette-like flomixture and the more mobile component approached zero as

1063-651X/2000/6@)/807(6)/$15.00 PRE 62 807 ©2000 The American Physical Society



808 R. KHOSROPOUR, E. VALACHOVIC, AND B. LINCOLN PRE 62

the rotation frequency was lowered. As a result they couldve used consisted of long grain rice and yellow split peas.
achieve homogeneous mixing by lowering the rotation spee@he rice grains are nearly rodlike with diameters of 1.8
after the band had formed at some higher frequéady, Zik +0.2mm and lengths of 650.2 mm; the pea grains, nearly

et al. performed experiments with mixtures of sand and glasshiemispherical in shape, have diameters o0& mm and
beads, and with mixtures of glass beads of various sizes, ithicknesses of approximately one half the diameter 2.8
large aspect ratio tubes. For a mixture of sand and glass 0.2 mm. The surface texture of split peas is very similar to
beads, they observed that the nucleation of bands occurrebat of rice, as concluded from static friction measurements.
roughly simultaneously in various places along the ft#. However, rice grains can roll and slide along an avalanching
This is in contrast with the earlier findings that the segregasurface while the peas can only slide, occasionally flipping
tion begins at the end walls and propagates through the tubsver.

length[8]. They also found that for a mixture of glass beads In all experiments, the cylinder was half filled with either
of various sizes and identical surface properties no segregane of the components or a mixture of equal parts by volume
tion was observed, in contrast to the results previously reef rice and split peas. The range of rotation frequencies used
ported[11]. Frette and Stavans have studied the long-ternwas 2—25 rpm. The various measurements of the angles of
evolution of the band formation in a mixture of sand andrepose and the evolution of the bands were made by using a
glass beads in large aspect ratio tubes. After the initial estalzharged-coupled-device camera in conjunction with a video
lishment of the bands they noticed that the two types of bandecorder and an image processing system. An isolation collet
(glass and sandevolved differently, indicating a different was used in conjunction with the motor for greater stability
mechanism was at work in addition to the diffusion. Theyand noise reduction. A sieve was used to sort the two com-
noticed that the glass beads flowed smoothly while the moponents for determining the changes of the concentration of a
tion of the sand was punctuated by avalanches that propgarticular point along the tube after a period of rotation.
gated axially. These avalanche “waves” were responsible

for the exchange of material between the glass bands through IIl. RESULTS
wide sand-rich bands resulting in the change of the initial _ S
band structur¢13]. Our experimental results are divided into three parts: mea-

The present work focuses on the pattern formation, agurements of the angle of repose, band formation, and stabil-
various frequencies, for a mixture of rodlikdce) and disk- ity of the bands.
like (split pea particles with comparable surface properties.
In addition to exploring the effect of these shapes on the A. Measurements of the angle of repose
patterns, we examined the long-term development of band
formation by monitoring both naturally occurring patterns
and patterns artificially set up by us. We redesigned the cyl
inder so that we were able to observe the surface develo
ment as well as probe into the interior. In addition we looked
for evidence of avalanche waves and their role in patter
dynamics.

