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Clustering, Order, and Collapse in a Driven Granular Monolayer

J.S. Olafsen* and J. S. Urbach

Department of Physics, Georgetown University, Washington, D.C. 20057
(Received 3 June 1998

Steady state dynamics of clustering, long-range order, and inelastic collapse are experimentally
observed in vertically shaken granular monolayers. At large vibration amplitudes, particle correlations
show only short-range order like equilibrium 2D hard sphere gases. Lowering the amplitude “cools”
the system, resulting in a dramatic increase in correlations leading to either clustering or an ordered
state. Further cooling forms a collapse: a condensate of motionless balls coexisting with a less
dense gas. Measured velocity distributions are non-Gaussian, showing nearly exponential tails.
[S0031-9007(98)07625-X]

PACS numbers: 46.10.+z, 05.70.Ln, 64.60.Qb, 83.10.Pp

Granular systems exhibit static and dynamic disordeparticle collisions destroy the delicate coherence neces-
[1], inviting a statistical description. Results of equilib- sary for the intermittancy observed in the single sphere
rium statistical mechanics are not directly applicable toproblem [18]. Unlike thick granular layers, where the
excited granular systems, however, due to the large disollision rate is much higher than the shaking frequency
sipation during collisions. In particular, the phenomeng19], particle-plate collisions are observed throughout the
of clustering and collapse in a freely cooling, initially ho- plate oscillation cycle. For a vertical displacement in
mogeneous granular medium are examples of nonuniforrthe shaking platez(r) = A sin(wt), the dimensionless ac-
energy distributions arising from instabilities in the collec-celeration may be defined d3 = Aw?/g, where g is
tive motion as energy is lost through interparticle collisionsthe acceleration due to gravity. The acceleration is uni-
[2-5]. The instabilities lead to clusters, regions of highform across the plate to withid.2%. As the system is
particle density and increased dissipation rate. The contimearly 2D, cameras placed above the plate can capture the
ued dissipation of energy in the freely cooling case eventuhorizontal dynamics of any particle in the system. A high
ally leads to inelastic collapse, where two or more particlesesolution camera is used to measure spatial correlations
lose all relative motion [3]. By contrast, in an isochoric in the monolayer [20] and a high speed camera to obtain
equilibrium elastic hard disk system particle correlationsparticle velocities between collisions [21].
do not increase as the temperature is decreased [6]. The motion is begun by shaking the plate at an accel-

Recent work has extended the theoretical analysis teration where all of the particles are in motion in the
driven systems [7-12]. The driven granular mediumgaslike phase, typically" = 1.25. The gas is charac-
reaches a steady state, where the energy lost througerized by an apparently random distribution of particle
collisions is equal to the amount added externally. By depositions and velocities. Figure 1(a) is an instantaneous
creasing the rate of energy input, the system may be slowlynage of the gas for a population of 8000 particles (fill-
cooled, maintaining the dynamics near the steady staténg fractionp = 0.463 [16]) at I" = 1.01 at a frequency
In this letter, we describe measurements of a large numbef » = w/(27) = 70 Hz. The bright spots are reflec-
(8000-14500) of spherical particles on a verticallytions on top of the particles; the particle diameter is a
shaken, smooth horizontal plate. Unlike recent investigakttle more than twice the diameter of a bright spot in the
tions of thin vertical granular layers [13,14] and a thin hori-instantaneous images. Figure 1(b) is a time-averaged pic-
zontal layer driven from one side [15], there are no largeture of 15 frames taken over a period of 1 s, and shows
scale density gradients in this system, allowing for precis¢he lack of any stable structure [22].
measurements of the steady state statistical properties.  As the acceleration amplitude is slowly decreased (at

