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France
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Abstract. Recent vibration experiments (amplitude A, frequency f=a/27) in microgravity have demonstrated that
the “"granular-gas” state exists only in the Knudsen regime. The excitation was "supersonic" and the probability
density function of the pressure of the gas scaled as Ay, This paper draw some analogy with i) the ideal-gas
theory and (ii) the thermodynamics of a single particle in a Id box. The anomalous scaling of pressure fluctuations
(Aw)*? is explained by the crossover from a single-collision regime during the sampling time, which imposes p~
(Aw) at small speed, to a multiple-collision regime imposing p~ (A w)? . The effects of air and g-jitter are discussed
and quantified. Grain-grain collisions are introduced and their effect on the speed distribution discussed. The second
part of the paper addresses the general problem of pattern formation under vibration and in weightlessness
condition, using the example of sedimentation.

1. INTRODUCTION

It is a major scientific and technical goal to be able to control and handle heterogeneous fluids in
weightlessness conditions. Within a few examples, this paper shows that vibration can be very helpful.

In the first part, the general problem of the behaviour of vibrated granular-gas [1-10] is addressed and
the results of a micro-gravity experiment are recalled [6,7]: it is demonstrated that clustering process
occurs as soon as the mean free path of the particles is smaller than the sample size. This is some kind of
(gas-cluster) phase transition. It is also proved that the gas excitation is supersonic. The new results are as
follows: (i) Using an analogy between the "granular-gas” state and the Knudsen regime [11,14,15] of a
ideal gas, it is demonstrated that classical hydrodynamics cannot be used. (ii) An analogy with the
thermodynamics of a single bead is then drawn. (iii) It is proposed that the p~ (Aw)*? scaling observed
experimentally is linked to the crossover from a regime of single collision during the sampling time,
which imposes p~Aw, to a multiple-collision regime imposing p~ AZw?.

In a second part, we present new results on sedimentation under vertical vibration which proves that
vibration can produce linear or planar structures perpendicularly to the vibration. Vibration could then be
used to structure an heterogeneous fluid, within some conditions.

2. SOME BASIC ANALOGIES FOR GRANULAR GAS EXPERIMENTS

The Mini- Texus 5 space-probe was launched on 11/2/1998 from Esrange (Northern Sweden) with 3 cubic
containers on board, I>=1 c¢m’ in inner volume, with 2 transparent sapphire walls. Each cell is filled,
respectively, with 0.281, 0.562 and 0.8915 g of d=0.351£0.05 mm in diameter bronze spheres. Thus, the
total number of particles in each cell is about Ny= 1420, 2840 and 4510, corresponding to roughly 1-, 2-
and 3- particle layers at rest with a mean free path L=L, 1/2 and L/3, since 1d? L N, /L>~1. An electric
motor, with eccentric transformer from rotational to translation motion, drives the vessels sinusoidaly in
the z direction at frequency f=w/(2n) and maximum-displacement amplitude A in the ranges 1 to 60 Hz
and 0.1 to 2.5 mm respectively (z=A cos[wt]), ¢f. Table 1 for the precise set of values. A video camera
with a resolution 742 x 582 pixels was used to observe the particle dynamics; the cell motion was
controlled via a 3-axis accelerometer and the granular pressure was measured in the z direction with 3
gauges (1.53 cm in diameter). See refs. [6,7] for more information about experimental set-up. Data were
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obtained with a 7,=0.5ms sampling time during the 200 seconds of low gravity environment and were
transferred to Earth in real time.

