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Abstract

We report an experimental study of a "gas' of inelastically colliding particles, excited by vibrations in low
gravity. In the case of a dilute granular medium, we observe a spatially homogeneous gas-like regime, the pressure of
which scales like the 3/2 power of the vibration velocity. When the density of the medium is increased, the spatially
homogeneous fluidised state is no longer stable but displays the formation of a motionless dense cluster surrounded by
low particle density regions.

In this paper, we report a study of the kinetic regime of a granular medium, fluidised by vibrating its container in a
low gravity environment. The motivation for low gravity is to achieve an experimental situation in which inelastic
collisions are the only interadion mecdhanism. The dm of the experiment is to observe new phenomena which result
from the inelasticity of the wlli sions and are thus absent in ausual gas. In the dilute case, we show that the pressure of a
granular gas sdes like the 3/2 power of the vibration velocity. When the density of the medium is increased, we
observe for the first time that an ensemble of solid perticles in erratic motion interading only through inelastic
collisions can generate the formation of a motionlessdense duster. In the present case, this occurs as $on as the mean
free path between two grain-grain collisions bemmes smaller than the cdl size Gaseous conditions are then only
observed for a system of solid particles in the Knudsen regime. These experiments tend also to demonstrate that the
statistics of grain velocity does not obey the dassicd Boltzmann distribution even urder such restrictive conditions.

Figure 1: The three 1cm® cubic experimental cdls filled with
(respedively from left to right) 0.281 g , 0.562 g and
0.8915 g of bronze spheres of 0.3-0.4 mm diameter,
(solid fradion 3.2% , 6.4% and 101%).

3 o the six wall s of ead cdl werein metal and linked to
the dedric ground in order to avoid as much as possble
any eledrostatic charge problem; the top side was closed
by a piezoeledric presaure sensor (PCB 106B50) and the
two ather windows stuated in the front and on the left or
right side were in sapphire in order to alow visualisation
and ill umination respedively.

Illumination was achieved wusing three distinct
photodiodes, one for ead cdl, emitting either
continuously when vibration frequency was smaller than
30Hz, or at a rate of 14 Hz (28Hz) when mechanicd
vibration was 30 Hz (60 Hz); the pulse duration was 1ms
in these two last cases. (This was partly described in [2]
only). The two left hand cdls were unlighted from the
left and the right one from the right.
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This ems to be different from what has been obtained previously in a pedagogicd experiment sponsored by CNES
under micro gravity environment [1]; so more experiments are needed to confirm this result [2].

Indeed, vibrated granular media display arealy striking fluid-like properties on Earth: convedion and hegping,
period daubling instabilities [3, 4], and parametric extended [4] or locdised [5] surfacewaves. When the vibration is
strong enough, the granular medium undergoes a transition to a fluidised state which has been tentatively described
using kinetic theory [6] with a"granular temperature”, i.e. a mean kinetic energy per particle. Fluidisation by vibrations
bas been studied experimentally [7,8] and numericaly [8,9], but no agreement has been found so far for the dependence
of the granular temperature on the amplitude and the frequency of external vibrations[10-12].

However, one of the most interesting properties of such "granular gases' is the tendency to form clusters. Although
this has probably been known since the ealy observation of planetary rings [13], there eist only a few recent
laboratory experiments which display cluster formation [14], but the aherent friction force ating on al the particles
was far from being negligible. Various cluster types in granular flows have dso been observed numericdly [15]. The
mechanisms of cluster formation are an adive subjed of reseach that still deserve more study because of its relevance
to technicd, astrophysicd [16], or geophysicd [17] applicaions of granular media. At a more fundamental level, it is of
aprimary interest to understand the new qualit ative behaviours due to inelasticity of colli sionsin kinetic theory.

