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Velocity correlations in dense granular gases
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We report the statistical properties of spherical steel particles rolling on an inclined surface being driven by
an oscillating wall. Strong dissipation occurs due to collisions between the particles and can be tuned by
changing the number density. The velocities of the particles are observed to be correlated over large distances
comparable to the system size. The distribution of velocities deviates strongly from a Gaussian. The degree of
the deviation, as measured by the kurtosis of the distribution, is observed to be as much as four times the value
corresponding to a Gaussian, signaling a significant breakdown of the assumption of negligible velocity
correlations in a granular system.
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From the study of landslides to the understanding of thedensity and velocity distributions as a function of the number
formation of galaxies, systems of macroscopic particles aref particlesN in a regime where the distributions are insen-
of fundamental interest to physicists and engin¢&(g]. To  sitive to the frequency or phase of the drive. The dissipation
treat a granular system statistically, temperature must be réacreases wittN because the time between collisions as well
placed by a more suitable quantity. Granular temperature haas the mean free path decreases. Because the density of the
gained considerable attention over the past two decades agarticles becomes higher near the driving wallNgs in-
useful quantity for describing the properties of rapid granulaccreased, our analysis of the velocities is done in a narrow
flow [3-5]. If the collisions between particles are elastic, region where the density and the velocity fluctuations are
then we would expect on very general grounds that the verelatively uniform.
locity distribution is Gaussian and the velocity components We observe that significant correlations in the velocities
are uncorrelated. However, dissipation due to inelasticity an@f the particles are found that increase in strength and range
friction can introduce correlations that make these propertiegs N increases. The distributioR(v,) of the velocity com-
of the velocity distribution suspef6]. For example, a simu- ponents of the particles perpendicular to the direction of the
lation of a system of inelastic particles yields long-range ve-oscillation deviates strongly from a Gaussian. At Ibcor-
locity correlationg 7]. responding to lower dissipatiorR?(v,) may be fitted to

The first experiments with steel particles excited by a verR(v,) as in Refs[11,12], but P(v,) deviates strongly from
tically vibrated container indicated that the velocity distribu- this form asN is increased. The kurtosis &¥(v,) is ob-
tion is Gaussiari8]. Using advances in high-speed digital served to be as much &sur timesthe value corresponding
imaging, later experiments have shown deviations in the tail$o a Gaussian distribution, signaling a significant breakdown
of the distribution from a Gaussid®—11]. It also has been of the assumptions of negligible velocity correlations in our
claimed that the distribution of the velocity componant,  system.
in the direction perpendicular to the direction of the vibra- The experimental system consists of stainless-steel
tion, may be described by the functional forR(v,)  spheres with diameterd=0.3175cm rolling on a
=exd — (Judloy)®?], where o=(v2)*? [11,12. However, 29.5 cmx 27.0 cm glass plane that can be tilted frors 0
these experiments were conducted with particles that are8°; a schematic of the experimental setup is given in Ref.
relatively elastic, and the velocity correlations were eitherl 13]. The coefficient of rolling friction is observed to be less
not measured or claimed to be negligible. Particles that colthat 1x 10~ 2, and therefore energy loss during rolling is neg-
lide while rolling lose more energy in comparison to par-ligible compared to the loss that occurs due to a collision
ticles that collide in free space, due to frustration at impact[14,15. The number of particles is varied fronN
In earlier work[13], this effect led to strong deviations from =100-1000. To track the positions of the particles, we uti-
a Gaussian, even in a dilute system, where the mean frdize a high-speed digital camef&odak Motioncorder at a
path was of the order of the dimension of the containerframe rate of 250 per second. A centroid technique is used to
However, dissipation at the boundary was significant and théollow the particles at subpixel accuracy, allowing us to re-
distribution did not represent the bulk properties of the par-solve positions to within 0.13 mm and velocities to within
ticles. These observations lead us to ask if there are correl®.2x10 4 cms 1. The statistical properties are obtained by
tions in dense systems where the mean free path is muchveraging over time using at least 8500 frames.
smaller than the system size, and if these correlations affect Energy is added to the system by means of the bottom
the distribution of the velocities. wall that is attached to a solenoid powered by a wave-form

In this Rapid Communication, we address these questiongenerator. The driving signal is not sinusoidal, but a periodic
by measuring the velocities of particles rolling on an inclinedpulse with an amplitudeA~2.5d and a velocity v,y
plane. This geometry slows the dynamics and allows us te=20 cms 1. When the system is tilted pagt=2.0° and the
vary the dissipation over a wide range. Energy is supplied tariving frequencyf=4.0 Hz, the positions of the particles
the system by means of an oscillating wall. We report theare observed to be independent of the phase of the drive.
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FIG. 2. The spatial correlation function of the velociti@g(r)
as a function of separatiorn/d, for N=1000 @), 750 (O), 500
(¢), and 200 (). Inset To show the nonexponential decay of
Cy\(r), we plot InCy(r) vs In(r/d). The solid lines are least-squares
fits to the data. The slopa=-1.23 (@), —1.38 (O), —1.55
(¢),and—1.90 (A). The statistical error bars are smaller than the
symbols.

of width 5d beginning & away from the driving wall.