The particles used in this experiment are uniform 1 mnconstant frequency), the average kinetic energy of the
diameter stainless steel balls [16] which constitute lesparticles decreases, and localized transient clusters of low-
than one layer coverage on a 20 cm diameter aluminunaelocity particles appear. The clusters break up over a
plate. As long as the shaking amplitude is not too largetime scale of 1-20 s through interactions with higher
the particles cannot hop over one another and the motiovelocity particles. Figure 1(c) is an instantaneous image
is effectively two dimensional (2D); the energy impartedwhen the acceleration is decreased Iio= 0.80. To
to the vertical component of the velocity by the platethe eye, there is no significant difference from Fig. 1(a),
is converted into horizontal motion through the particle-however in the time-averaged image [Fig. 1(d)], bright
particle collisions. The coefficients of restitution in this peaks are clearly evident, corresponding to low-velocity
investigation are about 0.9 [17]. particles that have remained relatively close to each other

In these experiments, the particle-particle collision rateover the 1 s interval. These clusters typically extend two
is on the order of the shaking frequenay. The inter- to three ball diameters.
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typically forming an “island” completely surrounded by a
coexisting gas. Figure 1(e) is an instantaneous image of
part of a typical collapse. The particles in the close packed
lattice remain inconstantcontact with each other and the
plate. A similar crystalline structure has been observedin a
multilayered system under horizontal shaking [24]; similar
phase separation has been seen in numerical simulations
[7,8]. The time-averaged image in Fig. 1(f) demonstrates
that the particles in the collapse are stationary, while the
particles in the coexisting gas phase are in constant motion.
The two-phase coexistence persists essentially unchanged
for as long as the driving is maintained.

At higher densities (increased filling fractions), in-
stead of a transition directly from clustering behavior to
collapse, there is an intermediate phase with apparent
long-range order. Unlike the collapse, the particles
do not come to rest, but fluctuate about sites arranged
on a hexagonal lattice. In addition, there is no phase
boundary; the ordered phase extends across the entire cell.
Figures 1(g) and 1(h) show the behavior fér= 14500
(p = 0.839) and a drive frequency of 90 Hz. The
hexagonal lattice is apparent in Fig. 1(g), although there
is considerable positional disorder and one vacancy. That
disorder is almost completely absent in the time-averaged
image [Fig. 1(h)], demonstrating that the particles fluc-
tuate about the sites on a regular lattice. The motion is
visually similar to that seen in colloids [25].

Figure 2 is a “phase” diagram for two different den-
sities. The filled circles show the acceleratidh for
which collapse forms as the gas is cooled as a function
of frequency. The system is hysteretic.: Once the col-
lapse nucleates, the driving amplitude must be increased
a small amount, indicated by open circles in part (a) for
N = 8000, in order to return all of the particles to the gas
phase. In part (b), results fof = 14 500 are shown (for
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FIG. 1. Instantaneous (left column) and time-averaged (right
column) photographs detailing the different phases of the
granular monolayer. (a),(b) Uniform particle distributions
typical of the gas phasel'(= 1.01). (c) (I' = 0.8) Clusters 075
are visible as higher intensity points in a time-averaged
image (d) denoting slower, densely packed particles. (e) A 15 [

0.85

collapse + gas

portion of a collapse I{ = 0.76). (f) The time-averaged -
image shows that the particles in the collapse are stationary 115 / 1
while the surrounding gas particles continue to move. (g).(h)[ 1.05 gas /.W_,/ .
In a more dense system, there is an ordered phase where all of 095 | ordered
the particles remain in motion. : collapse + gas
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As the acceleration amplitude is further decreased to v (H2)

I' = 0.76, the typical cluster size increases to 12-15 . .