Figure 1 shows the measurement of the dynamic angle of
reposed versus rotation speed for each component and for
the mixture. The average and the standard deviation were
yased on data taken from videotaped images. The angle of
repose for the rice was higher than that for the peas due to
The difference in shape of the two components. The needle-
like structure of the rice helped the formation of clumps and
contributed to a larger effective friction and a larger angle of
Il. EXPERIMENTAL SETUP repose. The values of the standard deviation for the pea at
various frequencies are approximately constant and lower
All experiments reported here were performed in a cylin-than the corresponding values for the rice. This difference
der rotated about a horizontal axis arranged to coincide witltan be attributed to the surface flow properties of the two
the axis of cylindrical symmetry. The cylinder is made of components. Our observations show that the peas moved
clear acrylic with an inner diameter of 5.75 in. and a lengthdown the avalanching plane in smooth continuous fashion
of 25 in. Our basic experimental setup was similar to thatwhile this was not the case for the rice. The flow of rice
used in Refs[14] and[11] with some modification discussed down the avalanching surface was continuous but accompa-
below. During the course of our experiments we used twaied by random clumps resulting in a large variation in the
sets of end caps, one constructed out of aciigie same as measurements of the angle of repose, which in turn is re-
the cylindey and the other from rubber with a different fric- flected in the size of the error bars. The dynamic angle of
tional property than acrylic. repose versus rotational frequency for split peas shows an
Four windows of size 7851 mm were cut along the approximately linear functional dependence. In comparison,
length of the cylinder. The windows and the caps were carethe plot for the rice shows a higher rate of increase at low
fully machined so that they did not alter the shape or theotation speeds and a lower rate, approximately the same as
frictional property of the tube. A series of identical experi- the peas show for the higher rotation speeds. The lower rate
ments were performed in tubes with and without windows,may be caused by the decrease of effective friction at higher
and the results showed that the presence of windows had rrotation speeds that is, in turn, due to dilation of the medium.
effect on the outcome of the experiments reported in thiSThe angles of repose for the mixture and the peas alone both
paper. The windows were designed for the purpose of testindecrease as the rotation speed is decreased. Still, the two
various aspects of the flow dynamics such as introducingemain distinctly different, thus eliminating the possibility of
bands or material at any position along the cylinder andmixing at very low rotation speed41].
achieving a good homogeneous starting mix that we did not An important feature of the avalanching surface is its pro-
find possible using other techniques. The granular mixturdile. At low rotational frequencies the surface is flat. As the



PRE 62 FLOW AND PATTERN FORMATION IN A BINARY . .. 809

70

65
/—-“———
60 3
y =-0.0333x" +2.2319x + 24.133 -
55 T 1 1 T
Medium @ Peas
begins to 'I' 1 '|' m Rice
il e 1 A Mixed FIG. 1. Dynamic angle of re-
g, shape r y = -0.0104% + 1.0742x + 30.087 —=Poly. (Peas) - 1. Dy A g .
> 4 . ——Poly. (Mixed) pose(6) as a function of rotation
v f 1 + ~—=Poly. (Rice) frequency(Q) for rice, peas, and
© Yy T /I the mixture of the two.
I,r $ shape forms /I/t/ J_
35 I G, T
/I/I/ y = -0.0059 + 0.7258x + 22.601
30 }/E’ 1
25 T T T T T T r
6 10 14 18 22 26 30 34 38
€ (degrees)
rotation frequency increases so does the speed of the ava- B. Segregation and pattern formation

lanching material, and the surface gradually acquires an g eyolution of band formation was studied at frequen-
s-shaped contoyr11,15. The change of contour from flatto g 5, 10, 15, 20, and 25 rpm in a one-to-one mixture by
S shaped occurs at 14 rpm for the peas and at 6 rpm for they| me of rice and split peas. Radial segregation has been
rice. Since the two surf_ace prqﬂles do not change at the saM&served and reported in previous experiméats1l. In our
frequency, there are in a mixture three possible differenty jeriments, the needlelike rice particles sieved through the
cpmbmaﬂqns of surfaqe profiles over the range of frequent,gjeg generated due to the velocity gradient in the avalanch-
cies used in our experimen(8-30 rpm. ing top layers and formed a rice core enveloped by a few
Rajchenbach investigated the relationship between thg,ers of peas as shown in Fig. 3. Using the removable win-
surface currend anc_i the deviation of the dynamic angle of 4o along the cylinder, we were able to check and verify
repose from the critical anglé,— 6., for a range of frequen-  hq simultaneous development and formation of the rice core
cies where the avalanching surface was flat and the flow WaSong the cylinder's axis. The core formation completes
continuoug 15]. It has been suggested by de Gennes and Baf;iihin a couple of minutes after the rotation begins and nor-
and Tang 16] that the current follows the following critical mally before the appearance of any obvious visual signs of
law: axial segregation. The speed at which the radial segregation
occurs depends on the rotation frequency of the cylinder. We

—_ _ m
I=(6= 00" observed radial segregation in our experimental frequency
For a half-filled cylinder it can be shown that range and noticed its absence at higher frequencies. For ex-
ample, at 45 rpm radial segregation did not take place and
J=3LOR? most of the cylinder stayed in a fairly mixed state except for

) two narrow rice band$with some pea contenhear the end
wherel, R, and(}) are the length, the radius, and the rota-y4is.

