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Traveling Granular Segregation Patterns in a Long Drum Mixer
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Mixtures of granular media often exhibit size segregation along the axis of a partially filled,
horizontal, rotating cylinder. Previous experiments have observed axial bands of segregation that grow
from concentration fluctuations and merge in a manner analogous to spinodal decomposition. We have
observed that a new dynamical state precedes this effect in certain mixtures: bidirectional traveling
waves. By preparing initial conditions, we found that the wave speed decreased with wavelength.
Such waves appear to be inconsistent with simple partial differential equation models which are first
order in time. [S0031-9007(97)04320-2]

PACS numbers: 46.10.+z, 47.54.+r, 64.75.+¢g, 83.70.Fn

Many heterogeneous granular materials stubbornlygnore the radially segregated core [6,8]. If these ideas
refuse to mix when shaken or stirred [1,2]. Instead,are correct, one can learn all there is to know about axial
the grains segregate by size. A simple apparatus, thgegregation from observations of the streaming surface
horizontal drum mixer [3—11], dramatically illustrates made from outside the cylinder. This is the approach we
this effect. A binary mixture of grain sizes partially fills have taken. Recent MRI measurements have cast doubt
a horizontal cylinder, which is then rotated about its axis.on this assumption, however [10]. It was found that the
The components separate into bands arranged along thgial bands were connected to the radially segregated core
long axis of the cylinder. In all experiments reportedand indeed that they might be better viewed as undulations
so far [4,5,7—-11], these bands show simple, irreversiblén the thickness of the core which break through the
merging dynamics eventually leading to a stable axiaburface. This point of view was strengthened by the
array, or to complete segregation [11]. This process hagbservation of subsurface bands [10]. The modulation of
been likened to one-dimensional spinodal decompositiothe dynamic angle of repose would then be viewed as an
[8]. We report observations that demonstrate that axiakffect of the segregation, rather than its cause.
segregation patterns can have a considerably richer dy- The traveling waves are qualitatively different from the
namics than previously thought. We find traveling wavedarge, nearly stationary bands previously observed. Al-
of segregation that appear in a transient regime whiclhough they are inferred from surface measurements, their
precedes the formation of larger, nearly stationary bandsnost intriguing property, that they travel, is interesting re-
The waves can travel in both directions and interpenetratgardless of the details of their subsurface structure, if any.
to form standing waves. This surprising phenomenorOur work leaves open the question of how the waves fit
is difficult to reconcile with existing simple theories of into the above contrasting points of view about the roles
segregation [6,8,9]. of axial vs radial segregation.

In fact, it is well known that segregation occurs both We considered how the waves might be explained
radially and axially [4,5,7,9,10]. In radial segregation,in terms of simple one-dimensional segregation models
one component, usually the smaller one, builds up near thigased on the continuity equation. The fact that the waves
axis of rotation, forming a buried core. This tendency isinterpenetrate to form standing waves implies that they
observed even in two-dimensional arrays of disks [12,13]are nearly linear, at least at early times. This feature
It is generally believed that radial segregation alwayds impossible to explain with simple partial differential
precedes axial, although there is no clear understandingguation (PDE) models which are first order in time.
of why this is so. Second order dynamics might arise if the segregation

