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Abstract

We are reporting an experimental study performed on a granular gas enclosed into a 2D
cell submitted to controlled external vibrations. Experiments are performed in micrograv-
ity during parabolic flights. High-speed optical tracking allows to obtain the kinematics of
the particles and the determination of all inelastic parameters as well as the translational
and rotational velocity distributions. The energy into the medium is injected by submitting
the experimental cell to an external and controlled vibration. Two model gases are studied
beads and disks; the latter being used to study the rotational part of the particle’s dynam-
ics. We report that the free cooling of a granular medium can be predicted if we consider
the velocity dependence of the normal restitution coefficient and that the experimental
ratio of translational versus rotational temperature decreases with the density of the
medium but increases with the driving velocity of the cell. These experimental results are
compared with existing theories. We also introduce a model that fairly predicts the equi-
librium temperatures along the direction of vibration.

Keywords: granular, microgravity, translational temperature, rotational temperature

1. Introduction

Granular gases are suspensions in air of macroscopic particles whose dynamics is ruled by

momentum transfer during collisions between the particles. Unlike molecular gases, these

collisions are not elastic, and the dissipation resulting of each collision gives important quali-

tative differences, since without bringing energy to the system, the motion of the particles will

quickly stop. The supply of energy can be natural, as it is the case with gravity forces during

avalanches or due to a flow of fluid through a bed of particles, or artificial for instance by

shaking a box containing the grains. Due to the importance of granular flows in many indus-

tries, they have been the subject of intensive research and numerous reviews [1–5].

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Gravity is, of course, a fundamental parameter, which governs the density distribution of

particles with height in a sheared flow or in a vibrated container. The understanding of the

complex physics of these granular systems is then complicated by the presence of the gravity.

Besides, numerical simulations allow to obtain information on the dynamics of model systems

of granular particles without the need to use sophisticated experiments in parabolic flights,

drop tower or suborbital rocket flight but can’t replace real experiments [6–9].

Two specific phenomena of the dynamics of a vibrated granular are the clustering instabilities,

which occur due to the dissipation in multiple collisions between grains and the violation of

the equipartition energy between each translational and rotational degree of freedom.

Recent results, obtained by molecular dynamics simulations of a box with two opposite vibrating

walls and fixed sidewalls, have shown that in zerogravity the cluster of particles oscillate around its

equilibrium position [10]. Experiments made in a parabolic flight in similar conditions with two

opposite vibrating walls and with two different sizes of particles (diameter of 1 and 2 mm) were

compared to simulation results. A phase diagram of clustering versus the volume fraction of each

species obtained by numerical simulation was well agreeing with the experimental results and

showed a segregation effect [11]. A different kind of cluster consisting of regular alignments of

particlesalongthevelocity lines inaCouette flowwasalso foundinparabolic flightexperiments [12].

Concerning the temperature of a vibrated granular gas, it was shown to follow a power law:

T ¼ CVα

p , where Vp is the peak amplitude of the vibration velocity and 1 < α < 2. In a recent

paper [13], it was demonstrated that the different values of the power α were related to the

ratio, W, of the energy injected by the vibration mV2
p to the gravitational potential energy.

When W is large, that is, to say when the gravity is negligible, the value α ¼ 2 is recovered. A

balance of the energy flux injected by the vibrated wall with the dissipation induced by

particle-particle and particle-wall collisions allows to demonstrate that the temperature along

the direction of vibration should be larger than the transverse temperature and that this ratio

increases when the radial restitution coefficient decreases [43]. It was also found theoreti-

cally [38] that, even if the temperature of translational and rotational degrees of freedom were

initially identical, the decrease of the translational temperature, after switching off the energy

supply, was much faster than the rotational one but both of them are predicted to have a

decrease in t�2 as predicted by Haff’s law, although at longer time, the system becomes

inhomogeneous and follows a decrease with t�6=5 [14]. The t�2 decrease and the difference

between translational and rotational energies were also obtained by numerical simulations for

particles with a needle shape [15]. In simulations of the cooling of a gas of ellipsoidal grains

with different aspect ratio [16], the authors have also found a t�2 law in all cases, but when the

aspect ratio (a/b) increases the difference between the translational and rotational temperature

decreases and had totally disappeared for a/b ¼ 2, even becoming slightly larger than one for

larger values of a/b. This is explained by the fact that the coupling between translational and

rotational velocity is strongly increased by the shape’s anisotropy. Also, they do not observe

significant deviation from the Gaussian distribution for the velocity distribution. On the other

hand, experiments in a rocket flight with a box having three moveable walls and containing

needles of aspect ratio close to 10 [17] show a non-Gaussian distribution of the velocities in the

excitation direction. In this experiment, the temperature perpendicular to the excitation
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direction as well as the rotational temperature was approximately two times less than the

temperature in the excitation direction. In this last experiment, the positions of the particles

were determined with the help of two video cameras at right angle, and the determination of

the positions and orientations was done manually from each video frame. Although the

physics of 2D and 3D system can differ in some aspects, the use of cells where particles are

confined in 2D allows a much easier tracking of the particles and an automatic detection of

their position. Such experiments made in low gravity with a determination of the trajectories of

each particle are scarce but very useful to check the validity of models and of numerical

simulations. This is the case for instance with the confirmation of the difference of the temper-

atures in the directions parallel and perpendicular to the external vibration [18] and for the

comparison of the cooling time with the theoretical expression [19] where the experiment gave

a time of the same order of magnitude as the theory: τexp ¼ 38 ms against τth ¼ 60 ms [20].