tional frequency of the cylinder, respectively. As a result of  This leads us to believe that the radial segregation is a

the two relations above, one can see that precursor to the axial segregation. The radially segregated
Q~(6—6p)", 3.0

andm can be found experimentally by plotting the log ©f 25 .

the log of (6— 6.). For spherical glass particles Rajchenbach __

foundm=0.5x£0.1, and it differs from the numerical predic- c|S’ 20

tion (m=0.7) of Tang and Bak appropriate for surface flows € *

and independent of the container's geometry. Our experi- <

mental results are shown in Fig. 2 with the corresponding 13 o Peas

values of the exponenh. These values, 1.9 and 2.6, are = Rice

radically different from the predicted values. The main 1.0 : r , w

sources contributing to the discrepancy are the nonspherice 0.5 1.0 15 2.0 25 3.0

shapes of the grains and the small ratio of the cylinder diam- n(Q)

eter to the grain sizel§/d=22) used by us compared to the

ratio (D/d=63) used by Rajchenbach. The larger exponent F|G. 2. Log of the deviation of the dynamic angle of repose
for the peas is consistent with the slower rate of change ofrom critical angle ¢— 6.), as a function of the log of the rotation
the angle of repose for the peas compared to that for the ricérequency(Q). The data are for the range 8fwhere the avalanch-
as seen in Fig. 1. ing surfaces are flat.
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frictional force at the end wall is small then the bands that
nucleate due to fluctuations away from the wall get a chance
to grow before any strong process begins at the end walls. In
our experiment, the large fluctuations at the end walls
speeded up the propagation of the segregation and overrode
the small local nucleations. When we artificially introduced a
stronger fluctuation at a random point along the axis, pro-
vided it was large enough, it did initiate band formation and
influenced the overall structure. To check the effect of the
end wall we changed one of the caps to rubber, introducing a
larger coefficient of friction at one end. Segregation first be-
gan at the rubber cap and moved through the medium—the
lack of symmetry in the friction resulted in the lack of sym-
metry of the pattern.

Zik et al. did not observe any segregation with a mixture
of glass beads of different sizes. We ran one experiment at
10 rpm with a one-to-one mixture, by volume, of 2 and 3
mm transparent glass bea@ge did not color them in order
to avoid possibly altering the surface properti€Bhe mix-

FIG. 3. (@) The evolution of a band pattern &#=20rpm. The  ,re segregated in bands, which was confirmed by using the
black dotted lines on the top picture show the rice prqfile under th&yindows and examining the contents at various points along
pea bands and the I_mes on the second from _the top picture show ttﬂﬁe tube. When comparing our results with Zikal, a pa-
top and bottom profile of the band pattefb) Rice and pea surface o mater that may be of significance is the ratio of the tube’s
contours at 20 rpm. diameter to the average particle si¥,d, which was typi-

. . . _ . cally much smaller in our experimentg0 for us compared
ficé core moves solidly with the Cy'”.‘def and is in conta(_:tto their 100. The combination of low friction at their end
with the end walls at both ends wh!le the surface flow 'Swalls and their larger value d@/d could underlie the differ-
purely made up of the more mobile componepeas. ences in experimental outcomes cited above. As a result, we

Within 5-10 min the initial signs of the axial segregation beli ; ;
. . _..believe that the parametB®yd may play a crucial role in the
appear at the end walls of the cylinder. The higher fr'Ct'On?egregation process.