To further characterize the compacted region in our ex-
periment, we measured the radial distribution functign)

FIG. 1. (a) The average number densjtyy) in they direction as a function of the dlstanae_between the Ce_”tefs of the
for various values ofN; 1000 @), 750 (O), 500 (¢ ), 200 (A), particles[7]. Our results for variousl are shown in Fig. ().
and 100 (). The driving wall is aty=26 cm. (b) The radial The plots demonstrate a transition from a gaslike state for
distribution functiong(r) for the same values M atf=6 Hz (dis ~ N=200, to @ more liquidiike state fd¥=>500. N
the particle diametgr The plots ofg(r) have been shifted for clar-  We now discuss the detailed properties of the velocities of
ity, and the dashed lines shay(r)=1. To show that the details of the particles. The spatial correlation function of the velocities
the driving do not influence the correlation of the partictgs,) for is given by
N=750 atf=6 Hz (O) andf=20 Hz (¢ ) are shown.

. : Vi
Below 4.0 Hz and foN>200, we observe particles forming CH(r)z_E_ - (1)
subharmonic patterns similar to those observed in vertical 1#] |Ui||vj|

vibrated quasi-two-dimensional geometr[@$]. The nature
of the velocity fields and density distribution in this latter Wherei andj label particles separated by a distamc&Vith
regime will be discussed elsewhdit7]. All of our results  this definition, two particles with paralléantiparalle] ve-
reported here are at a fixed=3.0°, A=2.5d, and f locities give a correlation oft1 (—1). We find that long-
=6.0 Hz. For these parameters phase dependence is abs&Rfige velocity correlations are present forfdlas shown in
in the density and velocity distributions. Fig. 2. We have plotted I6(r) versus In(/d) in the inset of
The x andy axes are chosen to be along the driving wallFig. 2. The r dependence is nonexponential, and least
and perpendicular to the driving wall, respectively. The ori-squares fits to I€(r) suggest a possible power-law decay.
gin corresponds to the point where the top wall intersects th&lowever, our range of is limited by the finite size of our
side wall. The distribution of the particles in thedirection ~ system. The values of the slopeare given in the caption of
is uniform. They dependence of the number density) is  Fig. 2.
obtained by averaging the number of particles in bins of We now discuss how these correlations affect the distri-
width d and dividing by the area of each Hisee Fig. 13)]. bution of velocities in thex andy directions(see Fig. 3. The
The densityp(y) is not constant because of gravity and theVvelocity components, and v, have been scaled by,
action of the driving wall, although for systems with = (v3)*? ando,=(v2)*2 The maximum of the distribution
>100, p(y) shows a plateau where there are very smallP(vy) is scaled to be unity for clarity and is given in Fig.
density gradients, similar to earlier observatigis,19.  3(a) for variousN. A Gaussian fit is shown for comparison.
Most of the particles remain suspended above the drivind-or low densities, we find that the form B{v,) is similar to
wall and receive random kicks from the particles that arethat observed in previous experiments with low dissipation
between the bulk and the driving wall. [9,11]. For N=100 (+), the form of P(v,) can be fitted by
To ensure that the deviations in density over the comR(vy) =exd — (jv/a)®?], shown by the dashed line. How-
pacted region do not influence the distribution of velocities,ever, asN is increased, the deviations are observed to be-
we varied the region over which the analysis of the velocitiescome stronger and cannot be described by this power-law
was performed. We found that the distribution of velocitiesform.
is independent of the distangein the compacted region. The asymmetry oP(v) seen in Fig. &) occurs because
Therefore, we measured the velocity distributions in a regiorthe particles moving toward the piston have lost energy be-
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FIG. 4. () The kurtosisF, of P(v,), as a function ofN (F
=3 for a Gaussiaf.The solid line is a least-squares fit to the data.

(b) The mean free pati as function of the number of particlés

(c) The standard deviations, (O) andoy, (A) (measure of granu-

lar temperaturgas a function ofN, taken from the distributions in
Fig. 3. The difference ofr, and o, reiterates that the granular
temperature is a nonscalar quantity. The line is a guide for the eye.