Table 1. Typical number . of collisions per acquisition time (1,=0.5ms), typical mean expected pressure p., and typical losses
(collisional vs. viscous) as a function of the experiment number #. (See Eq. 4 for the definition of n. & p.).

exp # 1 2 3 4 5 6 7 8 9
A (mm) 0.1 mm 2.5 mm 25mm { 0.3mm | 0.1mm | 0.3mm 1 mm 25mm | 2.5mm
F (Hz) 3Hz 1Hz 3Hz 30Hz 60Hz 60Hz 60Hz 30Hz 60Hz
n 0.04 0.35 1 1.26 0.84 2.5 8.4 10.5 2]
o3 0.01 0.08 0.24 0.29 0.19 0.58 1.9 2.4 4.8
p=n¢ P 0.0004 0.03 0.24 0.37 0.16 1.5 16 25 101
Josses Large viscous | Large viscous | viscous | viscous | viscous | viscous | viscous | viscous | collisional
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Figure 1. Experimental results for A=1mm, f=60Hz: Fig. 1.a & 1.b: Transition between gas behaviour (right) to cluster
behaviour (left & middle). The right cell is the most dilute, the left one the densest. The pressure sensor is on "top” of the cells.
(a) "upward” velocity. (b) "downward" velocity . Fig. 1¢c: From top to bottom, time dependence of the pressure in the most-
dilute cell, medium-dense cell, densest cell and z-acceleration. Pressure curves are shifted vertically for clarity. Spikes of top
curve demonstrate that the mean velocity of the granular particles of the dilute regime is smaller than sensor speed A.

Two typical observations are reported in Fig. 1.a & 1.b when the cells are at maximum displacement
and in opposite phase. Similar results have been obtained for the other sets of parameters. One observes
the formation of a dense cluster in the two densest cells but not in the third one. So, cluster formation
occurs as soon as the mean free path 1. between two grain-grain collisions is smaller than the cell size L.
In the three cells one observes also a loose granular medium which fills the cell, except in a small region
near the wall which moves away from the gas. This depletion zone is the proof that cell moves faster than
the grains and that the excitation is "supersonic”; from the duration of the depletion, one can estimate the
mean speed v of the grains to be v=Aw/4 about. This result is confirmed by the pressure signal of the
most dilute sample (Fig. 1.c), which exhibits periodic bursts of pressure when the gauge meets the
"granular-gas”, and no signal when the gauge is in the depletion zone [7].

Some dilute gas is also observed all around the cluster in the denser cells. The gas state of the dilute
cell can be called the "granular-gas” regime; however, it is worth noting that this gas is in a very peculiar
state, since the mean free path 1. of the particles is larger than or equal to the cell size L - the so-called
Knudsen regime (I>L) [7,11,15,16].

One can compute the pressure distribution [6,7] generated in this dilute cell for each set of parameters
(A, ). A rescaling procedure [6] demonstrates that p scales rather as (A(D)B/Z in the dilute cell and not as
p~(A®)®. In [6], this resnlt was interpreted as generated by a speed dependence of the restitution
coefficient e=r2, where ¢ is defined as € =(Av/AV)?, ie. it is the square of the ratio of the relative speed
after (Av") and before (Av) the collision. We propose here other interpretations.
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Can we understand these results within simple models? Two simple models can be invoked. If one
neglects the grain-grain collision, the system simplifies into the problem of a single particle in a vibrated
container, which will be our first model [10]. The second mode] is the Knudsen gas.
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Figure 2. Mean relative speed ¥/(Aw) and width 8v/y of a single grain in a 1d container as a function of €*=r=-Av/Av, for
different initial conditions. Left: r<0.8, Right r>0.8. One remarks that v = Ao and that dv/v = 0.3. Resonance is visible for

r>0.95 (right Fig.), (Figs. from [10]).

