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Velocity statistics in excited granular media
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We present an experimental study of velocity statistics for a partial layer of inelastic colliding beads
driven by a vertically oscillating boundary. Over a wide range of paramétecelerations 3—8
times the gravitational acceleratipnthe probability distributionP(v) deviates measurably

from a Gaussian for the two horizontal velocity components. It can be described by
P(v)~exp(—|vivdt®, in agreement with a recent theory. The characteristic velogjtyis
proportional to the peak velocity of the boundary. The granular temperature, defined as the mean
square particle velocity, varies with particle density and exhibits a maximum at intermediate
densities. On the other hand, for free cooling in the absence of excitation, we find an exponential
velocity distribution. Finally, we examine the sharing of energy between particles of different mass.
The more massive particles are found to have greater kinetic energyL99® American Institute

of Physics[S1054-150(09)01303-9

We experimentally determine the statistical properties of  netic energy is transformed into thermal energy when par-
particles in a vibrated granular medium. While many ticles interact in an excited granular medidm.

similarities between ordinary gases and excited granular For strongly excited granular media, assumptions similar
media have been found, a fundamental difference is that to those in kinetic theory are often matidmong these as-
collisions between particles in granular matter are inelas-  sumptions are that velocity distributions are Gaussian and
tic. As a consequence, the velocity distribution deviates that the mean energy is shared equally among the various
measurably from a Gaussian, but can be described by degrees of freedom. However, recent numerical and theoret-
P(v)~exp(—|v/v*?) for a large range of parameters jcal research indicates that excited inelastic hard spheres can
where external excitation is sufficiently frequent, in  exhibit non-Gaussian velocity distributiofis® though the
agreement with a recent theory. predicted velocity distributions differ considerably from each
other. Some thermodynamic descriptions of granular media
make use of the concept of entroPlyor separate the dissi-
pative degrees of freedom from conservative ches.

Granular systems are often treated statistically, since the Vibrated granular media have played a special role in
large number of degrees of freedom and the complexity offforts to understand the dynamics of granular materials, in
interparticle forces limit analyses on the particle level. WhatPart because vibration is a convenient method of replacing
are the statistical properties of particles in an excited granuthe energy lost to friction and inelasticity. A variety of novel
lar medium? In many respects the dynamics of granular mePhenomena have been discovered in the past 15 Years:
dia strongly resemble the dynamics of ordinary fluids ancheaping and convection roft$;** standing and traveling
solids. Yet there are fundamental differences between granwaves,> ' oscillons}® and fluidization:®-**
lar solids and fluids and their molecular counterparts that In this paper, we study the simple case of a single layer
make the answer to this question intriguigOrdinary tem-  of particles with vertical excitation, varying the fractional
perature does not lead to measurable velocity fluctuationsoverage of this layer and the amplitude of the driving wave
due to the large mass of granular particles. When granuldiorm. We determine the velocity distributions precisely and
particles are excited by an external energy source, their thecompare them to various functional forms, an issue that pre-
mal energies are much smaller than their kinetic energiessious experiments have left unresolved for granular particles
During collisions between particles, frictional forces and de-that are free to move in three dimensions. Quantitatively
formation near the points of contact lead to dissipation ofstudying particles in three dimensions has only recently been
kinetic energy. Therefore it is not SUrpriSing to find that ki- achieved in rotated Cy"nders using NMR techniques; it
yielded important information about the segregation
dElectronic mail: jgollub@haverford.edu process? By observing a three-dimensional excited granular

I. INTRODUCTION
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medium from above, we are able to focus on the shapes @nce of the velocitfminus the mean velocity

the distributions of the horizontal velocity components. A T=((v2—(v)?)) D)
combination of otherwise identical white and black particles '
allows us to track individual particles even for high frac- The high energy tails of velocity distributions in a ho-

