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Segregation in granular matter under horizontal swirling excitation
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A segregation phenomenon in a horizontally vibrated monolayer of granular matter is studied experimen-
tally. In a binary mixture of small spheres and larger disks, the collapse speed of the disks increases dramati-
cally with increasing granular temperature. The scaling behavior can be understood by applying arguments
from kinetic gas theory.
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Solid particles of different sizes tend to demix when =0.08 g) and 19 aluminum disk&liameterD=10 mm,
moved. This effect occurs in Nature in rock avalancflds  heighth=6 mm, masM =1.64 g). The static friction co-
for example, and is of tremendous importance in industriakfficient x4 of the disks has been measured on an inclined
powder processing2]. Recently, a particular impressive plane to be about 0.4320%, and the kinetic friction coef-
phenomenon of size segregation became known under tHgient u, to be about 0.2F 20%. The restitution coefficient
nameBrazil nut effec{3,4]. for sphere-cylinder collision is estimated to be about 0.8 fol-

Experimental investigations of related phenomena includéowing Foersteret al. [13].
an inclined plane where the binary mixture flows under grav- The bottom plate of the container is leveled with a preci-
ity. Larger particles accumulate at the front of the avalanchesion of 2 mrad, and is coated with an electrically conducting
which then shows a remarkable fingering instabi[i]. A indium tin oxide layer to suppress static electricity. A sheet
half-filled rotating drum is often used to study this phenom-of paper is glued at the bottom of the cylinders to prevent
enon in a continuous flow. Both radi§6] and axial[7]  scratches in this layer.
segregations—with very different time scales—occur in this In order to obtain reproducible measurements, we always
system. Segregation under vertical shaking is also exterstart with the same initial condition: The disks are placed on
sively studied, because an interesting counterintuitive effech hexagonal lattice with 3-cm spacirtige., larger than the
occurs where the large particles end up in a layer on top ofiriving amplitudg¢ as indicated by the large black disks in
the small one$8,9]. Qualitative explanations for these phe- Fig. 1(a). Figure 1b) is a snapshot of the experiment 360 s
nomena involve size effects, convection, or the friction dif-after the start of the shaking. The clustering of the large
ference between both particle spediés-10]. particles is more evident after 4896 s, as indicated in Fig.

Here we describe segregation in a particularly simplei(c). At this driving frequency a completely clustered state
model system, namely, a monolayer of granular mattebccurs only after more than 20 h.
driven by isotropic horizontal motion. This system is attrac- The positions of the 19 large disks are captured every
tive because theoretical ideas about the equilibrium thermag.02 s by the compute(For this purpose it turned out to be
dynamics of hard spheres can be adapted to understand thecessary to use transparent small spheres, not the black
segregation: Due to the hard sphere interaction, there existpheres used for the snapshot of Fig.Arom these, at each
an excluded volumdor the small particles around a large acquisition time, we extracte() the number of pair contacts
particle. This excluded volume becomes smaller when largeetween collapsed particle¥,, which can evolve from 0 to
particles are in contact. This means an entropy gain for th@2 (when all 19 particles are collapsed into one symmetric
small spheres. The corresponding free energy grows linearljexagonal clustgy and (i) for each particle the distance to
with the ratio of the particle sizes due tiepletion[11].  its nearest neighbot,,. The meanL ,,=(l,.) over the 19
From an experimental point of view an advantage of ounarge particles is a useful and reproducable measure to char-
two-dimensional system is the fact that particle motion caracterize segregation dynamics before the collapsed phase is
be traced easily. reached. The standard deviation,= \(12,—L2) provides

We study segregation with a device similar to that de-
scribed in Ref[12]. A circular plexiglass ring of 19cm . .
inner diameter is put on a glass plate mounted on top of e(a)',-\'.‘ T
platform shaker. The excitation can be described as a hori ;&% ’
zontalswirling motion, i.e., a superposition of two sinusoidal
vibrations inx andy directions which results in a circular
motion of the entire platform with a radius of 1 cm and
variable rotation frequency in the range of 0.43-2 Hz. A
charge-coupled-devicgCCD) camera is fixed over the con-
tainer in the comoving frame. The images are digitized with  F|G. 1. 19 disks and 600 spheres observed in a comoving frame
a resolution of 25& 256 pixels each 0.02 s. driven with 1.16 Hz.(a) Initial arrangement(b) After 360 s.(c)

The container is filled with a binary mixture of 600 small After 4896 s. The black circles indicate the motion of the surface in
transparent glass spherddiameter d=4 mm, massm the laboratory frame.
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Elapsed time (s) lines represent fits according to Ed). The inset shows the same

FIG. 2. Evolution of(a) the distance. ., (solid line) and the fit 022 ON & logarithmi¢base 10 scale.

to the initial linear decaydashed ling (b) the standard deviation
o in a semilogarithmic axis and the fit for the exponential growth Vv andV, were measured within a range of driving fre-

(dashed ling and(c) the number of contacti (O) and the fitfor  quenciesy from 0.43 to 2 Hz. The results are presented in
logarithmic growth(solid line). The driving frequency i9»=1.16 Fig. 3.