Experiment:

The Mini-Texus 5 spaceprobe was launched from Esrange (Nothern Sweden) on a Nike-Improved Orion rocket
with 3 cubic containers on board, 1 cm? in inner volume, with clea sapphire walls. Each cdl isfill ed, respedively, with
0.281, 0.562and 0.8915 g of 0.3-0.4 mmin diameter bronze spheres (solid fradions: 3.2%, 6.4% and 101%). Thus, the
total number of particlesin ead cdl is about 1420 2840 and 4510, corresponding to roughly 1, 2 and 3 particle layers
a rest. An eledricd motor, with eccentric transformer from rotational to translational motion, drives the vessels
sinusoidally at frequency f and maximal displacement amplitude A in the ranges 1 to 60 Hz and 0.1 to 2.5 mm
respedively. The vibrational parameters during the time line ae listed in Table | [2]. The vessl containing the three
cdlsfilled with bronze bealsis displayed in Fig. 1 together with the threepressure gauges.

Experiment | Time segment Amplitude Frequency Velocity Accderation
number (9 A (mm) f (H2) V (cnm/s) I (g unit)

1 23-36 0.1 3 0.2 0.004
2 46.8 - 52 25 1 16 0.01

3 52.3-67.3 25 3 4.7 0.09

4 76.5-84.5 0.3 30 5.6 11

5 87-100 0.1 60 3.8 14

6 103-116.5 0.3 60 113 43

7 120 - 130 1 60 37.7 145

8 1385- 148 25 30 471 9

9 151-180 25 60 94.2 36.2

Table 1: Vibrational parameters during the 200s of low gravity. Time segment is the duration of ead experiment at
fixed amplitude and frequency without taking into acmunt the transient states. V = 2mAf and I = 412 Af 2/g are
respedively the velocity amplitude and the dimensionless acceeration amplitude of the vessls, g=9.81nm/s%
Data from experiment 1 had a poa signa to noise ratio. Data from experiment 9 were misleading since the
spaceprobe was beginning its coming into the stratosphere.

Motion of particles was visualised and recorded by an SWMO39 CCD camera, fixed in the frame of the space-
probe, that captures 742 x 582 pxel images with a 40 ms exposure time. Each cdl was illuminated by one led lighting
at right angle from the observation. Continuous illumination was used when mechanicd-excitation frequency was
smaller than 30Hz. However, the amplitude of the cdl- and the bead- motions became large during the exposure time
for the larger 30Hz and 60 Hz frequencies; strobascopic illumination of 1ms duration was then used to increase
cleaness; its working frequency was respedively 14 Hz and 28Hz for the driving mechanicd frequencies of 30 Hz and
60Hz. Accderations were measured by piezeledric accéerometers (PCB 356A08) screwed in the shaft in a triaxial
way. Typicd output sensitivities in the vibrational diredion and in the perpendicular diredions were, respedively, 0.1
and 1V/g, g =9.81 m/s? being the accéeration of gravity. A piezoeledric presaure sensor (PCB 106B50), 1.53 cm in
diameter, was fixed on the "top" of ead cdl. The accéerometer orientation, in the diredion of vibration, was auch that
its head was pointed perpendicular towards pressure sensor surface Typica pressure sensor charaderistics were a0.72
mV/Pa output sensitivity, a 20 Pa/g accéeration sensitivity, a40 kHz resonant frequency, and a8 psrisetime.

To be published in the proceedings of the Sorrento meeting on microgravity 10-15 Sept 00 2



The component of the presaure signals due to the sensor sensitivity to acceeration has been removed by signa
processng wsing Fourier transform. The firing of the engine, the stabili sation of the rocket on its parabadlic trajedory
and the despinning of the rocket lasted roughly 90 s, the gpex being 150 km above the Earth. Then, the output signals of
acceeration and presaure sensors were transferred to Earth in red time with a 2 kHz sampling rate during the 200
seconds of low gravity environment (about 10° g) before parachute opens, the first 20 s of the experiment being without
vibration to let the granular medium relaxing.