Two model systems made of inelastic hard spheres or disks will be used as reference models to

study the dynamics. The general experimental situation is to have the particles enclosed in a

vibrated box (for energy input) where the vibration parameters (amplitude and frequency) are

monitored. Direct optical observations can lead to the dynamics of individual particle and to

retrieve the physical data. The collisions between particles are leading the dynamics of the

system through the inelastic interactions and momentum transfer. The normal and tangential

restitution coefficients depend on the material of the particles but sometimes also on the impact

velocity. Gravity being one of the main issues to overcome when studying a granular medium,

the experimental results presented here have been performed in a low-gravity environment.

Experiments were boarded in the Airbus Zero-G fromNovespace (www.novespace.fr), and the

results presented obtained during parabolic flights. 2D cells containing the granular particles

were mounted on a vibrated device and high-speed video recording was used to register and

track the motion of each individual particles.

We will first report an experimental study on the free cooling of a granular medium made of

beads: focusing on the time relaxation of the energy of the medium, and then, we will present

similar experiments realized with disks in order to get access to the granular temperatures for

the translation and rotational part of the particle’s energy.

2. Free cooling

The cooling of a granular gas can be experimentally investigated by considering a granular

medium submitted to a continuous external energy input (generally done by submitting the

medium to a controlled vibration), then removing it and observing how the medium goes back

to rest. Experimental studies on granular have to deal with gravity effects and studying model

particles (disks in general) on an air flow table can overcome gravitational effects. Our approach

was to perform experiments in a low-gravity environment by boarding the experimental appa-

ratus in the Airbus Zero-G from Novespace. The airplane undergoes successive parabolic flights

allowing around 22 s of microgravity per parabola. The relative gravity is recorded during the

flight (Figure 1) allowing to monitor the quality of microgravity environment.
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Irons beads with radius a ¼ 1 mm enclosed in a 2D cell (Figure 2) have been used as model

granular particles. The area fraction of the medium was φ
i
¼ 19%. The cell was chosen with a

circular geometry to ensure a homogeneous energy input into the system while submitted to

the vibration. The walls of the cell are made of glass to cancel as much as possible electrostatic

effects and to reduce undesired friction effects between the particles and the walls. The cell is

mounted on a vibrating device (“Modal exciter, 100N, Bruel&Kjaer”) to allow periodic (sine

oscillations) external vibrations with different frequencies, ν, and amplitudes A. The maxi-

mum cell’s velocities can be changed from 30 cm/s up to 250 cm/s. This experimental set up

prevents us from density fluctuations found in fluidized beds or strong rolling contributions

encountered when particles move over a horizontal vibrated plate. The motion of granular

particles is recorded with a high-speed camera at 470 fps during 6 s in each experiment. About

3000 pictures (320 � 320 pixels) can be retrieved from each recording.

The high-speed video recording allows us to track each particle and then to get access to their

positions inside the cell. From this knowledge, the dynamics of the medium can be retrieved

through the velocities of each particle. The experimental processing is performed by image

analysis [21]. Each particle p is tracked individually allowing to obtain the positions xp(t) and

yp(t) as a function of time. It is interesting to note that from these sets of coordinates all

experimental parameters required to describe the collective motion can be directly determined

such as the velocities components, the normal restitution coefficient, e, but also the pair

correlation function g(r) (Figure 3). The maximum of g(r) is found at the particle diameter

Figure 1. Typical behavior of the relative gravity during a parabola. These curves are used to check the quality of the

microgravity environment.
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Figure 2. Snapshots of the experimental cell. The external vibration is applied along the y-direction (direction of the

normal gravity). High-speed video recording is used to track the motion of each individual particle. (a) Vibration is on: the

central part of cell contains an almost constant density of particles (dashed region). (b) The external vibration has been

stopped and the overall motion of particles stops due to the inelastic collisions.

Figure 3. Experimental pair correlation function g(r) retrieved from the positions of the particles. This curve is averaged

over all pictures recorded and on the spatial configurations of particles in the central area of the cell.
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which proves that electrostatic effects are negligible. The small non-null value of the pair

correlation function observed “before” the particle diameter is due to the uncertainty in the

particle’s position by image treatment.

In order to study the free cooling, that is, to relate the loss of energy of the medium due to the

inelastic collisions between particles, the external vibration is switched on prior the micro-

gravity occurs. In zero-g, the particles will then fill the entire region of the cell, and the video

recording is started. After few seconds, the external vibration is switched off, and we observe

the return to equilibrium (particles at rest throughout the cell). It is worth noting that in the

presence of the vibration, two types of different regions clearly appear in the cell: two hot

(and dilute) regions at the top and bottom of the cell while a dense region exists in the center

of the cell (dashed area shown in Figure 2a). This experimental configuration gives us the

possibility to study a homogeneous bed of particles in contact with two hot regions respon-

sible for the energy input. As the external vibration is cancelled, the particles continue to

move freely throughout the cell and tend to come to rest rapidly because of inelastic colli-

sions between particles inducing energy loss. For cooled granular media, the formation of

dense clusters of particles is often reported in experiments but it is not clearly observed in

our situation: we rather observe some alignments of particles along “wavy lines” but there is

no evidence of high and low-density regions as the main part of the energy loss is supposed

to occur along the normal direction between two particles. The relative low area fraction of

particles is also a possible reason for this non-observation of this clustering effect. Moreover,

g-jitter still exists could add a general motion of particles in a given direction. But a short

Figure 4. Volume fraction of particles in the central area of the cell as a function of the recording time (see Figure 2a). In

this region, we will assume that the volume fraction of the granular medium remains constant.
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time, after the vibration has been removed, we generally observe that the particles tend to

stop in the center of the cell without evidence for clustering. During the recording, we have

verified that the concentration in the central part of cell remains constant, and we have based

all of other study on the dynamics of this area (Figure 4).