between the end wall and the rice layer compared to tha
between the rice layers increases the dynamic angle of re-
pose of the radially segregated mixture at the end walls. This
fact is revealed by the height profile of the highest point on Starting with a homogeneous mixture and identically ma-
the free surface, which is representative of the variation othined end caps, we followed band formation and evolution
the dynamic angle of repose along the tube. The larger anglever a frequency range of 5—25 rpm at five specific frequen-
of repose at the end wall causes the surface material to avaies. The summary of the results is found in Table I. The
lanche down and away from the end wall, leaving an areaecond column of the table reveals that the lower the rotation
with higher concentration of rice next to the walls and cre-frequency, the larger the number of bands in the initial band
ating an area with higher concentration of peas next to itstructure. Our experiments show that the symmetry of the
Since the two components in a mixture have different dy-band structure is greatly influenced by any nonuniformity of
namic angles of repose, then any concentration fluctuatiothe initial mixture and the levelness of the tube. Since we
will be unstable and result in segregatid®]. In principle,a  were able to get a fairly homogeneous initial mix, all of our
concentration fluctuation can exist anywhere along the cylpatterns were fairly symmetric and the experiments were re-
inder. However, in this case the largest concentration flucpeatable. In all cases the patterns contained an odd number
tuation is generated at the end wall. The segregation processf bands. All the initial patterns remained seemingly un-
initiated at the end walls, propagates in the axial directiorchanged for an extended period of time before making a
toward the center of the cylinder, resulting in a pattern oftransition to a new metastable state with fewer bands. All
segregation bands. This process overrode any other ripples sfibsequent band structures made transitions to new meta-
segregation that might have begun elsewhere in the mediurstable states until they reached a final and seemingly stable
One could liken the process to two strong traveling wavestate. The final state is asymmetric and composed of two rice
moving in opposite directions through the material with theirbands at the two ends separated by the more mobile split pea
interference resulting in a standing wave pattern. This obsetband. As is seen from Table |, the pattern evolution time
vation is in agreement with some previous experim¢hty.  varies a great deal and some transitions took several days.
Zik et al.[12] found the nucleation of bands to be homoge-Examining the transition time data for the 5 rpm run in Table
neous, initiated by fluctuations and not initiated at the ends$, we observe that the wider the bands of a pattern the longer
of the tube unless the material at the end had very differenit takes for that pattern to make a transition to one of fewer
frictional properties from the rest of the tube. bands. Also, the comparison of the time interval for a five-
In our experiment, after the formation of the core andband pattern to change to a three-band pattern, at various
before the formation of bands, the rice core will be in contactfrequencies, suggests a minimum in the vicinity of 10 rpm.
only with the end walls and the surrounding mixture. If the We noted that no transition leading to an increase in the

Rice contour Pea contour

C. Number of bands and their stability
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TABLE I. A summary of the number of bands and the time for the evolution of each band pattern at
various frequencied,, time to establish initial patterriy_,5, time for transition from seven bands to five
bands;ts_.5, time for transition from five bands to three bantlg;, total experimental run time.

No.
Surface of initial ty t7_g ts_.3 tiot
Q (rpm) profile bands (minutes (hourg (hourg (hourg
5 Flat profiles 7 120 45 >100 100
for both
10 Peas flat; 5 90 14 30
rice S
shaped
15 Peas 52 30 23 25
intermittent;
rice S
shaped
20 Both S 5 22 57 113
shaped
25 Both S 5 17 b 2
shaped

@ccasionally a seven-band pattern was observed that was short lived or partially developed.
®No stable pattern apeared within the time allotted.

number of bands was observed after the system was startélte bottom of the avalanching surface, the situation is re-
with a homogeneous mix and an initial pattern had beewersed since the rice band curves up to match the adjacent
established. On the other hand, when we manually set up gsea bands. Thus a valley is created in the bottom of the rice
asymmetric three-band pattefwith two pea bands separated band and a hump at the bottom of the pea band. The axial
by a rice bangl the number of bands first increased by two cross section of the surface is also S shaped, and as one
and then changed to the final asymmetric three-band patterfoves to the middle of the surface the S-shaped cross sec-
To isolate the cause of the general pattern of shrinkage Qfon flattens out. Below the central line the cross sections are
the number of bands, we examined the videotape of the eXne mirror images of the ones above the axis of the cylinder.
periments where this effect took place. We found that whenTnhe dotted lines in Fig. (@) demonstrate this fact. As a result
ever two split pea bands of unequal width are separated by & the geometry, the peas at the lower half of the avalanching
rice band, the content of the narrower split pea band seems tQrface can flow to the rice band where with the rest of the
be transported over the rice band to the wider split pea bangjg,y they are brought to the top surface. Once on the top
This process increases the width of one band and shrinks thg, face they can move down and sidewéys the top half
other until it produces a pattern with two fewer bands. Thegye to the curvature of the surface. However, there is a
speed of the process is proportional to the difference of th@jgher probability of sliding to the wider pea band since the
two split pea bandwidths and, thus, it speeds up as it goegsymmetry of the two pea bands has caused an asymmetry in
All patterns resulting from various experiments beginningthe curvature of the rice bangteeper on the side of the
with a homogeneous mixture have some degree of asymmegyider band.
try and, therefore, are all unstable. The more asymmetric a T confirm the aforementioned observation, we used the
pattern, the faster its_ transition to a new band structure. Figwindows along the cylinder to directly access the rice and
ure 3a) shows a typical band pattern at 25 rpm and its subgpjit peas, and we created five-band patterns, with and with-
sequent development. We used the windows along the cyling; symmetry, to study their evolution. Figure 4 shows two
der to probe into the interior of the bands and discovered the_aguch sets of initial conditions and their development. The
the pea bands are not made of pure peas and that the riggmmetric band structure lasted for over a day did not
bands extend beyond the visible boundaries under the pegntinue the experimenbut the asymmetric structure very
bands. In a narrow enough pea band the rice forms a COfguickly showed signs of change and within a few hours
that tends to raise the pea surface. Therefore the narrowerggge a transition to a new structure with fewer bands. Since
pea band is, the larger the rice core, and the higher the anglgen the symmetric structure has some small degree of un-
of repose of the pea band at its center. The dotted lines ithtended asymmetry, we expect it to change to a three-band