Hz. The figure shows—both on linear and logarithmic axes—

information about the disorder of the disk positions. that Vi, and V. increase much more strongly than linearly
Figure 2a) shows the temporal evolution &f,(t) for a with the table velocity Z-Av. No results are shown below a

driving frequencyr=1.16 Hz. This value decreases from 3 drivi_ng frequency of 0.43 Hz. For such ;mall driving accel-
cm (the initial distance on the hexagonal latlice an erations, small spheres do not roll continuously because of
asymptotic value of about 1 crfthe minimal distance for the plate roughness. Above 2 Hz, the characteristic timgs
particles in contagt This curve can be characterized by the and . are similar to the time that the swirling table requires
slope of the initial linear decay, indicated by the dashed lineto reach a stationary motion. This upper limit is still smaller
This slope defines a mean collapse velociy,=[L,(0) than the sliding thresholds of the disks, which is expected
—L1]/ 7y We measure this within the time interval,, the  to be Jusg/A/2w, and has been measured to be 2.3 Hz
time it takes to reach a mean distance lof=[L,,0) +20%.
+Ly(0)]/2 (=2 cm). In order to understand the physical mechanism for the
Figure 2b) shows the standard deviatiom,(t), of I,  collapse, we studied the dynamics of the small spheres in
in a semilogarithmic plot. Initially, this quantity is small more detail. To this end, 19 transparent plexiglass disks were
since we start with a regular arrangement. First it increaseglued onto the initial lattice, and one of the 600 small
exponentially when disks approach each other. Then ispheres was colored black and used as a tracer particle. Since
reaches a plateau around a maximum value. It decreases gke disks are fixed in their position, ergodicity can be as-
ponentially during the clustering phase, until it reaches thesumed: The temporal trace of one individual black particle
spatial resolution of our device=1 pixel, i. e.,~0.08 cm). represents the density and the velocity distribution of all par-
Figure Zc) shows the temporal evolution of the number ticles.
of contacts between collapsed particgt). Initially, this Following kinetic gas theory, the spatial distribution of
is reminiscent of a logarithmic growth, but its value must bethe kinetic energy is related to the pressure distribution: We
bounded by 42. From this curve we extract the timeat  define the local pressure @(r)=n(r)mvr2m5(r)/2, where
which the first contact occurs, which serves to define thea(r) is the surface density of small spheres at a pojrand
second characteristic collapse velocMy of disks by V.  v,m{r) the root mean square velocity obtained by temporal
=[L,(0)—D]/ 7. averaging ove5 h atthis location.(Note that this definition
The influence of the initial configuration of the disks on is a two-dimensional one: A force can be calculated from this
the final state has been checked. We observed no qualitatiygessure by multiplication with a length— not with an area
differences between a random arrangement and the hexagas in the usual definitiop.
nal initial arrangement, provided that the mean distance be- The resulting pressure distribution of the small spheres is
tween nearest neighbors was similar. In additio’vtq and  shown as a gray-scale plot in Fig. 4. The observed maximal
V., we also tested three other quantities as measures for tivalue of the pressur@,,,=0.016 J/m corresponds to a
speed of the collapsgi) the number of clustersjii) the  mean velocity of the small spheres of about 1.2 times the
mean, andiii) the maximum number of disks per cluster. It table velocity at this point. Zero pressure is represented in
turned out that the statistical fluctuations were too strong tavhite; the locations of the fixed disks are thus clearly observ-
capture the dynamics of the clustering process. able. The figure shows that thgranular-gas pressurés
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The denominator in the exponent represents the granular
temperature. The numerator represents the activation energy.
This expression can be justified as follows: We assume that
the force during the impact of a small sphere colliding with a
resting cylinder must overcome the static friction force:
Ap/At>F¢. For Hertzian contact the collision tim&t is
almost constant in the range of velocities considered here
[14]. Thus one can postulate a critical threshold veloeity
«F¢. The corresponding activation energy is therefore
«FZ, which explains the square in the numerator. This en-
ergy depends on the driving frequency, since the inertial
force Aw? reduces the threshold force. Hapg is the angu-
lar velocity of the table at which the inertial force has the
same value as the static friction force. At the corresponding
driving frequency the disks start to move without impact
from the small spheres.