It has long been believed that axial segregation is drivetis coupled to collective oscillation modes of the grains
by sorting processes operating at the flowing surface [4{14], but we have no evidence that these are present. An
9]. The dynamic angle of repose, the angle at whichmportant feature of the phenomenon is that the waves
the surface streams down for a given rotation frequencyare found only in certain mixtures which have a greater
is a function of the local composition of the mixture. volume fraction the larger the component. Most previous
Once fairly complete segregation has occurred, one castudies used equal mixtures, so they may have overlooked
easily observe a modulation of the dynamic angle othe effect.
repose which is associated with the bands. Furthermore, The drum mixer consisted of a pyrex tube 109 cm
mixtures for which the dynamic angles become equal albong and 2.7 cm in diameter and was bounded by Teflon
some value of the rotation frequency exhibit remixing atcovered plugs. This long design was chosen to minimize
that frequency [9]. These observations have led to modelend effects and to allow room for many bands to develop.
of surface-slope driven axial segregation which simplyThe tube was carefully loaded with a mixture of black
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sand [15] and white table salt to a filled volume fractionThese waves appear to pass through one another in the
of 0.28 = 0.02. The components were sieved so thatearly stages, occasionally producing patches of standing
the black sand had sizes in the range-250 um, while  waves, but later overlap to produce a region of spatiotem-
the salt was300-850 um. These sizes are similar to poral disorder. From this disorder, large stationary bands
those used by Das Gup#t al. [5]. We define the size emerge which are similar to those found at lower The
composition fractionp of a mixture to be the volume of the stationary bands appear to be regions of nearly perfect
white salt component divided by the sum of the volumessegregation, while the traveling waves are much fainter
of the sand and salt components, where all volumes werand always contain a significant concentration of both
measured before mixing. Because of packing effects, theizes. The waves are not accompanied by a significant
volume of a sangsalt mixture is smaller than the sum of change in the dynamic streaming angle. They have no ob-
their separate volumes. Thus,is not exactly equivalent vious structure in the streaming direction and are equally
to the volume concentration of the salt in any homogeneougisible from the back side of the tube in the nonstreaming,
mixture, but is experimentally well defined. For all of the packed portion of the rotation. The waves are always nar-
measurements we report here, the filled volume fractiomower than the final stationary bands and their wavelength
of the tube and the angular frequency of rotatiorwere  and speed depend af. Their motion is not related to
kept fixed, while¢p was varied over the range 0.33—-0.79.any helical pattern; typical waves take several hundred
We usedw = 4.841 * 0.007 s!, a frequency at which tube rotations to travel one wavelength.
the mixture streams smoothly down its free surface. In order to investigate the traveling waves in a more
A CCD camera was positioned perpendicular to thecontrolled way, we employed presegregated initial condi-
streaming surface, which was uniformly lit by a single fluo-tions in the form of almost pure bands of sand and salt.
rescent tube. Images of the entire surface were digitized@he degree of segregation was therefore much larger than
and time averaged over several frames. After divisiorthe initial fluctuations which we presume were amplified
by a reference image and a correction for the camerto produce the traveling waves in the premixed experi-
lens distortion, these were spatially averaged across thainents. However, when measured after a brief transient,
height to produce one-dimensional snapshots of the surfatke wave speeds observed with presegregated initial con-
color along the long axis of the mixer, which we defineditions are reasonably consistent with those of the sponta-
to be thez axis. The surface color is a measure of theneously emergent traveling waves of the same wavelength.
local concentration at the flowing surface. Obviously, thisAs shown in Fig. 1(b), the main effect of preparing the
technique is insensitive to the concentration below thenitial conditions is to eliminate the spatial patchiness of
surface. the traveling waves. In the early stages, several cycles of
Since this mixture segregates under almost any agitatiostanding waves are observed, corresponding to the waves
special care is required to load the tube with a premixedraveling in both directions. As before, these give way to
sample. This was done by filling a U-shaped channel aspatiotemporal disorder and eventually to stationary bands.
long as the tube with the desired compositign The  The effect of a small£0.1°) tilt of the tube is to break
channel was then inserted lengthwise into the horizontahe symmetry of the left- and right-going waves. A wave
tube and inverted to deposit its contents. This was donmoving toward the uphill end of the tube travels slower,
twice to load the tube. To prepare presegregated initialvhile a downhill one speeds up. We used this effect to
conditions, the channel was fitted with thin removableaccurately level the tube so that the two wave speeds were
partitions so that the two components could be loade@&qual, to within error.
separately into alternating sections of the desired lengths. It is straightforward to extract the left- and right-
In this case, the composition fractignwas determined by traveling waves by simple Fourier analysis of the space-
sieving after a run. time images so that the two wave components can be
When the tube is loaded with a premixed sample withstudied separately. An example is shown in Fig. 1(c).
¢ = 0.55, we find that axial bands develop after a few The waves sometimes show a tendency to slow down
minutes, which corresponds to a few hundred rotationsas they evolve toward the disordered region. The wave
No traveling waves are found. After some mergingspeed at early times can be found by locating the times
events, 16—20 stable black bands remain. We have nethen the standing waves pass through zero. We used this
systematically studied the long time evolution of theseto find the wave speed as a function of wavelenytfor
bands but it is evident that any subsequent merging must = 0.67. To avoid early transients and later nonlinear
be on time scales of many hours. These observations aeffects, we used only the position of the first and sec-
similar to previous studies [4—9,11]. ond zero-crossing times. The results are shown in Fig. 2.
Qualitatively different behavior is observed wheén=  For comparison, we also show speeds of some sponta-
0.55. Figure 1(a) shows the spacetime evolution of theneous waves occurring with premixed initial conditions.
pattern for¢ = 0.67. For premixed initial conditions, We find that the wave speed decreases with increasing
we find that patches of traveling waves evolve whicha, falling to zero forA = 5.40 cm. The cutoff presum-
propagate in both directions and have nearly equal waveably occurs when the presegregated black bands are wide
length and speed regardless of their position in the tubeenough that they remain pure even after rotational mixing
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redistributes some material axially. Such pure bands are
effectively impenetrable barriers to the movement of salt,
and thus they cannot travel. Close to the cutoff, we find
that some bands out of the presegregated initial configu-
ration travel, while others do not. This may be due to im-
perfections in the spacing of the initial configuration.