2.1 Analogy with a single particle in a vibrating 1d cell

As the "granular-gas” is very dilute the simplest modeling is to consider that grain-grain collisions can be
neglected. In this case the problem is analogous to the one of the thermodynamics of a single bead in a
vibrating box, which has been studied in 1d in [10]. In the limit of small amplitude, i.e. A/lL<<1, and of
small enough r, i.e. r<0.95, the 1d problem can be solved using the random phase approximation [10]
which states no phase memory between two collisions. One finds [10] a mean velocity v:

v= Ao (145" /[2(1-0)* M

which is in good agreement with the direct numerical simulations reported in Fig. 2 from ref. [10]. One

finds also the typical width distribution §v/y is 0.3 about and the bead dynamics is ergodic and does not

depend on the initial conditions in this range of parameters. However, when A/L is larger than 0.005 and
r>0.95, the dynamics is disturbed:

«When r>0.95, some resonant effect is found at large A/L, which makes the dynamics depending on the
initial condition: the distribution of possible speeds becomes peaked around a discrete set of fixed
values which depend on A/L and r. The relative width of each peak is small proving the resonance. This
forces the dynamics to become non ergodic, especially for some specific values of (A/L, 1) .

« As there are two lengthscales A & L, the ratio A/L can be important. As can be seen on Fig. 3, the
simulations show that the mean relative speed v/(Aw) depends on A/L when A/L becomes larger than
0.005. According to this Fig. 3, v/(A®) decreases when A/L increases in the range A/L= [0.01,0.2]
which is the experimental range of the MiniTexus-5 experiments. So, this effect may contribute to
explain the strange experimental scaling p~A3’20J3’2 instead of the expected one p-A’w® because it
implies a decrease of the A exponent. However it cannot explain the anomalous p-m>? dependence
since the experiment has no specific time scale.

<A point which remains not explained within this model is the supersonic nature of the excitation. It is
clear from Fig. 1 that the cell moves faster than the beads in the experiment. This is not what it has been
found from the simulations of a single-particle in a 1d box [10].

In order to explain this fact , i.e. v <A®, one can invoke the effect of grain-grain collision. Indeed, if

the grain-grain collisions have no real effect on the mean dynamics when the system is strictly 1d [12}, it
is not the case as soon as the real system is 2d or 3d: the final speeds after collision depend not only on
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the initial speeds but also on a "hidden" parameter which is called the impact parameter. It results from
this impact parameter that the speed of a particle is redistributed (more or less) randomly in the other (x,y)
directions after each grain-grain collision, which reduces efficiently the bead speed in the z direction. This
process may then explain the value of the observed speed , i.e. v<A®, as soon as the mean free path L. of
the particle becomes of the order of the cell size L.
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Figure 3. Simulation of the dynamics of a single bead in a 1d box: Evolution of the mean relative speed v/(A®) as a function
of In(2A/L) for r= £”=0.8. One observes a finite size effect at large A/L. Other simulations can be found in [10].

2.2 Viscous effect

Another possible mechanism of speed reduction is viscous damping due to air, which applies a drag force
Fy=-6rnRv on each grain where 11=1.8 10"} gmm'ls! is the air viscosity, R=0.15mm the grain radius,
m=0.2mg the grain mass. Solving F,=m dv/dt leads to the dynamics:

v=v,expl-at], with =6nnR/m=0.27 5! )

Three different regimes can be considered depending on the damping time o™} compared to the three
other parameters of the experiments, i.e. the restitution coefficient r=-Av'/Av, the period 1/f of vibration
and the time T;=1/( Af) the particle needs to fly over the cell:

«if f<o, the beads follow the periodic motion of the box due to the coupling via the air; this occurs when
f< ¥4 Hz. So, it cannot be observed during the MiniTexus-5 experiments.

« 0L/(Af)< -In(r): viscous losses are negligible compared to grain-wall collision losses. Assuming r = 0.98
leads to conclude that this case is obtained when 0.1>L/(Af), which is never the case during MiniTexus-
5 flight except for experiment #9.