particles. Within a few minutes at this acceleration, oneFIG. 2. The phase diagrams for (ay = 8000 particles

of these large clusters will become a nucleation poinfnd (P) N = 14500 particles. The filled circles denote the
acceleration where the collapse nucleates. The open circles

for a collapse [23]: a cor]densate of parti_cles that comep, (a) indicate the point where the collapse disappears upon
to rest on the plate while in contact with each other.increasing the acceleration. The diamonds in (b) show the
The collapse reaches a steady state after several minutésnsition to the ordered state as the acceleration is reduced.
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clarity, the evaporation line is not shown). For frequen- A crucial ingredient of a statistical approach needed to
cies below 70 Hz, the cooling gas undergoes a transitiodescribe the dynamics in a granular system is the velocity
to a collapse directly from a disordered phase. At fre-distribution, which may show nonequilibrium effects as

guencies above 70 Hz, the medium first undergoes a tramtoes the correlation function. Velocity distributions that

sition to an ordered state [Figs. 1(g) and 1(h)], indicatecbbey Maxwell statistics have been used in the formulation
by the diamonds, and upon further cooling undergoesf many kinetic theories of granular systems and the
another transition to a collapse and coexisting gaslikeleviations due to inelasticity have been assumed small
phase. Both the ordered and the collapsed phases can [24,5,9,12,27,28]. Recent results from simulations [7,10]
identified by eye. and experiments [13,14] demonstrate deviations from

The nature of the correlations in the gas phase is mor&aussian velocity distributions, but the experiments were
subtle than in the collapsed or ordered phases but camot able to resolve the functional form. With the use of
be quantified. Particle positions, determined from high-a high speed camera [21], the particle velocities can be
resolution pictures [20], are used to calculate the particledetermined between collisions. Extensive measurement
particle correlation function,G(r) = (p(0)p(r))/{p)*>,  of the velocity distributions in the plane of the granular
where p is the particle density. In a hard spheregas in our system demonstrates non-Gaussian behavior.
equilibrium gas,G(r) shows no significant correlations  Figure 4 shows that experimentally measured veloc-
beyond one particle diameter. The correlations are dugy probability distributions in the gas (circles), clustering
only to geometric factors of excluded volume and are
independent of temperature [6].

The solid line in Fig. 3 show& (r) from a Monte Carlo 0.8 - - - - - - -
calculation of a 2D gas of elastic hard disks in equilibrium
for a density of 0.463 [26]. The experimentally measured
correlation function in the gaslike phade & 0.892, v = 06 f
70 Hz), shown by the open circles, is almost identical to
the equilibrium result. There are no free parameters i Iv))
Fig. 3. The remarkable agreement clearly demonstrates* ¢/ 0.4
that the structure in the correlation function of the gaslike
phase is dominated by excluded volume effects. As

the granular medium is cooled, the correlations grow 02T ]
significantly. This is evident from the data for an
acceleration ofl’ = 0.774 (0.5% above the acceleration oo L ey
where collapse forms), shown as filled diamonds in 20 -15 -1.0 05 00 05 1.0 15 20
Fig. 3. The increased correlations indicate that there are viv,
nonuniform density distributions in the medium: regions
of high density that, due to the closed nature of the 10° . . . . . . .
system, imply regions of low density.
40 T T T T 10-1 | i
¢ e-o [ =0.892
ol X ~+1=0774 | P(vivo)
' i — Chae, et al. ,
: 107 F _
G(r) 20 .
&0 O
10° : : : : : o%
1.0 -30 -20 -1.0 00 10 20 3.0
vIv,
0.0 . . . FIG. 4. Probability distribution function for a single compo-
0.0 1.0 2.0 3.0 4.0 5.0 nent of the horizontal velocity on (a) linear and (b) log scales.
r (ball diameters) The solid line is a Gaussian distribution. The data  (

=101, (@O I =080, () I =0.76 for N = 8000 and
FIG. 3. Density-density correlation measurements of ther = 75 Hz; (A) T = 1.00 for N = 14500 and » = 90 Hz.
granular medium. The measured correlations are comparethe large population of low-speed particles is evident in (a),
to the result from an equilibrium hard sphere Monte Carlowhile (b) shows that the tails are approximately exponential.
calculation [26]. The data is scaled by, = (2v3,)"/2.
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