A high composition fractionp is required to observe
the traveling waves, at least for this choice of grains. The
inset in Fig. 2 shows the wave speed as a function of
¢, using presegregated initial conditions. Fkbr< 0.55,
no traveling waves are observed, only large bands. Just
below ¢ = 0.55, we observe more early splitting and
merging of the large bands than is observed at smédiler
This behavior changes into traveling waves for larger
Thereafter, the wave speed increases with increasing

Similar transient traveling waves are observed for large
¢ in this mixture over a wide range @ and filled vol-
ume fraction. However, the effect is sensitive to the shape
and size of the grains. Traveling waves can be suppressed
by changes in the size distribution of the individual com-
ponents. When rounded Ottawa sand of the same size
is substituted for the salt, no traveling waves are observed.

The simplest models of axial segregation are inconsis-
tent with traveling waves. One-dimensional models [8]
can be constructed from the continuity equation for mass
concentratiore(z, 1),

B,C = _az-,, (1)

where J(c, z, t) is the axial concentration current. It is
usually assumed thdthas the form

J = (B — D).c, 2

where D > 0 is the usual Fick diffusion coefficient and
B(c, z) describes the tendency of the mixture to segregate.
If B(c,z) is a constant an@ > D, Eq. (1) reduces to a
diffusion equation with a negative diffusion coefficient,
so that initial concentration fluctuations grow, in analogy
with spinodal decomposition. Various assumptions for
B(c,z) define a class of nonlinear segregation models.
In models where surface effects are proposed as the
segregating mechanismng{c, z) is presumed to be related
to the differences in the dynamic angles of repose of
the two components. The most complete theory of axial
segregation as a consequence of surface slope effects is
that of Zik et al. [8] for which B(c) « ¢(1 — ¢).

All such models have the general feature that they are
purely first order in time. This is not inconsistent with the
appearance and irreversible merging of segregated bands.

FIG. 1. Spacetime plots of the surface color. Time runs
downward. Each frame shows the length of the tube and
extends over 2400 s, or 1850 rotations. ¢ay 0.67, premixed
initial conditions. Patches of waves traveling in both directions
evolve into larger stationary bands (thick vertical lines near
the bottom). (b)¢ = 0.67, periodically presegregated initial
conditions with wavelengt.2 = 0.1 cm. Several cycles of a
standing wave can be seen. (c) Same image as (b), but with
the left-going waves extracted by a simple Fourier filter.

2977



VOLUME 79, NUMBER 16 PHYSICAL REVIEW LETTERS 20 OTOBER 1997

0.15p the time scale of the traveling waves is much larger, sug-
[ gesting that a different mechanism is involved.

In conclusion, we have described a new phenomenon in
a long rotating drum mixer: transient traveling waves of
segregation. The waves propagate equally well in either
direction and appear spontaneously from initial concen-
tration fluctuations for premixed initial conditions. They
can also be prepared and studied using presegregated ini-
tial conditions. We have characterized the dependence of
their speed on wavelength and composition. Waves cannot
easily be explained by theories based on one-dimensional
continuity equations. It would be useful to look for waves
in other sizes, shapes, and types of grains, particularly in
mixtures removed fromp = 0.5. Many interesting ave-
nues remain to be explored, including the nonlinear inter-
FIG. 2. The wave speed vs wavelength for ¢ = 0.67.  actions of the waves and the propagation of pulses. These
The solid symbols used presegregated initial conditions. Th@bservations present an interesting challenge to our basic
open symbols are from spontaneous waves using premixednderstanding of the segregation process.
e e oe St b motcame oeages Topgy e thank Elaine Lau, Eaimon Mokieran, Holly Cu:
ciqrcles). ’For)\ =54 9: 0.1 cm, t%e prese%regated Wavglengthpﬁﬂn.s’ and Michael Baker for experimental .assiStance a_nd
is stable. The inset shows the wave speed &/s using Zahir Daya and Wayne Tokaruk for useful insights. This
presegregated initial conditions with= 3.2 = 0.1 cm. work was supported by The Natural Sciences and Engi-

neering Research Council of Canada.
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