As the behavior of the medium is governed by inelastic collisions, we have determined

experimentally the normal restitution coefficient as a function of the relative normal velocities

of two colliding particles. A systematic investigation of binary collisions of particles has been

realized either in the presence of the external vibration or without it. From the optical tracking

and the knowledge of the trajectories, we can compute the directions and the magnitudes of

the velocities before, VR

�!

and after, V 0

R

�!

an impact between particles. By tracking these changes

in the direction of motion of each particle when a nearest neighbor is present, we are able to

precisely determine the binary collisions from the trajectories and so the exact position of the

colliding particles. It is then possible to consider the positions of particles around the location

of the collision (Figure 5) and insure that the trajectories before and after collision are linear to

Figure 5. Experimental trajectories recorded during a binary collision between particles. The circles represent the posi-

tions retrieved from optical tracking. For a better understanding, we have added on the experimental trajectories the

direction of motion (arrows) before and after collision. We can precisely obtain the position of each particle at impact and

the direction of the normal direction n.
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qualify this collision for processing. The direction of the normal direction at contact is then

possible, and the restitution coefficient is obtained from e ¼ �j n
!
� V 0

R

�!

j=j n
!
� VR j
�!

.

The behavior of the restitution coefficient vs. the normal relative impact velocity is presented

in Figure 6. For high relative velocities, we obtain a value of the restitution coefficient of 0.9

(typical value for steel beads). The most amazing observation is that the restitution coeffi-

cient shows a sharp decrease for “small” impact velocity. This is a situation encountered in

the case of wet particles when e ¼ 0 for Stokes number St ¼ ðmV i=6πηa2Þ smaller than a

critical value [22, 23]. This comes from the viscous dissipation but for dry particles, most

experimental investigations report that the restitution coefficient increases for increasing

impact velocities. Most of the experiments are made in labs (i.e., with gravity present) with

impact velocities larger than 1 m/s (for a height h ¼ 5 cm the impact velocity of a bead on the

plane: V i ¼
ffiffiffiffiffiffiffiffi

2gh
p

is already 1 m/s). The restitution coefficient between two dry beads

attached by strands in a pendulum device has also been studied [24], where it has also been

found that a low value of the restitution coefficient was reported at low velocities (typically

below 20 cm/s), and such behavior is well confirmed in our study without experimental

drawbacks.

Figure 6. Experimental dependence of the normal restitution coefficient, e, as a function of the relative normal impact

velocity, obtained from the experimental trajectories of the particles. A clear decrease at low impact velocities is observed.
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To investigate the free cooling more precisely, a typical record on how the energy decreases

once the external energy input has been cancelled is presented in Figure 7. This behavior is

monitored through the average velocities of the particles in the central area of the cell. One can

observe the rapid decay of the average velocity. The non-zero value measured for “long times”

comes from the small gravity fluctuations occurring during the parabolic flight.

We can first consider the energy decay assuming a constant restitution coefficient (typically

e ¼ 0.9 for stainless steel beads). The time dependence of the energy is predicted to behave as

EðτÞ ¼ 1=ð1þ τÞ2, τ ¼ ð1� e2Þt=tE, where tE is the Enskog time [25]: tE ¼ ða ffiffiffiffi

π
p Þ=

�

ffiffiffi

2
p

φV0gðrÞ
�

.

V0 is the initial average velocity in the medium. With our experimental set up, we can determine

experimentally all the parameters involved. A quantitative comparison with experiments is

presented in Figure 8 (squared symbols) for a cell velocity of 75 cm/s and with the following

experimental values: φ ¼ 0:297� 0:027, V0 ¼ ð0:11� 0:01Þ m=s and gðr ¼ 2aÞ ¼ 2:23� 0:02.

The drop of energy found from experiments is much faster than the theoretical one while

considering a constant restitution coefficient. A possible explanation may result from the friction

of the particles on walls of the cell, introducing an additional loss of energy. Nevertheless, a

precise and systematic analysis of the trajectory of a single particle after the vibration has been

cut off shows a linear motion at constant speed between two collisions of particles; we may then

reject this possibility. The Enskog collision time is tE ¼ 0:0172 s. In order to check this value, we

Figure 7. Average translational velocity as a function of time obtained in the central region of the cell. The vibration is

removed during the microgravity period. A clear decrease of the energy can be observed (max cell velocity of 74.6cm/s).
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have performed a large statistics on our experiments to obtain the average time interval separat-

ing two consecutive collisions in the central part of the cell. We found an average time interval of

(0.0127 � 0.0021) s by direct measurements in rather good agreement with the theoretical value.