Results and discussion:

Fig.2 displays what can be observed in the three different cels when excited at f =30Hz , with A=2.5mm, and at
two dfferent phases of the vibration cycle: Fig. 2(a) (resp. Fig. 2(b)) corresponds to a maximum "upward" (resp.
"downward") velocity (see &so Fig. 3). The density is deaeasing from the left to the right. In the most dilute cae, the
particles move araticdly and their distribution is roughly homogeneous in space (there is a depletion close to the
boundary moving away from the particles). In the two denser cases, a motionless dense duster in the reference frame of
the camera, i.e. of the spaceprobe (black central region of the photographs) is surrounded by lower particle density
regions. The sphere surrounding the duster are in motion, mainly in the part of the vesl close to the boundary moving
toward the granular medium. We thus observe that at high enough density, the spatially homogeneous gas of particles
undergoes an instability which leads to the formation of a dense duster. Note that the left and the midde (resp. right)
cdls are illuminated from the left (resp. right) side. The gparent increase in cluster size is an artefad due to light
diffusion which reduces the enlightenment as the light penetrates deeper in the cél (seeFig. 2).

Figure 2: transition between gas behaviour
(right) to cluster behaviour.
The three cdls: right the most
dilute cdl; left: the densest cdl
(a) maximum "upward" velocity
(b) maximum "downward" velocity
The presor sensor is on "top" of
the cdls.
The parameter of vibration was
amplitude A=2.5 mm, frequency
f=30Hz

The difference between the two kinetic regimes, homogeneous and clustered, is also apparent on the presaire
signals displayed in Fig. 3. In the dilute case (upper curve in Fig. 3), the time recrding of the pressure, measured at the
"top" wall (seeFig. 1), shows a succession of peaks corresponding to perticle alli sions with the wall. In the two denser
cases, the pressure involves a component in phase with the accéeration imposed to the vessl (lower curve in Fig. 3).
Note that in the cae of intermediate density (second signal from the top), bath the presaure peks and the component in
phase with the accéeration are visible. However, the amplitude of pressure fluctuations is snaller than for the dilute
case, athoudh the particle number is larger; the reason is that most particles are in the duster, which, as can be seenin
the video reaordings, stays away from the walls except for the largest amplitude of vibration. The pressure cmponent,
in phase with the accéeration, traces back to the grains in the low density region between the duster and the walls. It
shows that in the densest case, the motion of these particles is coherent with the vibration, as already observed in
numericad simulations [18]. In the cae of intermediate density, the vibration generates both a mherent pressure
oscill ation and incoherent motions displayed by the random pressure pegks in the signal .

We now consider the dilute case for which the spatially homogeneous fluidised regime is gable. Particles move
erraticadly and the presaure signal displays a succession of peaks. Note that the pressure being measured on the whole
surfaceof the "top wall”, a peek does not correspond to the wlli sion of a single sphere, which would leal to an impad
duration of about 2 pus[19] and is hardly resolvable by the transducer. These pe&ks correspond to a mlledive wllision
leading to a much longer typicd impad duration of about 2 ms (thus resolved by the 2 kHz sampling rate). Bursts of
peks occur roughly in quadrature with the accéeration but the number of peaksin each burst, their amplitude, and the
duration of ead burst are random (see Fig. 3). Note the small distortions in the accéeration signal, occurring at the
same times as the presare pe&s. The distortions nea the extrema of the accéeration signal are generated by the
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medhanicd driver at full stroke. Assuming aroughly homogeneous particle distribution, one can estimate that each pegk
in the pressure recording of Fig. 3 involves about 150 colli sions. This shows that the mean duration between successive
collisionsis comparable to the transducer rise time. Besides, the probabili ty of multiple alli sions within the duration of
asingle allision is small. Thus, we do not exped the transducer response to be biased by multiple wllisions along its
surfacewithin a short time period. As sid above, the pressure signal in Fig. 3 is averaged on a time interval long
compared to the duration of a single allision. It is thus propartional to the sum of the impulses of the successive
collisions. Consequently, it depends on the mass and the incident velocities of the particles, but also on the dastic
properties of both the particle and the transducer through the restitution coefficient.