« when f=a/(2rc)>oLand ol (Af)>-Ing, the viscous damping generates the main losses. According to Fig.
1, the typical speed of the grain is v=A®/4; so the typical flying time between two collisions with the
walls is Te=4L/(Aw) , leading to a velocity reduction which is at first order v/vo~exp[-oT ] = exp[-4aT,
L/(Aw)]. So the viscous damping can be very efficient or not depending whether 40L/(Aw) is larger
than 1 or not. In the first case, air damps strongly the dynamics, whereas it does not in the second case.
The first case corresponds to MiniTexus5-experiment #1 & 2, whereas the other case to experiment # 3-
8. These results are summarised in Table 1.

Indeed, from an experimental point of view, we observe, cf. Fig. 1, that the larger the amplitude and
the frequency the smaller the viscous damping and the better the observation of the depletion zone. So,
the above analysis demonstrates unambiguously that the viscous damping of the particle motion due to
the interaction with air is not responsible for the supersonic nature of the wall motion.

2.3 Analogy with a gas in the Knudsen regime

The granular-gas which has been studied during the MiniTexus-5 experiments corresponds to the so-
called Knudsen regime [11]. It implies that the mean free path L between two grain-grain collisions is
larger than the cell size L. This regime is quite specific since one can define local averages such as
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density p, pressure p, temperature T, which have some meaning according to the ergodic principle.
However, these variables cannot be used to predict the sample evolution using classical hydrodynamics
equations because this formalism describes the evolution of each elementary volume as depending only
on the adjacent elementary volumes. On the contrary, in the Knudsen regime, the interactions are no more
local but cover the whole sample. This is why it is difficult to speak in term of wave propagation and of
hydrodynamics.

However, it is worth noting that the sound propagation has been studied in gases under very low
pressure [15,16] even when L<l [15,16] using two parallel plates at temperature T. In this microscopic
regime, the statistics of the response to a vibration excitation of a plate can be calculated and compared to
experiments. It is found that most of the atoms transfer directly their momentum to the walls, and that
only some of them collide together.

« Representative elementary volume REV: At this stage it is worth discussing what is the size of the
REV. As mentioned above, the REV (@,) above which classical hydrodynamics equations hold is defined
by ®o~1°. Since k=1/(nmd2), where n is the particle density, the REV @, scales as @, = 1/(md®n®); hence
it contains in mean N.= 1/(1t3d6n2) molecules. So the number of particles in the REV increases strongly
when the system is rarefied as in a gas. On the contrary, one gets Nc= 1 when the system is dense as in the
case of a liquid or of a solid. This effect seems to have been completely ignored in the granular-matter
area, where it is often asserted that small REV is the requirement to get classical physics. On the other
hand, the above description shows that the local average of the thermodynamics parameters are preserved
at scales smaller than 1; according to the ergodic principle; thus the pv=nRT law is valid at small scale.

So, we can predict what the pressure signal would be in the case of a Knudsen gas with supersonic
excitation. Let us first consider a non-moving pressure gauge of surface Z during a time 3t; the gauge
receives N collisions during 8t, which generates the pressure p, such as pX 8t=N (2my) =2m v n v X 8t,
since N=nvXdt is the average number of particles colliding with the gauge. So one gets the average
pressure py:

Po =2m¥*n (3.a)

According to the central limit theorem, when all the particles move independently from one another,
the statistical fluctuations £ Ap during 8t of the force F 8t =X p 6t scales as N 8(2mv), where d(mv) is
the typical fluctuation of particle momentum. As, for a gas S(mv)=my , one gets the typical mean
pressure <p>:

AEESY ~my? n'? (=3n"?  when Nis large (3.b)

As far as the duration 8t and the surface T are large enough, the number of collisions per 8t is much
larger than 1. In this case, one expects that the density distribution of the signal is Gaussian, i.e.
p(p)~exp{-(p-po/(Ap)?}; it is distributed around its mean value p, which is given by Eq. (3.a), and its
typical width Ap is given by Eq. (3.b). This is a consequence of the central limit theorem and of the fact
that the motions of the molecules are not correlated.