tional coverages at high excitations where particles fresmogeneous granular fluid were investigated theoretically by
quently move over each other. We measure the dependenE&sipov and Pschef for the unforced case, and by Noije and
of the variances of the distributions on the excitation ampli-Ernsf for both the unforced and the heated case, based on
tude, frequency, and the fractional coverage. Sharing of erthe Enskog—Boltzmann equation. In the free case, i.e., with-
ergy in mixtures of granular materials is also investigated. out energy input into the system, the velocity distribution
In Sec. ll, we discuss the background for our experi-approaches an exponential at high velocities. When energy is
ments. In Sec. Il we present the experimental setup. In Se@dded to the granular medium randomly and uniformly
IV, we show that, in most cases we treated experimentallythroughout the system, the high velocity approximation be-
the velocity distributionP(v) deviates measurably from a comesP(v)~exp(—|v[*®). In order to compare our experi-
Gaussian and can be described Bgv)~exp(—|v/ivd'®).  mental results to this prediction we have to assume that en-
We show precisely how the variance increases with drivingergy input into the measured horizontal motion occurs
amplitude and changes with fractional coveragevherec ~ randomly.
=1 is the coverage for a compact crystal of beads. The en- While measurements of velocity statistics in an excited
ergy sharing between particles of different types is also degranular medium have been carried &lfew measurements
scribed here. precise enough to distinguish between different functional
forms of the velocity distribution exist to our knowledge.
One exception is a recent study of clustering and ordering
Il. BACKGROUND near a peak acceleration @& 1 g by Olafsen and Urbadhi,

A number of studies on excited granular media haveWho found significant deviations from Gaussian distribu-

addressed the issues of clustering and energy sharing. NHQ”S’. at low and especially ‘f."t high velocities, where the dis-
merical simulations and theoretical derivations have showrt\”bu[t)'on.S tpecon;e expone:\ntlell';[' f
that the presence of inelasticity in granular flows can lead to eviations from -equipartition -can -occur for reasons

the formation of clusters; as a consequence, equipartition o(?;[hs_r tdhan (_:tl)us:_erm?l. For _e;xzmple, I|<n|ght fmd Yr\]/OOdi?)Ck"
energy fail3~2> Experiments performed in a horizontal Studi€C a vibrationally excited granuiar system theoretically

two-dimensional layer were consistent with this predicted

clustering effect® Vertical one-dimensional experiments . £ th A di ional
and simulations were performed earlf8m crossover from a |sotropy of the energy source. tW.O' imensiona system
vertical Hele Shaw cell was studied experimentally by

condensedclustered to a fluidized state was found as a W Huntl dqJ & velocity distributi houah
function of the driving acceleration, the number of beads, arr, Huntley, and JacquesVvelocity distributions, thoug

and the coefficient of restitution roughly Gaussian, were checked and found to exhibit anisot-
Deviations from equipartition due to clustering are ropy between the vertical and horizontal motion: the hori-

straightforward to understand on physical grounds. InelralstiéomaleveIOCIty dlsztrr:buuon (:\INZS ni{é?wer t_r:jan t(;\e vtert|cal
collisions imply a loss of energy each time a collision occurs2Ne- ©rossman, 2hou, and ben-Nainconsidered a two-
When particles begin to gather in a certain region of Spacedlmen5|onal granular gdsvithout gravity) from a theoretical

the rate of their collisions increases. The rate of energy losguasicontinuum point of view and found the density to be

for this group of clustered particles is thus greater, and thfonuniform and the velocity distributions to be asymmetric

distribution of their velocities becomes narrower than that of " .thezrmal energy input frpm one side. McNamara a}nd
the particles in less dense regions. Luding® considered the sharing of energy between rotational

Clustering can affect the velocity statistics. Assuming aand translational motion of the particles, and found a signifi-

Gaussian velocity distribution for a nearly homogeneousCant V|0Iat|or_1 of equipartition. N L
granular medium, Puglisit al”*® predict a non-Gaussian ve- The scaling of the granular kinetic energy with vibration

locity distribution due to clustering: a superposition of amplitude is also of interest in connection with the experi-

Gaussian velocity distributions with different widths. For in- ments to be discussed in the present paper. It has been con-

. . 28 .
elastic particles this leads to high velocity tails in the veloc-,Sldeer experimentally by Waet al,™ numerically by Lud-

ity distribution which decrease more slowly than a Gaussiarﬁnthermalnn’ Ianq E;!ume?j,and lih;ort_ahcgg%/ bydKLllmaLan
function but faster than an exponential. The velocity distri-" the nearly elastic limit of weak dissipatiohand also by

butions obtained in a simulation by Taguchi and Taka§asu Huntlley"f’ in a simple model. The results of'these d.ifferent
are power laws, resulting from clustering. These distributionsStUdles do not seem fo pe mutually consistent with each
have diverging variance; this calls into question the notion Op_ther,_ pe_rhaps because different regimes were explored; the
a granular temperature, which is generally derived from guation is unclear.