So, the possible discrepancy between energy decays observed experimentally and the

predicted one by theory may come from the rotational kinetic energy which also dissipates

a part of the energy through the surface roughness of the particles [26]. To get a complete

description of the binary collision, we have introduced a tangential restitution coefficient, β,

in order to characterize the contribution of the rotation of the particles. The time dependence

of the translational and rotational energy is obtained from coupled differential equations

(Eq. (15) in Ref. [26]): note that the parameters considered in this description are all retrieved

from experiments, except β. This system of equations was solved numerically. We have

introduced our experimental results for the inelastic parameters of particles and setting

β ¼ 0.1 (Figure 8, black circle—if we cancel the rotation, that is, β ¼ �1, we recover the

situation of a constant normal restitution coefficient). We see that the energy decreases more

rapidly but it seems that the rotational kinetic energy has limited impact whatever the value

of the tangential restitution coefficient and it is still not enough to represent the experimental

behavior.

To improve the agreement between theory and experiments, we may consider the velocity

dependence of the restitution coefficient. We can express the rate of decrease of the

Figure 8. Experiments (plain curve) and theory of the energy decrease. Squares: theory including a constant restitution

coefficient. Circles: theory considering the rotational energy. Dashed line: theory focusing only the translational energy

but including the velocity dependence of the restitution coefficient (see Figure 6).
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translational kinetic energy T like dT=dt ¼ �ncð1� e2ÞT with nc the rate of binary collisions.

In 2D, nc ¼
�

2VφgðrÞ
�

=ðπaÞ with V, the average velocity. Moreover, introducing the normal-

ized energy E ¼ T=T0 and the velocity ratio V=V0 ¼ T=T0, the rate of decrease of energy can

be rewritten in the form:

dE

dt
¼ �

gðrÞφV0

a

ffiffiffiffi

2

π

r

�

1� eðEÞ2
�

E3=2 ð1Þ

But now e is assumed to depend on the normal relative velocity. We may assume that the

average relative velocity is of the same order as the average velocity; then from Figure 6, we

can obtain the following trend eðEÞ ¼ 0:82� 0:5e�2:5E. Substituting this last relation in Eq. (1)

and solving it numerically gives the behavior presented in Figure 8 (dashed line). Compared to

the case including the rotation, we observe a more pronounced decrease of the energy with

time. This is understandable since we observed that during cooling the restitution coefficient

decreases, increasing the loss of energy. Equation (1) is obtained from a rough approximation

based on the average velocity, while the probability distribution may be considered. Moreover,

the tangential coefficient may probably also be dependent on the relative angular velocities of

colliding particles.

This first approach on the dynamics of a granular medium shows interesting results but as

stated before, the analysis is not complete due to the lack of consideration on rotational effects.

With beads and our experimental setup, accessing these data is not possible. We will then

introduce in the next part recent experimental investigations based on the same principle but

replacing beads by disks in order to obtain a complete description of the dynamical behavior.

3. Translational and rotational temperatures

In this part, our aim is to provide experimental data both for the normal and tangential

restitution coefficients and for the different quantities related to the rotational and translational

degrees of freedom such as the distribution functions and the rotational and translational

temperatures. As introduced previously, the kinematics of granular particles submitted to a

vertical vibration will still be used in a low-gravity environment. We shall particularly focus on

the ratio between rotational and translational temperatures. Several other groups have already

presented experimental results on granular flow under such conditions [27–30], but to our

knowledge, this is the first experimental study giving access to rotational and translational

velocities and so the corresponding temperatures.

We have used the same 2D cell from the previous part by now with a rectangular shape made

in Duralumin. The cell has a height Ly ¼ 6.8 cm and a width Lx ¼ 6 cm. The particles studied

were brass disks having a diameter σ ¼ 6 mm (radius a ¼ 3 mm) and mass m ¼ 4.6�10�4 kg.

The initial area fraction φ of the medium is obtained from the number of disks N (12 or 24, i.e.,

area fractions of 8.3 or 16.6%). For this experimental study, we chose this rectangular shape in

order to easily monitor the energy input into the medium. The external vibration is still

periodic (sine oscillations) with different frequencies, ν, and amplitudes A, and it is still
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applied along the y-direction (which is the direction of normal gravity). In order to increase the

precisions of experimental data, the video recording is performed during the whole parabola

with a higher frame rate (i.e., 900 fps) and higher image resolution (720 � 720 Pixels); each

record gives access to around 22,000 pictures per parabola. To reduce the effect of friction

between the disks and the glass plates of the cell, we have added three small steel beads on

each side of a disk. In addition, it also reduces the tilting of the disks when the external

vibration is on. The key question being now the rotational aspects, each disk is pierced with

two small holes, symmetric about the center of the disk and video observations are realized by

light transmission (Figure 9).

This set up grants us with images having a high contrast and quality. The position of the disk is

retrieved from the tracking of the two holes for each disk as a function of time. The barycenter

of the holes gives access to the x- and y-position of the disk and by following the variations of

these positions as a function of time to the components of the velocity vx(t) and vy(t). Never-

theless, by computing the time dependence of the angle θðtÞ (Figure 10) (obtained from the

angular position of the holes about the horizontal), allows to retrieved the angular velocity
_θðtÞ.

Figure 9. Picture of the medium recorded in microgravity when being submitted to the external vibration (along the y-

direction). Optical observations are performed from light transmission. The two holes can be clearly identified. A side and

top sketch of one disk is also shown.
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The orientation angles of the disks can be fully determined from 0 to 360 degrees. A typical

experimental record of θ(t) is presented in Figure 11. On such record, a sharp change in the

direction of rotation (positive or negative slope) or a significant change in the slope is the proof

that a collision occurs with another particle. On the contrary, when the particle experiences no

collision (e.g., time larger than 5 s in Figure 11), the angular velocity remains quite constant,

indicating the absence of friction with the lateral walls. During a parabolic flight, the aircraft is

subjected to g-jitter along the three directions (Figure 1). Experiments were submitted to

g-jitter with period of fluctuations of about 1 s and amplitudes of about 0.01 g (Figure 1).