Figure 3: Granular presaure variations as
a function of time (s) for the three
cdls of Figs. 1 & 2, under same
conditions as Fig. 2, i.e. experiment
#8inTablel .

| From the upper to the lower curve:
1 presaure signal in the dil ute sample;
" pressre signal in the medium

dense sample; pressure signal in the
densest sample; acceeration in the
diredion of vibration. Letters a and
b refer to the times when pictures
in Figs. 2a ad 2b have been
taken. Pressure aurves are shifted
verticdly for clarity.

Spikes of top curve demonstrate the
incoherent motion of the granular
1 1 1 1 14 gas in the dilute regime. However

143 143.1 1432 1433 143.4 1435 ead spike crrespond to a series of
Time (s) grain-wall collisions.
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Fig. 3 demonstrates also the supersonic charader of the cél vibration speed compared to the thermal agitation of
the beads snce the motion of the cédl is o fast that a depletion zone, where no bead can be found, is generated
periodicdly. This demonstrates that the largest speed of grainsis aways much smaller than the maximum amplitude of
the vibration speed. These results remain valid also for the other values of the vibration parameters A and f whose Fig.
4isan example.

" Supersonic” excitation and Knudsen regime of the " gaseous® phase:

A deeoer analysis of Fig. 2 alone wuld lead to wrong conclusions: let us remark that in the densest cdls of Fig. 2,
one can seethe eistence of a sharp discontinuity of the bead density on the upper (resp. lower) parts of Fig. 2a (resp.
2b). The limit of the bladk zone rresponds, at least approximately, to the minimum (resp. maximum) height of
excursion of the top (resp. bottom) wall of the cédl. Above (below) this zone one sees a lessdense zone which diffuses
light. It seems to correspond to grains which have moved already from the dense cmmpaded zone and have invaded the
vaauum zone generated by the cdl motion; so, this invasion seems to correspond to the expansion of the dense medium.
As this expansion is much slower than the motion of the wall, it generates the large depletion zone which contains no
grain in between the granular medium and the "top" (resp. "bottom™) wall. This demonstrates of the supersonic nature
of the cdl motion, which moves then rouchly at Mach 3 or so. Looking at Fig. 2b (2a), one can conclude that the time
needed for the expansion burst to read the wall is approximately 3T/2 , where T is the period d mechanica excitation.
When contad is achieved between the gaseous grains and the wall, it shall generate burst of pressure. This is indeed
what is observed on Fig. 3, for the two less filled samples for which burst of pressure signal is recorded when the
acceeration is positive and increasing, i.e. during 3T/2 and 2T.

However study of other amplitudes of vibration confirms only partly these results: indeed, the granular
temperature is such that the sound speed in the gas is always small er than the maximum cdl velocity, so that a depletion
zone with no grain nea the moving wall is observed periodicaly. So, the excitation is always of the supersonic kind.
On the other hand, for small amplitudes of vibration, the contad between the dense medium and the moving walls is not
adired contad, but occurs through a loose gas of grains in Knudsen regime which takes in sandwich the dense duster
and which maintains the dense duster in the centre of the cdl, far from the wall, as shown in Fig. 4 . So, the formation
of a dense duster in denser samples is not demonstrated by Fig. 2 but by Fig. 4. So if conclusions of [2] are wrred
concerning the existence of a dense duster in the densest regimes, their proof needs other data than those reported in
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Fig. 1 of [2].

Figure 4: transition between gas behaviour (right) to
cluster behaviour. Parameters of vibration are
amplitude A=1mm, frequency f=60 Hz. The
three cdls: right the most dilute cdl; |eft: the
densest cdl.

(@) "upward" velocity.
(b) "downward" velocity .