FIG. 3. The distribution of velocities foN=1000 @), 750
(0), 500 (¢), 200 (A), and 100 ¢). (a) The velocity distribution
P(v,) for the region described in the text. Each distribution is nor-
malized to be unity at its maximum. The deviation from a Gaussia
(solid line) is significant for allN and show a systematic increase as
a function ofN. In the most dilute case) P(v,) can be described
by R(v,)=ex{—(Jvylo)*?], shown by the dashed lingb) The

angular velocity does not. Therefore, the rolling condition is
o longer satisfied and the patrticles slide for a short duration.
Because the sliding friction is about 100 times larger than the
rolling friction for steel on glass, the rolling condition is
distributionsP(v,) are observed to be asymmetric due to the driv- esta_bllshed within a few particle diamet¢S-13. He”‘?ev .
ing wall and dissipation. The asymmetry is observed to increase agartlcles lose more energy than they would by considering

N is increased. However, this asymmetry does not cause the devi@Nly the normal coefficient of restitution. Measurements for
tions from a Gaussian iR(v,) (see text our system show that the effective coefficient of restitution

ne~0.5[13]. Because the effect of inelasticity is to reduce

cause of collisions. The distributions become more asymmetelative motion[20], this smaller value implies that the par-
ric asN is increased because of the greater number of colliticles tend to cluster and stream when driven, leading to the
sions between particles. To characterfd@ ), we calculate  observed spatial and velocity correlations.
its skewnesgthird moment, and find that it ranges from  To estimate the increase in dissipation wNhwe calcu-
1.62-4.45 forN=100-1000, respectively. The effects of |ate the mean free path from the relation given in Ref.
this asymmetry orP(v,) can be determined by discriminat- [21]. The results for” as a function oN are shown in Fig.
ing particles withv,<<0. After performing this “filtering,”  4(b). We find that”” decreases much faster than the estimate
we find thatP(v,) is insensitive to the sign af,. Thus the  based on a uniform spatial distribution of particles. By divid-
asymmetry ofP(v,) is not the cause of the deviations in ing / by the root-mean-square velocity, we obtain the mean
P(vy) from a Gaussian. collision time between particles. This time is observed to

By using the kurtosis or flatness of the distributi®w,) decrease from 0.83 s to 0.059 sdds increased. The in-
given by F,=(v3)/(v2)?, we can quantify the deviation of crease in the range of the velocity correlations and the de-
P(vy) from a Gaussian. If the distributions were Gaussianyiations from a Gaussian iR(vy) is due to the higher dis-
F,=3.0. If the distributions were given byR(v,), F,  sipation in the system for largé¥. As N is increased, the
=3.762. Figure &) showsF, as a function ofN. The in-  collision rate increases, which gives rise to higher dissipa-
crease inF, shown in Fig. 4a) implies thatP(v,) deviates tion. As the latter is increased, the overall particle velocities
more strongly from a Gaussian as dissipation is increasedlecrease. This decrease in turn leads to more compaction and
The linear dependence &%, on N may be due to the finite smaller mean free paths.
range ofN. To ensure that the means of energy input is not effecting

These results show that there are strong correlations, bothe system, we have varied the driving parameters. We find
in the positions and in the velocities, as a consequence of tH@at the statistical properties do not depend strongly on how
high dissipation that occurs due to collisions. If steel par-the system is driven above a threshbf4 Hz. Increasing
ticles collide head-on in free space, they lose energy as dend the amplitudel of the oscillating wall by a factor of five
termined by the coefficient of normal restitution given by has no effect on the spatial and velocity distributions for
7~0.93. However, when rolling particles collide, the trans-fixed N. For example, Fig. (b) shows that foN= 750, g(r)
lational velocity changes at the instant of collision, but theremains unchanged ffis increased by a factor of 3.3 aotl
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is increased by a factor of 3.0. tions depend on the degree of dissipation in the system and
In Fig. 4(c) we showoy, and oy as a function ofN to  that the formR(v,) = exf —(|v,//a,)¥?] of the velocity dis-

confirm the anisotropy of the granular temperature for outribution is not universal.

system. The plot also shows that the average energy per par-

ticle decreases dd is increased. This decrease occurs due to

the higher collision rate between the particles that removes We thank H. Gould and J. Tobochnik for fruitful conver-

energy from the system through dissipation. sations, E. Weeks and J. Crocker for their routines to detect
In summary, strong velocity correlations in dense granulaparticle positions, and J. Norton for technical assistance. This

gases have been experimentally reported. These correlatiopsoject was supported by the Petroleum Research Fund, and

are observed to cause the velocity distributions to deviatéhe National Science Foundation under Grant No. DMR-

significantly from a Gaussian. Our experiments, in addition9983659. A. Kudrolli was also supported by the Alfred P.

to previous report§l0], reconfirm that the velocity distribu- Sloan Foundation.
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