Although these fluctuations may play a role during the collision of the particles with the

moving walls of the cell, they have limited impact on the motion of particles located in the

central region of the cell where experimental data were retrieved. Moreover, a systematic

Figure 10. Disks used as the granular particles. Light transmission allows very high contrast pictures. The optical

tracking of the two holes of a single disk permits to compute the orientation angle of the disk as a function of time.

Figure 11. Experimental record of the angle of orientation, θ(t) of a disk when both microgravity and external vibration

are present. Collisions can be clearly identified from a change of rotation or value of the angular velocity (i.e., The slope).
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analysis of inelastic parameters (normal e, and tangential β, restitution coefficients) was

achieved by analyzing the trajectory of each disk.

The collision between disks is processed as we did for the beads in the previous part except

that now, the relative velocity includes the rotational part VR

�!

¼ v1
�!

� v2
�!

�að _θ1

!

þ _θ2

!

Þ� n
!

where the subscripts 1 and 2 stand for the two colliding particles at a given time. Again, the

normal restitution coefficient is obtained through e ¼ �j n
!
� V 0

R

�!

j=j n
!
� VR j
�!

and the tangential

restitution coefficient by β ¼ �j n
!
� V

0
R

�!

j=j n
!
� VR j
�!

. Another way to express the tangential

restitution coefficient is to introduce the angle γ between n
!

and VR

�!

(Figure 12), we have for

disks the relation [31]: 1þ β ¼ �3ð1þ eÞμ cot ðγÞ. The initial slope of β versus cot (γ) allows

the computation of μ, the friction coefficient.

We have obtained experimentally an average value of e ¼ 0:64� 0:03. Although it is some-

times noticed in such situation [24, 32], we did not observe for the disks we used any clear

dependence of e on the relative impact velocity. The experimental determination of the restitu-

tion coefficient α, between a particle and the walls of the cell reports a value α ¼ 0:71� 0:04.

We were also able to determine the behavior of the experimental tangential restitution coeffi-

cient as a function of cotðγÞ.The results are presented in Figure 13. From the initial slope, one

can compute an average value for the friction coefficient when particles are at contact:

μ ¼ 0:14� 0:01. As most of the binary collisions are head-on collisions (due to shape of the

experimental cell), we have decided to take an average value of the tangential restitution

β ¼ 0:7� 0:05.

The density and local velocity profiles of particles within the cell can be determined again from

the positions of particles. In Figure 14, we have plotted the profiles of the x- and y- components

of the disks’ velocity. The area fraction of particles in the center of the cell is almost twice the

initial one while close to the top and bottom walls, the value found is smaller. This is directly

related to the inelastic nature of collisions which form clusters of particles [33, 34]. For this

Figure 12. Sketch of a binary collision. v1
!

and v2
!
, and _θ1

!

and _θ2

!

represent, respectively, the linear and rotational

velocities of the particles before and after impact. VR

!
is the relative velocity and n the normal direction at collision. The

impact angle γ is defined from n to VR

!
.
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experimental study, the cell may again be divided into two different and well-identified

regions [35]: a central one that we will refer as the “cold” area and the ones close to the top

and bottomwalls (where the energy is injected into the medium), referred to “hot” areas. In the

following, subscripts H and C will be used, respectively, to identify the “hot” and “cold”

regions of the cell. Considering all experiments, we have noticed first that the values found to

characterize the “hot” zone by the height hH were not related to the amplitude of vibration as

one could expect, and second that an average value hH ¼ 9 mm ≈ 3.5a was acceptable in our

experimental situations. Moreover, computation of the mean free path of particles in the “cold”

zone gives a distance of about 12a (when using 12 disks) and 6a (for situations with 24 disks).

These statements are found by considering the density of the “cold” region where typical

values are found to be 13% (12 disks) and 30% (24 disks). We may conclude that the behavior

of particles in the “cold” area is mainly governed by particle-particle collisions. We do not meet

situations in which particles are moving through the bulk without being struck by another

particle. Last, checking experimentally how the density profiles evolve with time does not

present low-frequency oscillations like the situation reported in Ref. [36].

The temperatures of the granular medium are retrieved from the velocities of particles and

from both contributions: the translation Ttr ¼ mV
2=2, and the rotation Trot ¼ Iω2=2 (I the

moment of inertia). In steady state, the temperature is calculated from a balance between two

opposite fluxes: the energy brought to the medium by the particles in the “hot” areas of the cell

and the dissipation in the bulk (i.e., the “cold” region). All experimental data presented below

were retrieved from the “cold” region. To obtain reliable values, the whole set of the 20,000

images recorded are treated for each experimental value reported in this paper. We may also

Figure 13. Experimental behavior of the tangential restitution β as a function of cotðγÞ, where γ is the angle between the

normal direction at contact and the direction of the relative velocity. The plain line is a linear regression used to compute

the value of the friction coefficient when particles are at contact.
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consider an undesired effect of g-jitter arising in parabolic flights but we will take it into

account when comparing experimental results with theories. An average number NH of parti-

cles present in the “hot” regions can be obtained directly from the density profiles at any time.