variance. In a two-dimensional simulation, Peng and ®hta

found _that the velocity distributions dev_iate from Gaussian“l_ EXPERIMENTAL SETUP AND METHODS

behavior under the influence of gravity unlegéh<T,

where dh is the height of the region of observationis the The experiments are conducted in a circular container of
granular temperaturésee, e.g., Ref.)1 defined as the vari- diameter 32 cm made of delrin. It is driven vertically with

(without gravity) and concluded that equipartition need not
be observed at high amplitude of excitation due to the an-
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TABLE |. Material parameters of granular particles. Black glass beads arg¢n the physical systejm This displacement corresponds to
used as background particles in all experiments. v=8.18 cm/s in most experiments. The high frame rate en-

Diameter Mass Density sures that even the fastest beads move less than one particle
Material (cm) ) (g/ cn?) diameter between images. This allows accurate tracking of
Glass(black and white 0.407 0.0864 246 all prlght bgads for all 546 ;equent!al fran(da_lsc_e maximum
Stainless steel 316 0.159 0.0168 go3  available with our camejawith a typical precision oft2%
Stainless steel 316 0.318 0.1345 8.03 for the velocity measurements. We project each step onto
Stainless steel 302 0.476 0.4539 8.03 two perpendicular directions, and study the statistics of each

velocity component. One concern was that as a black bead
moves over a bright bead, the centroid position could move

sinusoidal acceleration at a single frequeficysing a  aWay from the center of the bead and possibly alter the mea-

VTS500 vibrator from Vibration Test Systems Inc. A com- sured velocity distribution. For a test we thus eliminated par-

puter controlled feedback loop keeps the vibration amplituddicleS whose integrated greyscale intensity changed rapidly.
constant and reproducible. The frequenfcyused in most We found that eliminating these points does not measurably

experiments is 100 Hz and the peak acceleratioaf the alter the velocity distribution. However, if a collision occurs
plate is in the range 3-8 g. The peak plate velosiy between frames, our measurements indicate the average of

—a/2nf lies between 4.7 and 14.1 cm/s. The particles ardhe velocity prior to and after a collision. The measured dis-
glass beads 4 mm in diametérom Jaygo Ing. with frac- tribution of velocities will therefore probably be slightly

tional coverage. A glass cover at 2 cm height prevents the closer to a Gaussian than the real distribution of velocities.
beads from escaping from the container. Collisions with thel © improve the data in this regard, it would be necessary to

cover are rare for most experimental parameters but lead F2MPI€ faster while retaining the same relative accuracy in
measurable changes in the velocity distributions at the largih€ Velocity measurement. It would therefore be necessary to
est accelerations, if the coverage is low. Some charging dfS€ @ faster camera, to zoom in closer to the sample, and to
the glass beads is noticeable when the beads are at rest, fend the measurement over a significantly larger number
electrostatic forces are negligible at the range of acceler2l frames to obtain the same statistics.
tions investigated here.

Our objective is to measure the horizontal velocity dis-
tributions in an excited three-dimensional granular mediuHV' EXPERIMENTAL RESULTS
for a large range of particle densities. However, particleA. Granular temperature
tracking becomes increasingly difficult as particle tracks ap-
proach each other and cross frequently at largéhus hin-
dering reliable identification of the horizontal positions of
individual particles. However, if only a modest number of

particles are reflective, the frequency of collisions betwee%cquired at 250 framesf&e., for 2.18 $with approximately
them is small and nearly independent of coverage or excita2—00 tracked particles in echh frahe

tion. By tracking these fest particles we can also directly The particle velocities are determined from the particle

compare the velocity distributions for different coverage. displacement between consecutive frames. This does not al-

Tracking a subset of the particles is accomplished b . .
using some white glass beads among black glass beads. afays represent the true velocity of the particle though. If a