Fig. 3(a) schematically represent the rice profile within the paitern after a very long timéf the order of a week
pea band. The shape of the avalanching surface when segre-

gated is complex. Radial profiles of the two surfaces show
that both ares shaped, with the rice band having a deeper
curvature as shown by an inset in FighB Axially, at the Our study showed that the critical exponemt relating

top of the avalanching surface, the rice band, with a largesurface current and the dynamic angle of repose for our bi-
angle of repose, curves down on either side of the band taary mixture of rodlike rice particles and disklike split pea

match the lower angle of the adjacent pea bands. This createarticles, is quite different from th& obtained for spherical

a hump in the rice profile and a valley in the pea profile. Atparticles. Also, the shape of the particles affected the local

IV. CONCLUSION
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evolve away from a homogeneously mixed state. Second, we
have set up our own starting distributions of the two compo-
nents and studied the natural evolution of these artificial ini-
tial states. By monitoring the evolution of the mixture below
the surface we observed segregation within any given cross
section of the cylindefradial segregationas well as along

its axis (axial segregation In general, we noted that radial
segregation preceded axial segregation and we found it pos-
sible to relate the subsurface behavior to surface dynamics
with a resulting detailed explanation of the surface shapes of
the avalanching materials.

We followed the formation of bands in our binary mix-
ture, starting from a homogeneous state, for a number of
rotational frequencies and found that the number of initial
bands increased with decreasing frequency. By following the
time for transitions from the first metastable pattern of bands
to the next metastable pattern, with fewer bands, we noted
that the transition time first fell and then steadily rose as the
rotation rate was increased from 5 to 25 rpm. The most rapid
transition rate was in the neighborhood of 10 rpm.

Examining the interior of the bands we found, for ex-
ample, that there were no entirely pure pea bands although,
in the middle of a wide pea bardbout the diameter of the
cylinden the center of the band was almost pure. The rate of

FIG. 4. The evolution of two sets of artificial band pattera. change of, or instability of, the naturally occurring bands
A symmetric band patterrib) An asymmetric band pattern. appears to increase with the asymmetry of the surface band

dynamics of the flow along the avalanching surface in thaftructure. By hand crea_ting artif_icially asym_metri_c bands,_we
the disk shaped peas flowed smoothly while the flow of rodere able to study their evolution and verify this behavior.
like rice particles was accompanied by avalanche waves. W#e identified the end-cap friction and the parameied
have investigated the global behavior; that is, the formatioddiameter of the cylinder over the diameter of the graas
of patterns and their evolution, of the mixture in a cylinderplaying a significant role in the functional form of current
specially designed to allow us to move past surface observalong the avalanching surface and the segregation process as
tion alone. a whole. Our future plans include looking into the effect of
Installing windows on the cylinder enabled us to examineD/d, the role of the avalanche waves in our system, and
and control the distribution of the components of the mixturestudying the transition time fan to n-2 bands as a function
throughout the bulk. First, we have been able to examine thef frequency, starting with manually prepared, fixed initial
distribution of the components beneath the surface as thegonditions.
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