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Swirling granular matter: From rotation to reptation
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Experiments and numerical simulations of granular material under swirling motion of the container are
presented. At low packing densities the material rotates in the same direction as the swirling motion of the
container (rotation. At higher densities the cluster of granular material rotates in the opposite direction
(reptation. The change of the direction of the motion of the cluster takes place at a critical packing density
while the diffusion coefficient changes significantly. The measured critical density of the packing is in good
agreement with results obtained by molecular-dynamics simuldi8#063-651X96)50611-2

PACS numbses): 46.10+z, 81.05.Rm, 47.55:t, 83.10.Pp

The fascination of the flow behavior of granular materialthe phenomenon can serve as a benchmark for the validity of
such as sand is due to the fact that under certain circundifferent types of numerical simulations such as MD or event
stances it behaves like a fluid: An hourglass is the mos@riven techniques. The experiment presented here seems to
popular example. Its solid-like behavior is obvious as well:be very suitable for enlightening the transition from solidlike
A pile of sand is stable and it can undergo plastic deformato fluidlike behavior in granular matter.
tion; however, unlike a fluid, it does not flow freely under ~ The experimental setup is shown in Fig. 1. A Petri dish of
gravity. Instead there is a finite angle of repose of sandpilednner diameter 9.0 cm is mounted on a table performing a
The exotic behavior of granular matter and the sometime§ircular vibration, i.e., each point of the table moves along a
unexpected observations have stimulated many scientists frcular line during one oscillation period. For the experi-
focus their scientific interest on sandlike materi@ee, e.g., Mments presented here, its frequency is chosen to be 2.5
[1-4]). We describe a fairly surprising effect that demon-sec¢ ! and the amplitude of the swirling motion is 1.27 cm. A
strates to a certain extent both the similarity and the dissimicamera is fixed on the oscillating table; thus the analysis can
larity between granular material and fluid. The experiment i€ done in a comoving frame by visual inspection of the
extremely robust, easily visualizable, and can be performednage displayed on a monitor. In between the Petri dish and
even as a kitchen table experiment using a bunch of marbld§e camera there is a glass plate with a marker that is fixed in
and a pot. The basic idea is to move the pot in a swirlingthe laboratory frame. Thus the position of the marker relative
motion, the motion one frequently uses to stir up the bouquelo the dish indicates the direction of the momentary accel-
of a glass of wine. If the pot contains only one or a feweration. The Petri dish is partially filled with a monolayer of
spheres, they will follow the rotation of the swirl in a fashion ceramic spheregdensity 1.74 g/crf) of diameter 1.223
similar to the wine in the glass. When one successively in=0.035 cm. The number of particles ranges between 1 and
creases the number of spheres the angular velocity of thé2, where 42 corresponds to the closest possible packing of
cluster decreases with increasing packing density. At a cesspheres. We want to focus here only on the packing density
tain critical packing density an intriguing effect appears: Thedependence of the effect. The dependence on the amplitude,
angular velocity becomes negative, i.e., the cluster rotates ithe frequency, the material properties, etc., is planned to be
the opposite direction. Now the collective behavior is morediscussed in more detail in a forthcoming paper.
reminiscent of a pancake rotated by the swirling motion of a The system described above was simulated using molecu-
frying pan. The first regime of motion we call “rotation,” lar dynamics of spheres of massand radiiR moving on an
the second one “reptation.” These two different regimes aregdeally smooth plane. We applied the soft-particle ansatz by
also observed in vibrational mills that are used to grind feedcundall and Strack6] including the interaction between col-
material[5]. There the reptation mode is important to trans-liding particles in normal and tangential directions. Instead
port feed material from the bottom of the mill to the grinding of linear damping we applied the force derived[ifj. Two
zone. In this paper we present a quantitative description of
this crossover effect, which is accompanied by a molecular-

dynamics simulation. The numerical results are qualitatively f— CCD-Camera
and quantitatively in good agreement with the experimental

.. .. .. Glass plate

findings. This is surprising because the effect, although | Marker
gualitatively robust, turns out to be quantitatively very sen- /

sitive to small changes of the parameters of the granulate. In
particular, we found a strong sensitivity of the effect with
respect to the condition of the surfaces of the spheres. The

° Swirling table Ceramic spheres
fairly small granular system presently seems to be the only Petri dish
one where each single particle of the experiment can be
simulated using molecular-dynami@@D) technique. Hence FIG. 1. Experimental setup.