: : - ollision occurs between frames, the apparent velocity will
cept for the color, the black and white beads have identic e lower than the true velocity. We can define an apparent

physical properties. Stainless steel beads of three dncfererEémperature based on displacements along either horizontal

diameters replace_d the Wh't.e glass bead_s IN SOme EXPEIL,  dinate denoted here Ast depends on the time between
ments. The material properties of all particles we used arg

. . ramesAt:
listed in Table I.
Images of an area 16.¥415.70 cm at the center of the T(AL) = ((X;(t+ At) —X;(t))2); «/AL?, 2)

;:ontainer are taken at a reslc()lution of X1480 pixels using a where the average is taken over all particlgs 4nd frames
ast cameraSR-500, Kodak Ing. operated at 250 or 500 (k). The particle tracks obtained at 250 frames/s during an

frames/s. At a vibration frequency of 100 Hz this ensures iarval of 2.18 s allow us to determirE(At) for 1/250's
that images are taken at five different phases relative to th%At<2.18 s. It is often useful to express the velocities in

phase of the plate vibration yielding the average energy nits of the peak plate velocity,, which yields a dimen-
throughout the cycle. The images are analyzed using IDL P

(Research Systems Incsoftware. First each image is en- sionless temperaturB(At) =T(At)/v;, . Figure 2 shows the

hanced using a bandpass filter and thresholding to eliminafdimensionless temperatufgAt) versus frame rate (Af) at
noise. The positions of all bright particles are found from the®=0-42 andf =100 Hz for different accelerations. For small
enhanced image by calculation of their centroid; this defineframe rates, i.e., largat, T(At) increases approximately
the particle positions reproducibly to within less than 0.1linearly with the frame rat& (At)~ 1/At. This indicates that
pixels. Small effects due to the finite pixel size are noticeablehe particle motion may be described by an ordinary diffu-
sometimes as slightly increased probabilities of particle dission law when many collisions occur in the sampling interval
placements that are multiples of the pixel width0327 cm  At. Assuming such a diffusion process, one expects that

Extracted particle tracks are shown in Fig. 1 for
c=0.28(half of the beads are whiteanda=5g. For clarity,

only tracks longer than 200 images are shown, which elimi-
nates some tracks close to the edge. A total of 546 frames is
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500

400

300
< FIG. 1. Measured trajectories of some white particles
= moving among a sea of dark ones at a total coverage
g ¢=0.28. The container is vertically vibrated at 100 Hz
200 and peak acceleration 5 g. We acquire 546 frames at
250 frames/s. The particle diameter is about 11 pjxels
100
0
Tr time between collisions is always significantly longer than
= c . - . =
TAY~ -+ for At>re. (3)  the time between framggo observe qualitatively howl
o o . . changes witlc.
The dashed and the solid lines in F|g 2 are linear xtnd We can therefore determine the dependence of the tem-

give upper and lower limits tdf 7,. We estimate thaf perature on plate acceleratienand coverages, shown in
~1.0 based on the high frame rate limit. We can now estiFig. 4. The temperature increases wattfor all coverages.
mate the collision time to be 0.025,<0.04s forf=100  As a function ofc, T increases at low coverage, exhibits a
Hz andc=0.42, which corresponds to one collision every maximum arouna=0.30, and decreases withat high cov-
2—4 oscillations of the vibrator. On the other hand, for largeerage. This trend reflects changes in the true granular tem-
frame rategsmall At), T(At) approaches a constant. This perature as shown in Fig. 3. No measurable change in the
occurs whenAt is much smaller thanr;; in this limit  temperature dependence occurs aroerdl. A fractional
T(At)~T, so the granular temperatufe(for displacements coverage above unity is meant to indicate that more than one

along one axiscan be defined as close packed layer of beads is used. The highest granular
T= lim T(At)=(v?). @) temperature indicates that the average potential energy of the
Ato0 particles corresponds to a mean height above the plate com-

The approach of the measured granular temperature to a con-
stant cannot be fitted by a simple exponential or power law.

For an excited granular material, this shape could be influ-
enced by correlations in velocity between neighboring par- 1
ticles and correlations between the local density and particle
velocity. Starting from the fact that the sampling time is
roughly 10% of the mean collision time at an intermediate
coverage, we estimate that the true granular temperdture
might be up to 10% higher than the measured value.

All values of T and T presented in this paper are the )
measured temperatures obtained at lighestframe rate e
(usually 250 frames)s where the limitAt—0 is justified.