The Maxwellian distribution, predicted by the kinetics theory of gas, i.e. p(v,) ~ exp[-mvZ/(2kT)], is
only observable when the number of collisions during 8t is smaller than 1. In this case the pressure is
proportional to mv, and the pressure distribution shall then scale as p(p) ~exp[-p¥(2mkT)]. Hence it is
still a Gaussian, but it is centred on 0. So, in the case of ideal gases of atoms or molecules, p(p) is always
Gaussian-shaped when the pressure is measured with an immobile sensor; it is then a general feature,
which is independent of 1. and of the density of the gas; it applies in the Knudsen regime as well as in a
denser case. Only the mean p, and the width Ap of the Gaussian do depend on the size of the measuring
surface and on the integration time. Moreover p, and Ap do not depend on .

2.4 pressure distribution in the case of a periodic supersonic excitation by the gauge

Starting with a subsonic gauge motion, one obtains that the transfer of momentum is proportional to the
relative speed of the particle in the gauge frame. So, one expects a sinusoid response if the gauge moves
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sinusoidaly; but the complete response of the gas depends also on the cell size compared to the
wavelength of the sound [17].

Anyway, when the sinusoidal motion of the gauge is supersonic, no particle can hit the gauge during
some part of the period; the larger pressures are obtained when the gauge moves in the direction of the
gas. As the amplitude of variation of the gauge speed is much larger than the fluctuation of particle speed,
the distribution reflects the distribution of speed of the gauge: a large pressure signal corresponds to fast
gauge motion towards the gas whereas small pressure signal refers to smaller gauge speed and zero
pressure signal to gauge moving backward from the gas. However, the pressure signal itself can be
proportional to mvcey or to mvce"2 depending on the number n. of collision occurring during the sampling
time T, according to:

for n. <1 => P¢ = MVeeyy (with probability n.) and p. =0 (with probability 1-no) “4.a)
for ne >1 P= ¢ Pc = MVeen® 4.b)

This is just what one shall expect also for MiniTexus 5 experiments. According to Fig. 1 at each
period the granular cloud expands over the amplitude A about on both sides, leading to a number N of
collisions per period given approximately by N¢ =ANy/(2L), where N, is the total number of particles in
the cell, i.e. Ny=1420. According to Fig. 1 also, these collisions occur during about ¥4" of the period. It
means that the number nc of collisions for each sampling time t~0.5ms is n=~2AN.ft; /[L=14 Af/L ,
(where 1.4 is in s). Table 1 reports the expected values of nc, pem and of the typical maximum pressure
p=ncdpcm for the different experimental cases.

So, one expects from Table 1, that experiments # 1-5 are concerned with less than 1 collision per
sampling time whereas experiments # 6-9 are concerned with more than 1 collision per sampling time.
One expects that the recorded pressure scales as p~m(l+r)(v+veen) in the first case and as
p—-m(l+r)(v+vceu)2 in average in the second case. One therefore understands the p~(Au))3/2 experimental
fit as resulting from a compromise between the two previous scalings A® & (Aw)

One should remark also that neither the real mean speed v of the particle nor its dispersion have some
importance since the pressure is dominated by the speed of the impact which is mainly the cell speed in
the case of "supersonic excitation".

2.5 Effect of g-jitter

In the case of the MiniTexus 5 experiments, one can estimate the fluctuations of g to be less than 107g =
10*m/s? in the range 100 Hz-1Hz. So, the high frequency g-jitter, ie. f>1 Hz is quite negligible
compared to the mechanical noise of the vibrating device itself. The low-frequency component of the g-
jitter shall be even much smaller than 10"*m/s? since the rocket trajectory is compensated. However, this
low frequency noise shall force the cluster to perform a random walk whose time step is Tw=1/0i=4s about
and its path length is probably smaller than 1mm.

Taking into account the typical flying time between the walls t=1/(Af), the random walk process
becomes non negligible only when t¢> 7., , which imposes Af/L.<0.2s . According to Table 1, this is the
case for experiment # 1 only.