Figure 14. Velocity distributions of the component along the direction of vibration (y-direction) and transverse to it (x-

direction). The experimental curves are drawn with plain lines. The dashed lines correspond to a Gaussian plot with the

average velocity determined experimentally.
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Typical experimental distributions for translation and rotational velocities are shown, respec-

tively, in Figures 14 and 15: A Gaussian behavior can be observed. The dashed line on the

figures represents the plots of the Gaussian distribution in which the experimental values of

the squared velocities have been introduced, and one can notice the good agreement.

Due to the rectangular shape of the experimental cell used and to the relatively low area

fraction, the main contribution to the temperature was expected to be found along the direc-

tion of the external vibration (the y� direction). The temperature ratios Ty=Tx and Ttr=Trot with

Ttr ¼ ðTx þ TyÞ=2, in terms of the maximum cell’s velocity Aω (ω ¼ 2πn) for the two area

fractions used, have been calculated. One may note that the ratio Ttr=Trot is not drastically

affected if one considers only Ty as the only contribution to the energy. For the fraction area of

16.6%, the ratio Ttr=Trot is ranging from about 4 to 10, respectively, for maximum cell velocity

from 20 to 40 cm/s, while Ty=Tx goes from 2 to 4 at maximum, while for the lowest fraction

area (8.3%), Ttr=Trot is ranging from 11 up to 24 and Ty=Tx from 5 to 7 only under the same

conditions of maximum velocities. We shall analyze these experimental results by focusing

first on the ratio Ty=Tx which is clearly dependent on the area fraction of the medium (the

larger the ratio, the smaller the area fraction). Without any surprise, the temperatures obtained

Figure 15. Typical angular velocity distribution of the particles (experiment: plain curve). The dashed line corresponds to the

mathematical plotting of a Maxwell distribution, which includes the average angular velocity determined experimentally.
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along the direction of the vibration are always larger than the ones in the transverse direction.

This comes from the fact that the main part of energy injected is along the y-direction, and the

relatively low area fraction does not allow the redistribution of this energy toward the perpen-

dicular direction. At low area fraction, the particles can move easily and the y-direction drives

the general motion. On the other hand, we also observe a net increase of the ratio Ty=Tx with the

driving velocity of the cell, but less pronounced for the lower area fraction. However, the driving

velocity is not the only parameter of the problem and the amplitude can also play a role. For

example, the ratio Ty=Tx ¼ 1:98 found was obtained for the smallest amplitude (A ¼ 0:556 mm)

and the largest frequency (60 Hz). Under the conditions of high frequency but small amplitude,

we clearly see a concentration of particles in the central area of the cell, and consequently, the

corresponding energy input is small. It then explains the low ratio found in such experiment, to

be compared to a similar value of Aω ¼ 0:22 m/s but with much larger amplitude (A ¼ 2:3 mm).

We have set the frequency scale between 10 Hz and 30 Hz, and the corresponding amplitudes of

vibration used are large enough to avoid the aggregation of particles in the center of the cell.

Last, we can clearly identify the “cold” area straight from the density profiles. The second result

is related to the ratio Ttr=Trot which obviously increases with Aω andwhich is also dependent on

the area fraction. The translational temperature is quite one order of magnitude larger than the

rotational temperature. Because almost all collisions between particles are quite, head-on as

reflected by the high value of Ty=Tx, can explain why the transfer from translational to rotational

energy is rather weak, mainly at the lowest area fraction.

As a first step to describe the experimental behavior on granular temperatures, we can use

existing theoretical models using a mean-field theory [37]. In this description, the rate of change

of the temperature of a granular medium is determined through two coupled equations

dTtr

dt
¼ Jdr þ G½�AT

3=2
tr þ BT

1=2
tr Trot�

dTrot

dt
¼ 2G½B0

T
3=2
tr � CT

1=2
tr Trot�

8

>

>

<

>

>

:

ð2Þ

where Ttr and Trot represent, respectively, the translational and rotational temperatures, and

G ¼ 16
σ
ffiffiffiffiffi

πm
p ϕg2ðϕÞ is related to the collision rate between particles; g2ðϕÞ being the pair correlation

function at contact. In two dimensions, g2ðϕÞ ¼ ð1� 7ϕ=16Þ=ð1� ϕÞ2. A, B, B0, and C are con-

stants, which depend only on the inelastic properties of the particles [38]. Jdr is the energy flux input

into the medium and a homogeneous input of energy into the medium is assumed. These four

constants are positive so that the minus signs are related to the loss of energy during the collision of

particles. We state that the driving energy is acting on the translational temperature because of the

preferred collisions with normal incidence. We may note that when the rotation mainly governs the

behavior of the granular, Jdr is included in the second equation of (2) [39, 40].