This limit is approached in a very similar way for different
accelerationgsee Fig. 2. This allows us to determine the
acceleration dependence of Note that the collision time
can be roughly independent of acceleration since the height
of the average bounce increases with increasing peak plate
acceleration. For the fixed number of particles in our system
this leads to an increase in the mean free path with increasing
acceleration. When the number of particles is changed, the _ _ -
collision time also changes. As shown in Fig. 3, the limit of T'C: 2. Apparent nondimensional granular temperali(at) correspond-
. ing to displacements along one axis in the sample interval as a function of
Eq. (4) is approached fastest at the lowest energyCOf sampling rate t. The approach to saturation for large sampling rates
=0.14 and slower at=0.42 and ac=0.98. However, we occurs when the sampling rate far exceeds the collision rate. In the opposite
are close enough to the limit at all coveragsisice the mean limit T decreases strongly. The lines are explained in the text.

0.1

NG (N
0o OXMK

E v vl ! |

10 100

Frame rate 1/t (™)
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FIG. 5. Nondimensional granular temperatﬁre/s coverage. It is approxi-

Frame rate 1/at (s™") mately independent of acceleration.

FIG. 3. Apparent nondimensional granular temperaﬁ(rm) correspond-
ing to displacements along one axis in the sample intektas a function
of sampling rate At for a=5 g. The limiting value for large sampling rates
depends on coverage.

that the scaling of the bead velocity by the plate velocity is
very robust and is not significantly influenced by additional
contacts with the container lid.

B. Velocity distributions
parable to one particle diametdr All experimental results
are therefore limited to the regime of part|cle_ CNErIIeS, A ricle tracks of white beads, is shown in Fig. 7. Fits to a
smaller than or comparable to the only characteristic energ aussian _distribution E Z A, exp(| 12 2 are
of a granular material, the potential energy of raising Oneshown as dashed lines agrft\j/)fis t% thz( r\(/adic':%n)of Ref. 6
particle by one diametengd When scaled by the peak plate ' P o
velocity v, as in Fig. 5, the granular temperature becomes  F,(v)=A, exp(—|v/1.164/ 1), (5)

. . 10
independent of acceleration to within10% for most data are shown as solid lines. The characteristic velosityis

pom'Fs. Remarkably, the depgndence on coverage follows Aefined as the square root of the variance, so that for Bgth
proximately the same behavior at all accelerations. andE.:
2.

The scaling of velocities by, implies thatT~ 1/£2.
ve=(v)=1T. ©®)

Figure 6 shows, on a log-log plot, th@tdoes indeed de-
. 2 .
crease approximately- /f* for the two accelerations and .The data points for the fits are weighted equally on a linear

the three coverages shown. The plot covers two orders in le in Fi d b d I | thmi
magnitude of the granular temperature, ranging from condic o€ 1N Elgs. ® and 7b) and equa y on a 09".’“” mic
! scale in Figs. {&) and 7d). The characteristic velocity,. in

e et o SomteFige. 7e) and ) is 619 cis ore andv. 6.5
q ' cm/s forF,. The Gaussian fit underestimates the probability

The velocity distribution along one axis, obtained from

250 |-

XXOP OO

200 i~ =
S = 100 |~
NE N{, r
& 150 - e C
- L I
~ L
100 - L
“ M‘/N\"—’M‘\N\N_M\N\N_ 10 |
l L | 1 I C
0.2 0.4 0.6 0.8 1.0 C

Coverage

f (Hz)

FIG. 4. Granular temperature determined from displacements along one FIG. 6. Granular temperatufievs vibration frequency at three coverages.
axis as a function of coverage for a range of peak plate accelerations. It declines approximately as f/
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of both low and high ¢>3v_) velocities, while the fit td~,
describes the probability distribution quite well over three
orders of magnitude in probability. The increased weight of
the high velocity experimental data in Figsicy and 7d)
leads tov.=7.66 cm/s foiF; andv.=6.81 cm/s for;,. The
Gaussian fit again underestimates high and low velocity
probabilities, while the fit td=, proves to be insensitive to
the weighting of data points, indicating a robust fit. The fit to
F, is also insensitive to the choice of the fitted range of
velocities, while the characteristic velocity decreases with
decreasing fitting range fdf,. We conclude thaf, pro-

vides a better fit thai .