Contrarily to Fig. 2 case, the dephasing
between the two imagesis not Ttexadly here.

The presor sensor is on "top” of the cdls.

Pressurein thedilute cdl:

As above mentioned alrealy, one @n obtain from Fig. 3 the propartion of time during which particles are in
contad with the sensor in the dilute cdl. It is roughly T/4. This sgnal displays large fluctuations whose statistics is
reported in Fig. 5 in the form of the probability density functions of pressure fluctuations, measured dredly by the
presaure sensor. Rescding procedure of these data was performed in [2] to oltain a singe arve, indicaing that the
probabili ty density functions roughly scde like V¥2 so that the pressure should scade dso roughly like v =(2mA f)3’2,
where V isthe maximal vibration velocity of the vessel, ranging from 1.6 to 47cm/s.

10°

S 4
210’ f Figure 5: Probability density functions of pressure
I fluctuations in the dilute cél, for the different
2, vibrational parameters of Table I. Semi-log
i plots.
g10 e o Experiment #2 (x); #3 (C); #4 (*); #5 («); #6
& P o 0; #7(=); #8().
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Discusson & conclusion:

Presaure p is a much easier quantity to measure experimentally than granular temperature and, for a spatially
homogeneous density, one expeds their mean values to be proportional. However, this is more complicated when the
system is inhomogeneous. Denoting € the restitution coefficient, p(v,x,t) the bead density at time t and pcsition X,
having the speel v, in the diredion of vibration and labelling v(t) the gauge and cdl speed, one shall have:

px(t) :Zbeais p(Vx 1X0!t)) m( 1+€) [Vx(t) 'Vo(t)] 2 (1)

where m is the bead mass and x,(t) the gauge position; this makes difficult to analyse the present "supersonic”
excitation case. So, it may be more nvenient to try a dimensiona analysis which smoacthes out the inhomogeneous
nature of the system, writing the mean kinetic energy per particle E/N as:

E/N = m f2 A2 G(g,N,A/L,R/L) )

where G is an arbitrary function of dimensionless parameters, with R, the radius of the particles, L the length of the
vessel. Note that one should take into acmunt different restitution coefficients for the particle-particle and the
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wall-particle allisions, but that this would not modify the frequency dependence of the granuar temperature.
Conseguently, in low gravity, one expeds the granular temperature T or the mean pressure p to be proportional to V2,
instead of the V¥ found experimentally; this means that another dimensionless parameter involving a new velocity
scde shall be omnsidered in Eqg. (2); the dependence of ¢ on the impad velocity could provide this additi onal
parameter; since E/N O V?(1-g), this implies that 1-¢ O V® with a=1/2; indeed, € varies between .97-.87 in our
experimental range [20]. Similar results [7-12] finding scaing laws for the granular temperature, in the range V42 -v2
exist arealy; but they were obtained with gravity and cannot be mnclusive since an additional dimensionless
parameter Af 2/gisinvolved in Eqg. (2).

More generaly, (i) pressure measurement in fluidised granular matter is performed locdly, nea a boundary,
where the pressure distribution is quite inhomogeneous and where EQ. (2) is not adequate; so corred interpretation
requires the use of Eq. (1) . (i) The "supersonic" nature of the excitation is a strong limitation to simple interpretation.
(iii) Locd measurements restrict the investigation to what happensin average in a single layer and corresponds to some
kind of a Knudsen regime (due to the inhomogeneity). One can reinterpret data on verticdly vibrated beds on Earth
[2]] in this sheme and consider that the top layer only has a well measured temperature since its density varies as
exp{-gz/(kT)}, the temperature of the lower grains remaining unknown.

In conclusion, we have reported a 3-D experiment of a granular medium fluidised by sinusoidal vibrationsin low
gravity environment. When the density of the granular medium is increased, we dealy show that an ensemble of
particles in erratic motion interading only through inelastic collisions gontaneously generates the formation of a
motionlessdense duster.
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