Several inelastic modelizations were proposed by Herbst et al. [38] going from a simple consid-

eration of a constant tangential restitution coefficient up to more complex ones where the

tangential restitution depending on γ12 (the contact angle obtained neglecting the rotational

velocities) or on the real contact angle γ. From the second equation of Eq. (2), the energy ratio

Ttr=Trot can be obtained considering the medium in steady state dTrot=dt ¼ 0, allowing to get the
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relation Ttr=Trot ¼ C=B0. In this equilibrium regime, dTtr=dt ¼ 0 and replacing Trot in the first

equation of Eq. (1) also give Ttr ¼ ½CJdr=GðAC� BB0Þ�2=3. Depending on the model used, the

expressions of the constant C and B0 can be evaluated and only depend on the inelastic properties

of particles and to their inertia; however, the area fraction or the driving energy flux Jdr is never

considered. Using our experimental values for the normal and tangential restitution and friction

coefficient, we can numerically solve the models. Results show values of the ratio of Ttr=Trot at

maximum of 5, and more importantly, the results are not dependent on the maximum velocity of

the cell. These models do not deal with an anisotropic temperature because their predictions are

usually compared to numerical simulations where the energy is supposed to be added into the

medium isotropically. This is why these models cannot represent our results.

When an external vibration is acting on the granular, it can be viewed as a medium which

dissipates energy while energy is added into it through the vibration per unit time. The

equilibrium temperature (and state) can be found from the equilibrium equation

Jdr þQd ¼ 0, where Jdr is the energy flux injected in the medium by the collisions of particles

with the walls of the cell and Qd, the energy flux dissipated during the binary collisions

between particles. Jdr is found to act in the “hot” areas of the cell, while Qd is computed in the

bulk. The results obtained from experiment and geometry clearly show that the main energy

input on particles occurs along the direction of the vibration. From our observations, we

have considered the areas of energy input by defining two layers of thickness hH and having

the same width Lx. Then, the particles’ density is much smaller than the one of the medium,

and we have introduced NH as the average number of particles present at any time. Thus, the

bulk of the medium (i.e., the “cold” zone) reduces to dimensions hC ¼ Ly � 2hH where only

NC ¼ N � 2NH particles are present at any time; the surface of this zone is then SC ¼ hCLx. In

the “cold” zone, the dissipated energy depends on the collision frequency f EðTÞ which in

turns depends on the temperature T of the medium T ¼ m〈v2x þ v2y〉=2. If we neglect the loss

of energy coming from tangential restitution coefficient, the energy dissipated per collision is

given by:

ΔEpp ¼ m
ðe2� 1Þ

4
〈½ðv1! � v2

!Þ� n!�2〉 ¼ ðe2 � 1Þ
2

T ð3Þ

The frequency collision which is the inverse of the Enskog time is given in 2D by

f E ¼
ffiffiffiffiffiffi

2π
p

NC

SC
σg2ðϕÞ〈v〉 ¼ 2

NC
fNE where NC=SC represents the number density in the “cold”

region and fNE is the number of collisions between N particles per unit time. Finally, the

dissipated energy flux will be expressed as follows:

Qd ¼ fNEΔEpp ¼
N2

C

hCLx

1� e2

2
σg2ðϕÞ

ffiffiffiffi

π

m

r

T3=2

¼ N2
C

hCLx

1� e2

4
σg2ðϕÞ

ffiffiffiffi

π

m

r

T3=2
y 1þ Tx

Ty

� �3=2 ð4Þ

To express the energy input into the medium, we must now take into account the flux coming

from the collisions between the particles and the walls of the cell. When a collision occurs, the
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kinetic energy change for one particle is: ΔEpw ¼ mðv02y � v2yÞ=2, where v0y2 and v2y, respectively,

are the velocities of the particle after and before collision with the cell’s wall. The cell is assumed

to move with a velocity Vdr. The relative velocity equation gives v0 � Vdr ¼ αðVdr � vÞ, where α

is the normal restitution coefficient between the particle and the wall. The change in kinetic

energy of one particle may then be rewritten as ΔEðvy, VdrÞ ¼
m
2 ½ð1þ αÞ2V2

dr � 2ð1þ αÞVdrvy�

v2yð1� α2Þ� and the energy flux jdr, associated with particles going toward the wall, can be

expressed as jdr ¼
NH

2hH
vyΔEðvy, VdrÞ, where we have assumed that NH=2 particles are going

toward the wall. The net energy flux for a given wall velocity is then obtained by averaging the

flux of the incoming particles with the velocity distribution function, f ðvyÞ associated with the

“cold” region and integrating on the velocities directed towards the wall:

JdrðVdrÞ ¼

ð

∞

0

jdrf ðvyÞdvy ð5Þ

where the distribution function of the velocity is the Gaussian one retrieved from experiments

(Figure 14).

The integral (5) over the velocities gives the following result

JdrðVdrÞ ¼
m

4

NH

hH
½ð1þ αÞ2V2

drI1 � 2ð1þ αÞVdrI2 � ð1� α2ÞI3� ð6Þ

I1, I2, and I3 are the integrals

ð

∞

0

viyf ðvyÞ dvy (i ¼ 1::3) which are, respectively, given by:

I1 ¼

ffiffiffiffiffiffiffiffiffiffi

Ty

2πm

r

I2 ¼
Ty

2m
I3 ¼

Ty

m

� �3
2

ffiffiffiffi

2

π

r

ð7Þ

We may assume that the particles go from the bulk towards the “hot” areas (double collisions

are neglected) so that with the average velocity found experimentally and that we are using in

the comparisons. The last thing to do is to compute the average on the wall velocity: the linear

term in Vdr cancels while the term related to V2
dr averages to ðAωÞ2=2. Multiplying by 2

(because of 2 moving walls) gives the following expression for the injected flux of energy:

Jdr ¼ m
NH

2hH
ð1þ αÞ2ðVdrÞ2

ffiffiffiffiffiffiffiffiffiffi

Ty

2πm

r

� ð1� α2Þ
Ty

m

� �3
2

ffiffiffiffi

2

π

r

" #

ð8Þ

For perfectly elastic walls (α ¼ 1), the expression proposed by Soto [35] for a sinusoidal

vibration taking for their function q
�

T=mðAωÞ2
�

is recovered; the constant q ¼
ffiffiffiffiffiffiffiffi

2=π
p

¼ 0:8 is

a very good approximation for our experimental conditions and our values of T=mðAωÞ2. The

additional contribution to the energy input from g-jitter (even if it has quite no impact on the

velocities of the free floating particles in microgravity) can create an additional contribution to
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the wall velocity and so to the energy injected into the medium. This can be estimated as

〈δV2 ¼ 0:005 m2=s2〉 [41]. Since it does not exceed 15% of V2
dr in the worst case, it was

neglected. The equilibrium between injection (Eq. (8)) and dissipation (Eq. (4)) gives:

Ty ¼

NH

2hH
ð1þ αÞ2

N2
C

hCLx
πσg2ðϕÞ

1�e2
2 1þ 1

RT

� �3=2
þ 2 NH

hH
ð1� α2Þ

mðAωÞ2 ð9Þ

The temperature is proportional to the square of the amplitude of the driving velocity as it

should have been shown in Ref. [13]. The densities in the “cold” and “hot” areas are known so

that we can compare the predictions of Eq. (9) with our experimental values of Ty calculated.

To consider the dissipation due to the tangential restitution coefficient β, we introduce an

effective restitution coefficient re proposed by McNamara and Luding [41] instead of e in

Eq. (9): re ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

e2 �
�

qð1� β2Þ
�

=ð1þ 2q� βÞ

r

. Using q ¼ 0:5 for a disk and β ¼ 0:7;, we obtain

re ¼ 0:462 instead of e ¼ 0:64. The comparison between the theoretical temperatures Ty

obtained from Eq. (9) with the experimental ones calculated in the “cold” region is presented

in Figure 16.

Figure 16. Comparison of the equilibrium temperature computed from Eq. (9) as a function of the driving velocity of the

cell (Aω).
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With the two area fractions, we have used in this study, one can see that the agreement is good.

Of course, to improve the theoretical prediction of the temperature with the driving velocity,

being able to predict the density NH=hH close to the top and bottom walls instead of consider-

ing the experimental value obtained from the profiles.

The anisotropy found for the temperatures created by a vibrating wall is scarcely reviewed in

the literature. A recent experiment with a setup including a 3D-cylindrical [42] where the

anisotropic behavior of the ratio RT ¼ Ty=Tx is reported as a function of the volume fraction

of particles shows a strong increase for values below 10%, but it still remains smaller than our

results. Moreover, a theoretical study including two different Maxwellian distributions for

parallel and perpendicular directions about the vibration and a density along the vibration

axis is presented in Ref. [43]. A balance between energy fluxes along the direction of vibration

and perpendicular to it gives the ratio RT and predicts that, for perfectly elastic walls, this ratio

would only depend on the restitution coefficient. This is not our experimental situation where

the ratio RT is much larger for the lowest density. Thus, it impossible to relate this theoretical

approach with our study since our density profile is much different for a one driven by gravity.

Nevertheless, we may predict values of RT if we assume a constant density in the “cold” area.

4. Conclusion

We have reported experimental investigations on the dynamics of a model granular medium.

Experiments have been performed in a low-gravity environment. The cell containing the

medium is subjected to external vibration which drives the collective motion of the particles.

As the dynamical behavior of the medium is driven by the kinematics of the particles, high-

speed video recording coupled to an individual particle tracking technique allows to obtain

the trajectory of each particle. From these raw data, the inelastic parameters of the particles

which are at the origin of the dynamics of the whole medium can be retrieved as well as a

direct measurement of the energy (or temperatures). We have found that depending on the

type of particles used, the normal restitution coefficient can be dependent on the relative

impact velocity between two particles but not always. One way to characterize the inelastic

nature of the collisions is to look to the energy decay once the medium is freely evolving. We

have obtained smaller experimental relaxation times of this energy than the ones predicted by

theories at least if we do not take into account the velocity dependent of this restitution

coefficient. It is also interesting to note that the effect played by the rotation of the particles

can significantly affect the whole behavior of the medium. In particular, we have reported the

translational temperatures along and perpendicular to the direction of vibration as well as the

rotational temperatures. When compared to existing theories, it appears that there are signifi-

cant differences which also depend on the driving velocity and on the concentration of the

medium. Two major points on the comparison can be raised: First the density is not homoge-

neous in the cell and second the translational velocities are much higher in the direction of

vibration than perpendicular to it (versus a homogeneous input of energy as considered in

theories). We report that the balance of the energy fluxes along the vibration can correctly

represent the behavior of the granular temperature with the driving velocity of the cell and
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with the area fraction. In this balance, the contribution of the tangential velocities to the

dissipation must be considered. At least the distinction between the dissipation due to the

collisions between the particles which is proportional to the average temperature

T ¼ ðTx þ TyÞ=2 and the driving flux, which depends only on Ty, was introduced, but on the

basis of the experimental ratio Ty=Tx. This ratio increases when the volume fraction decreases

and it also depends on the driving velocity. A theoretical determination of Ty=Ty which could

reproduce these behaviors should involve the non-elastic collisions with the lateral walls, but is

let for a future developments.
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