The velocity distribution for a large range of accelera-
tions 3 g=sa<8g can be described accurately By as
shown in Fig. 8). The data and the best fitting lines are
shifted vertically as needed for clarity; this amounts to mul-
tiplication by a constant on a log—linear plot. The probabili-

ties are plotted againgv|*®, wherev=v/v,. On this log—
linear scaleF, is a straight line, in good agreement with the
experimental data for a large range of accelerations. The de-
pendence of the velocity distribution on coverage is more
complex. The coverage dependence is shown in Flg. &t
relatively high coverage, above=0.28, the experimental
data can be described well B (solid lineg. However, at
lower coverage(for approximately the same range of
whereT increases witlt) the probability of high velocities
is underestimated bk, (dashed ling
While the granular temperature is proportional t6*1b ~
a good approximation, measurable differences are appareﬁ'lG- 8. Distributions of nondimensional velociyobtained from displace-

in the distribution of nondimensional velocitigs as a func-

P(VI™®) (arb. units)

P(1"®) (arb. units)

Velocity statistics in media 687

FIG. 7. Velocity distribution of the tracked particles
plotted on lineaf(a) and(c)] and logarithmid (b) and

(d)] scales(driving accelerationa=5 g, coveragec
=0.42, and frequency=100 H2. The solid line is a

fit to F, [Eq. (5)]. The Gaussian fitdashed lingunder-
estimates the probabilities at high velocities. The data
were weighted equally on linear scales(& and (b)
and equally on logarithmic scales (g) and(d), respec-
tively.

0.1

0.01

o
o

o
[=]
=

v a=3gfi
B a=5g]
A a=7g]

ary
P B

=0.14

c=0.28
c=0.42
¢=0.70
c=0.98

+ X0 4+

(b)

© fETTIh
L
X

~15
vl

ments along one direction weS for (a) a range of accelerations afio) a
range of coverages. Fits to E) (lines) are also shown. Data are shifted

tion of frequency. Figure 9 compares the distributions for 4Q,ertically in some cases for clarity. Deviations from E&) occur for ¢
and 140 Hz. The distribution falls more slowly with velocity <o.28.
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FIG. 9. Distributions of nondimensional veloc@obtained from displace-

ments along one direction w&-° at different vibration frequencies, and fits v {cm/s)

to Eq.(5). (c=0.42,a=5g).
FIG. 11. Time averaged velocity distribution during free cooling after ex-
citation ata=5 g andf =100 Hz (c=0.84). The high velocity tail is expo-

asf is increased. The cause of this behavior is probably th@ential(a straight line on this log-linear plot
smaller(unscaledl velocities at higher frequency, which de-

creases the collision ratee., the rate of energy 0ss through g, iteq granular media. In order to analyze the functional

inelastic collisions and the higher frequency of vibration ¢, of the velocity distribution, we need to accumulate ve-
(i.e., roughly the rate of energy inputFor the highest un- |, qiies over 150 frames, i.e., 0.6 s. Figure 11 shows such a
scaled particle velocities and lowest excitation frequencx,ebcity distribution forc=0.84, where the vibrator was op-
(a=5 g andf=40 Hz) deviations from fits toF, become g ateq af =100 Hz anda="5 g prior to shut off. The veloc-
observable. _ ity distribution is exponential, in agreement with calculations

_ '_A‘t lO_W accelerat|ona=2_ gwe observe that the ve_Iocny for the free cooling case® However, the measured velocity
d|str|bqt|on has exponential tails and an approX"mitel?/distribution represents an average over almost the entire free
Gaussian central component. The crossover from a Gaussig@jing process, since the instantaneous velocities indicate

distribution to an expongnt!al distribution |s_sh0\./vn.|n F|g. that the granular temperature decreases by more than one
10. Thes_e results are similar to the veloclt%)jgn;:‘i|str|but|ons0rder of magnitude during the averaging time. We have also
arounda=1 g obtained by Olafsen and Urbathand pos- 1,5 4e measurements over 0.1 s: although the statistics are not
sibly related to clustering effects observed at low acceler

s . , ) X =1 good, the distributions still appear to be exponential.
tions. In addition, the system is nearly two dimensional since

most beads bounce lower than one particle diameter.