1063-651X/96/5¢6)/45604)/$10.00 54 R4560 © 1996 The American Physical Society



54 SWIRLING GRANULAR MATTER: FROM ROTATION TO ...

colliding particlesi andj at positionsﬂ andfj with angular
velocities(); and(}; “feel” the force

Fi=Fn+Fit, (1)

with
Fi=— Y&y V& &), @
& =2R—|r,—r}], 3
1= soroffimnl i elFll| @
olf=(ri—r)T+RQ+Q)). (5)

Y=8x10° gcm ®®sec? is the measure for the restoring
force as given by the Hertzian contact mo@&), yy=600

g sectecm %% and y1=3000 sec? are the damping coeffi-
cients in normal and tangential direction, ane0.5 is the
Coulomb friction coefficient. The paramet¥r has a usual
order of magnitude for MD simulations in the spirit of the
soft-particle ansatzyy andY have been chosen to give a
reasonable coefficient of restitution, which we have experi-
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FIG. 2. Temporal behavior of a system of 26 spheres during one

mentally determined to be of the order of 0.5 for a velocity counterclockwise cycle of the swirl. The arrow shows the direction
of about 5 m/sec. The value of; is inspired by previous of the momentary acceleration. The lower six figures show the cor-
work on this subjec{9]. The unit vectors in normal and responding molecular dynamics simulation.

tangential direction are given by

The experimental snapshots show a white arrow that in-
dicates the direction of the momentary inertial force. It is
obtained by drawing a vector from the small white cross
through the center of the Petri dish. The small white cross is

n=——, (6)
ri—rjl
f=<0 —1) r=r, @
10/ r—r|

Equation(5) describes the relative velocity of the surfaces
of the particles at the point of contact. Equatidi takes the
Coulomb friction law into account, saying that two particles
slide on top of each other if the shear force overcomes
times the normal force. For the integration of Newton’s
equations we applied a Gear predictor-corrector method of
fifth order[10].

The time series of images in Fig. 2 visualize the motion of
26 spheres$ll] in a counterclockwise rotating Petri dish at
low packing density. They have been taken at time intervals
T/5, with T being the period of the driving motion of the
Petri dish. The evolution of the positions of the white spheres
in Figs. 2a)—2(f) indicates that the cluster of spheres also
rotates in counterclockwise direction. Figuresg)22(1)
show, corresponding to Figs(&2—2(f) snapshots from the
molecular-dynamics simulation using the same parameters as
the experiment.

When the number of spheres is increased the rotation be-
comes slower. At a fairly well-defined packing density it
stops rotating. Increasing the packing density leads to a dif-
ferent kind of motion, which is displayed in Fig. 3 for the
case of 37 spheres. Now the cluster rotates in the opposite
direction. This motion is better described by the term repta-
tion. Animated sequences of the motion are availab#.
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FIG. 3. Temporal behavior of a system of 37 spheres. Top, the
experiment; bottom, molecular-dynamics simulation.
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i tes, The experiment and the simulation agree quantitatively,
tee ¥* showing that the rotation velocity decreases with particle
' number. For a critical number of particléé.=32 we ob-
serve the reversal of the direction of the rotation. To obtain
the experimental equivalent of E@8) requires computer
aided image analysis, which is currently under development.
While in the experiment the rotation velocity is measured
from the velocity of particles close to the wall of the Petri
dish only, in the simulation the velocity is calculated due to
Eq. (8) taking into account data dfll particles. Hence the
particles close to the center of mass having lower rotation
N velocity lead to lower values df for the results of the simu-
lation (see Fig. 4. One can get a visual impression of the