2.6 Discussion and conclusion

Additional experiments were performed in the Airbus A300 Og of CNES. They were concemned with the
"granular-gas” case in very dilute condition. Preliminary results, which use an immobile force sensor
confirm the results, i.e. supersonic excitation. In what concern the study of the cluster dynamics, it is
more sensitive to small perturbation: indeed, Fig. 1 indicates that the cluster moves much slower than the
particles of the "granular-gas”. So its travel time T, from one side of the cell to the other one is quite large.
It results from this that its dynamics is much more disturbed by the viscous damping and depends
strongly on the g-jitter. Due to this limitation, the study of the typical evolution of the cluster requires
long period of micro-gravity environment, and small g-jitter, conditions which cannot be obtained in the
Airbus A300 Og. Its study requires rocket flights and/or experiments in the space station.
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3. SEDIMENTATION UNDER VIBRATION

In general, one performs experiments in micro-gravity to get rid of g induced perturbation. However,
quite often the g-sensitivity of the experiment comes from a heterogeneous distribution of density. The
system is thus sensitive also to g-fluctuation and hence to vibration. This is why it becomes quite
important to study the effect of vibration in most micro-g experiments.

Fig. 4 shows different patterns obtained when small particles sedimentate from a hole in either a
cylindrical column or in a flat hourglass. In this last case, the particles used were less dense than the
surrounding liquid so that they move spontaneously upward instead of falling down. When no vibration is
applied, i.e. Fig. 4.a & 4.c, the particles move vertically remaining in the central part of the system. But as
soon as vertical vibration of rather large amplitude and frequency, i.e. A>2mm, f>10Hz, is applied one
observes a horizontal layering (Fig. 4.b, 4.d, 4. & 4.f), which can be more or less complex. The typical
thickness of a layer is one-particle diameter, but its length can spread over the cell diameter. One remarks
also that visualisation of the phenomenon is easier in 2d than in 3d ; this is likely due to the convex shape
of the layer which is more pronounced in 3d than in 2d. This is why also the phenomenon is quite
difficult to observe when starting from a 3d homogeneous sedimenting medium. The qualitative
explanation of this pattern can be found in [18]. Here it was assumed that the liquid was viscous enough
to get a large viscous boundary layer 8=(v/w)"* , v being the kinematic viscosity; so if the sedimenting
medium is dense enough, and the bead small enough, the mean distance between the beads is smaller than
d and the sediment flows as a homogeneous fluid inside the liquid. The action of vibration is to induce a
periodic flow u(t)= u, sin(wt) and a periodic Bernoulli pressure p=-u,2sin?(wt), which exhibits a non zero
mean. This periodic forcing is then able to generate an instability of the Kelvin-Helmholtz V) type
similar to the one reported in [19]. When fully developped the KV instability generates horizontally
stratified layering perpendicularly to the vibration.

Figure 4: Normal sedimentation pattern obtained from a hole (2) in 3d & (c) in 2d vs. horizontal-layering patterns obtained
during sedimentation under vertical vibration (b), (d) & (e) with the same devices as in (a), (c). The patterning is due to an
instability of the Kelvin-Helmholtz kind [18,19], which persists also near a critical phase transition [20].

4. CONCLUSION

From the “different examples reported here, it is obvious that granular matter is a rich topics which
deserves to be studied in weightlessness condition. It is also clear that vibration may induce important
experimental effects in micro-gravity. Such effects deserve to be studied at least to remain under control,
and to be used for handling fluids in space. These effects are quite general, they can also be observed near
a critical point {20]. Another point, which has to be noticed, is the fact that non linear vibration, such as
rotation vibrations, can generate new forces and attract the denser parts of the fluid at the centre of
rotation [21]. This is another story, for future investigation. It is obvious that this science and this
technique will benefit from the building of a centrifuge in space since it is the first step to allow studying
the combination of two inertial effects with strong non linear coupling.
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