FIG. 4. Pressure density distribution of small spheres with a Combining the assumptions about the sliding distance and
fixed configuration of the cylindrical disksvhite spot at a swirl-  the effective collision frequency, we finally arrive at
ing frequencyr=1.17 Hz. The velocities and densities have been
averaged on a grid of 44 pixels over a time period of 5 h. The ° p( (02— wz)z)

exp —¢ci———|, (1)

darkest regions represent a maximum of 0.0162J/m Vg=C; 02— w2 >
Z—

Y axis (cm)

w

smaller between the cylinders than outside the array. It isvith w?/w2= u/us. The solid and dashed lines in Fig. 3
surprising that the spheres do not follow the pressure gradiepresent three-parameter fits of this equation to the data.
ent, i.e., do not increase their density within the array. Obvi-The first paramete, is equal to 13.5 rad/s for thé, data,
ously, this tendency must be counterbalanced by the interagnd 13.6 rad/s fo¥,,,. From our measurement of the sliding
tion with the disks. They must provide a mean force on thecoefficient on an inclined plane, we expeab,=15
spheres, pointing in the radial direction of the container. It is+1 rad/s.
the reaction of this force which tends to drive the clustering The coefficientc;=1.1x 10 *(s/radf for the V. data,
when the disks are not fixed. andc;=1.0x 10~ *(s/rady for V,,,. With the estimate of the

In the following we present quantitative arguments for theactivation energy presented above, and the assumption that
strong increase of the clustering speed of disks with the drivthe granular temperature im(wA)%2 (which has been
ing speed of the table, as shown in Fig. 3. The mean diskhecked experimentally, and turned out to be correct within
velocity Vg is basically determined by two factors: The fre- 1004), the timeAt can be estimated as 1 ms. This seems
quency of collisions with small particles, and the distance fajrly realistic for the relaxation time of rolling particl¢s5).
AX which a disk slides after being struck by a small particle:From ¢, one can also estimate that the multiplicative Boltz-
V4=AXf. Both factors depend on the driving frequency.
The number of collisions is proportional to the small sphere 30
velocity, which is proportional to the driving angular veloc-
ity w=27v. Since the kinetic friction forcé ; is assumed o 250 pcoseperensopeve pope 0 e v ]
to be constant during the sliding time, the sliding distanceZ ———
AX is proportional to the energy of the small striking par- 201 —— e 7
ticle, i.e., AXxF w?. Because the disks slide on an accel-
erated table they “feel” an effective forcEkfocwﬁ—wz,
where w, is the angular velocity of the table for which the 10b
inertial force has the same value as the kinetic friction force. § 3
At this driving frequency the disks would not stop, and the = 5| 2
sliding distance would become infinite. The sliding distance 3 0  Elapsedtime (min) 100
thus increases with the driving frequencysxocwzl(wﬁ - : : : : : :

2 0 20 40 60 80 100 120 140

—0). o _ _ Elapsed time (D/V,)

An additional difficulty arises: Not all small particles have
sufficient energy to overcome the static friction. The fraction  FIG. 5. Number of contacttl, as a function of a rescaled time
of spheres with sufficient kinetic energy is given by the Bolt-for the driving frequenciesvr=1 Hz (O), »=1.33 Hz (W),
zmann factor. We thus introduce an effective collision fre-y=1.67 Hz (A), and v=2 Hz (®) . The inset showd, as a
quency function of time.
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mann factor changes dramatically within the explored fretiplication with V4/D. All data, taken for different driving
guency range, namely, from 2% to 98%. frequencies between 1 and 2 Hz, collapse on a single curve.
The third fit parametec, turns out to be 16xm for the In summary, we presented experimental measurements of

V,, curve, and 32um for V.. These numbers signify a the collapse velocity function. By image processing 'tech—
liding distance within a timed/ The fact that this niques, we obse_rved a pressure gr_adlent which explains the
mean sliding collapse qualitatively. The strong increase of the collapse

distance is smaller then the mean free path of the disks indize|qcity with the granular temperature can be understood
cates that there is indeed only about one contact per slidingith statistical assumptions for the motion of the collapsing
time of a disk, which is a necessary condition for our theo-disks. This velocity also serves to scale the temporal evolu-
retical estimations of the disk velocity. tion of the cluster size after the first contact. The roles of the
Finally, we would like to add an experimental observationfinite container size and the particle density need further
which goes beyond the analysis presented so far: The velo#vestigation.
ity V4 not only describes the motion before the first collapse,
from whichV,, andV, were determined, but also that during  \we would like to thank A. Breu and W. Krauth for help-
the later stages of the clustering process. In Fig. 5 the nuny| discussions. Support by the DFG through Re588/12 and
ber N, of contacts between collapsed particles is plotted as éhe EU through TMR network “Patterns, Noise and Chaos”
function of a dimensionless time, which is obtained by mul-FMRX-CT96-0085 is gratefully acknowledged.
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