FIG. 4. Angular velocity of the cluster of particlétop). The ~ described behavior ifd2]. _ _

solid circles show the experimental data, while the crosses show the 1he change of the sense of rotation might be caused by
results of a molecular-dynamics simulation. fgr=32 we observe the change of the dynamical structure of the cluster, which
the reversal of the direction of the rotation. The particle number§lepends on the packing density. For high densities one finds
according to Figs. 2 and 3 have been marked_tandH, respec- that the cluster rolls like a rigid body along the inner wall of
tively. The lower part of the figure shows the diffusion coefficient the Petri dish, i.e., the neighborhood relations of the particles
D derived from the simulation due to E€L1). For N approaching do not change significantly in time. At lower packing density
N, the diffusion coefficient changes significantly. the bulk of particles behaves more fluidlike, i.e., the relative

o . positions of the particles change quickly in time. A quanti-
the marker on the glass plate that is fixed in the laboratoryative measure of this effect is given by the diffusion coeffi-
frame as mentioned above; hence it rotates in the comovingient D shown in the lower part of Fig. 4:
frame. This procedure shows that the phase shift between the
crescent-shaped area and the inertial force is different in the 1/d/(N .

< ( (ri_rj)2)> . (11
t

-1 Ak E T .
+

rotation and the reptation mode. =\l & E ‘

The most striking feature of the motion of the cluster is =1 jeu)=i
the dependence of the direction and the absolute value of its ) ) ]
angular velocity on the particle number, i.e., the packingHereU denotes the surrounding of thi particle defined by
density as presented in the upper part of Fig. 4. To obtain the
experimental data indicated by the solid circles, the time for
a single particle located near the wall for one complete path . . - .
around the container is measured. The inverse of this time i% our simulation we useRy =3 cm. As indicated by Fig. 4,
shown for different numbers of spheres. The effect of thdn€ diffusion coefficient changes significantly fot ap-

change of the sign of the rotation is thus clearly demonProachingN.. _
strated. This method of measurement is not sufficiently well 1he agreement between the experimental results and nu-

defined for a small number of particles. A particle located atmerical calculation is remarkable when considering the fact
the edge of the cluster does not remain there, but has a tef1at the theory applies idealized boundary conditions and

dency to migrate inward, which makes the characterizatiorﬁ)artide interactions. From a techni(_:al point of vie_w, it is an
of the cluster movement by tracing an individual particle'mporta”t advantage that this experiment can obviously serve

meaningless. Therefore, in the case of low particle number@S & test for the quality of theoretical models describing the
N<23 the experimental method breaks down. behavior of granular matter, which is a field where robust

In order to avoid those difficulties in the simulation we @"d reproducible experimental effects are not easily ob-

used a slightly different measurement method for the rotatiofi@ined: o _ _ _
While our idealized numerical simulation has at least

velocity drawn in Fig. 4(crosses The motion of the center )
of mass is extracted from the numerical data demonstrated that the observed reversal phenomenon is a
robust one, we cannot claim at this point to have understood
1N Prp* its physical mechanism. We believe that both theoretical
=<—2 ' ' > , (8) models and experimental variations of the geometry might
N=2 t help to catch the physical essence of the effect. Moreover,
. . we believe that the crossover of the diffusion coefficient is
where( ), denotes the time averagg'. andv;" are the rela- connected with the Reynolds dilatancy, an observation that
tive position and velocity of théth particle with respect to deserves further investigation. Thus an experimental attempt
the position and velocity of the center of mass: to check the predictions for the diffusion coefficient is cur-

v

jeU() if [ri—rj|<Ry. (12

I |?
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rently under development. In some of the currently ongoingnteresting in connection with the grinding efficiency of vi-
variations of the experiment, it occurred to us that the relabrational mills.

tionship between the packing density and the frequency has a he peytsche Forschungsgemeinschaft sponsors the ex-
fine structure, which might be caused by an interplay beperiments through Grant No. Re 588/11-1 and the numerical
tween the Reynolds dilatancy and finite-size effects. Anothega|culations through Grant No. Ro 548/5-1. It is a pleasure to
interesting feature is the dependence of the rotation on thgyank the “Abteilung fur Nichtlineare Phmomene” for en-
frequency and amplitude of the swirling motion. Preliminary thusiastic support, B. Rier and K. Scherer for technical
measurements show sharp crossovers between different paissistance, S. Seefeld for computer graphics, and A. Engel,
ticle trajectories when varying the frequency. Finally, it K. Kassner, T. Mahr, St. Mertens, and L. Schimansky-Geier
seems that rings of different rotation of the granulate ardor stimulating discussions. We acknowledge S. Bernotat for
possible in large containers, an observation that might beroviding relevant literature.
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