It is possible to investigate the case of a freely cooling
granular medium to some extent by looking at a time aver-  In a final set of experiments, the white glass beads are
aged velocity distribution. We shut off the vibrator abruptly, replaced by steel beads of different sigeade 100 stainless
and simultaneously trigger the camera at 250 frames/s. Wsteel 316 for the two smaller sizes, grade 100 stainless steel
then extract particle tracks from the image sequence in th802 for the largest beafisAt a total coverage=0.42, 14%
same way as we did for image sequences of continuouslgf the glass beads were replaced by steel be&émisthe

C. Equipartition

T T 1B T | T T ml
® ¢=0.28; a=2 o 3
=9 ; v 1/16" Steel | 3
— (vl ) O 2/16" Steel |
1000 No 0 oo ~exp(-lvl ™) o i A 3/16" Steel |
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c ] S 01 =
S a E E
£ 100 3 kS E 3
& 3 — C ]
E ] =0 1
o ; =
10 3 &0.01 -
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1 : . H H | L | L~V
2 4 6 8 10 0 2 4 6 8 10 12
v I
FIG. 10. Nondimensional velocity distribution at low acceleraion2 g, FIG. 12. Velocity distributions for steel beads moving among glass beads
and fits toP(v)~ exp(—|v|*) showing the crossover from a Gaussian to an (c=0.42,a=4 g, f=100 H2. Distributions are fitted to E¢5) (solid lineg
exponential function. and also to a Gaussiddashed lingfor the largest beads.
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T T T T T T In contrast, the smaller values of found at lowc likely
1ok . - indicate that the energy transfer from vertical to horizontal
motion becomes less efficient at law<0.42.
A We have shown that particles of different mass do not
1.0 m have the same kinetic energy or the same granular tempera-
ture when both are present simultaneou$lig. 13, an ap-
parent violation of equipartition. The most reasonable expla-
nation is that all particles acquire similar vertical velocity
fluctuations from the container. The more massive particles
06 - therefore obtain a larger vertical kinetic energy. This excess
A vertical energy is transferred to the horizontal motion, lead-
ing to a violation of equipartition.
04 ] An important result of this investigation is that in the
' Ll e SRS steady state the velocity distributions deviate measurably
0.1 1 10 from a GaussianFig. 7), but can be described well by
Metee/Maiass P(v)~exp(|vivd*9) for broad ranges of frequenciés ac-
FIG. 13. Mean kinetic energy of steel beads moving among glass beadceleratlona’ and coverages, m_agreement \.Nlth the theory
(scaled by the energy of the surrounding glass beasls function of par- 8f Ref'_ 6.1n mo_St of o_ur experiments the tlm_e between in-
ticle mass. §=4 g; f=100 Hz; squares;=0.42; trianglesc=0.84). terparticle collisionsr; is comparable to the time between
contacts with the plate. However, if forcing collisions be-
come significantly less frequent than interparticle collisions
smallest bead size only 5% of the glass beads were rdas for free cooling, Fig. 11 then the distribution ap-
placed. In all experiments most collisions of steel beadsproaches an exponential. This experimental observation is
therefore occur with glass beads. The distributions dbr ~ Consistent with the numerical results of Pugksial.” This
the tracked particles are shown in Fig. 12. Larger beads hav@uantitative correspondence with experiment indicates that
smaller nondimensional characteristic velocifiesand thus e theoretical and numerical approaches of Refs. 6 and 7 to
a smaller granular temperatufe than smaller beads. The descr_lb_mg the statistical properties of granular particles are
velocity distributions for the two smaller steel bead sizes ard0mMisINg. - , ,
described well byF,, while that for the largest beads is  uglisi etal” suggest that non-Gaussian behavior and
better described by a Gaussiatashed ling This could in- clust_enng are |nd|cat|ons_ of essentially t.he_same particle dy-
dicate that the large beads effectively prevent clustering'@Mics- If so, our experimental results indicate that cluster-
since they act as a source of momentum for the other beadS'd Must occur for a very large range of excitation ampli-
While the granular temperature of the largest steel beads {5'des and frequencies.
lower than the temperature of the glass beads, their energ
mT is larger, while the energy of the smaller steel bead size

>glass

/ <mv

<MV >geel
> n
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