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Abstract

We present an experimental study performed on eatad granular gas enclosed into a 2D rectanguhr c
Experiments are performed in microgravity condisioachieved during parabolic flights. High speedewuid
recording and optical tracking allow to obtain fh#t kinematics (translation and rotation) of tharficles. The
inelastic parameters are retrieved from the expental trajectories as well as the translational eotdtional
velocity distributions. We report that the expenma ratio of translational versus rotational tenapeare
decreases with the density of the medium but irsergavith the driving velocity of the cell. Thesgesimental
results are compared with existing theories angaiat out the differences observed. We also preaenbdel
which fairly predicts the equilibrium experimentaimperatures along the direction of vibration.

PACS numbers: 45.70.-n, 51.10+y

Introduction

Granular gases display a much more complex behthém molecular gases like anisotropy of
temperature along different directions [1, 2], detence of different temperatures depending on the
size of the particles [3, 4], non-Gaussian distitruof particle velocity [5-7] or cluster formaticat
high enough density [8, 9]. One of the major aspetthese flows is the dissipative nature of glanu
material and the dynamics of such systems findsritgn in the binary collisions between particlés.
granular material requires continuous input of gpdor a sustained flow. The amount of the heat flu
injected at the boundaries strongly influencesfliv of granular materials especially in the cage o
vibrated beds. Most of the studies of vibrated glanmedia focus on the prediction of the granular
temperatures and the velocity distribution funcsi@hong the direction of vibration and perpendicula
to it [6, 10] although there is a coupling with tletational degrees of freedom [11].

Previous works have been done on the collisior@bgrties of particles. In its basic definition,
a collision is assumed to be instantaneous andntlasticity is described by a normal restitution
coefficient. However, the particles of a granulaedim are not perfectly smooth and surface
roughness play also a role during collision pravidia transfer of angular momentum between
particles leading to the rotations of the grainbug, a full description of a collision requires the
knowledge of the normal and tangential restitutboefficient. Consideration of the rotation of the
particles requires the determination of the tanigengstitution coefficient which is not easy talige
experimentally since it is needed to track thetrotaof the particles with a high speed camera and

with some marks printed on the surface of the gadi[12]. On the other hand numerical simulations



do not suffer from this experimental constraint a®Veral simulations deal with the rotational
component and compare their results mainly witletkintheories [13-16].

Our aim, here, is to provide experimental datehlfot the normal and tangential restitution
coefficients and for the different quantities rethtto the rotational and translational degrees of
freedom such as the distribution functions andrttational and translational temperatures. All of
these being obtained directly from the kinemati¢sgmnular particles submitted to a vertical
vibration. We shall particularly focus on the rabetween rotational and translational temperatuines.
order to remove the gravity bias, we have condutitedexperiments in a low gravity environment.
Several other groups have already presented exgetamresults on granular flow under such
conditions [17-20] but to our knowledge this is first experiment giving access to rotational and
translational velocities and so, the correspontingperatures.

In the next section we first describe our experitakeset-up, the type of model particles used aed th
conditions of the experiment. We will explain hotet properties of particles as well as their
kinematics are obtained from a direct optical tnagkand analysis of their trajectories. The
experimental results on temperatures and velocgiyiblutions will also be given. In the last seatio

our experimental results will then be comparedxistang theories considering the coupling between
translational and rotational motion and we sha#icdss the way that the translational granular

temperature can be predicted from these models.

Experiments

In order to investigate the dynamical behavioa @fiodel granular medium, we have designed a

2D-cell of rectangular shape made in Duraluminhveitheightl,, = 6.8cmd-v.=6.8cm and a width

L, =6cm, ,d-h.=6cmwherein brass disks having a diametgr=&mmo=6mm and mass

m = 4.6 107*kg are enclosed between two glass plates. Thealimitea fractiorp of the medium is

given by the number of diskéN into the cell, here 12 or 24 disks, correspondesgpectively to area

fractions of8.3%Erreur ! Cela devrait étre un chiffre. and16.6%.Erreur ! Cela devrait étre un



chiffre. The cell is mounted on a vibrating device (“Modactiter, 100N, Bruel & Kjaer”) to submit
the medium to a periodic (sine oscillations) exérvibration with different frequencies, and

amplitudesd (fig. 1). The vibration is applied along tiwe—direction (which is the direction of normal

gravity). To cancel gravitational effects, all expgents have been performed in microgravity: the
experimental apparatus is boarded in the airplar@0@® Zero G from Novespace. The airplane
undergoes successive parabolic flights allowingiado22s of microgravity per parabola. Note that the
vibration is already present when the plane entecsogravity in order to leave enough time to the
system to reach the steady state. During each gmevity sequence, high speed video recordings are
realized (with the help of an EOSENS high speederajnon the vibrated granular medium to obtain
the trajectories of the particles. To reduce focteffects between the disks and the glass pléti® o
cell, each disk is dressed, on each of its sid¢hime small steel beads: this configuration adstuces

the tilting of the disks in the presence of theeexal vibration between the cell’s plates. The ciomth
thickness of the disks and beads is 3.2mm, forllas ¢hickness 3.4mm. The aim of this study is to
obtain, by direct optical tracking, the kinematiakthe granular particles and thus to access all
parameters involved in the dynamics of the medilimachieve such goal, each disk is pierced with
two small holes, symmetric about the center ofdis and video observations are realized by light
transmission (fig. 2). Images have a resolutioid28 x 720 pixels and the frame rate is 900 FPS: we
thus record about 22000 images during each paralb@eants us with images having a high contrast
and quality and allows individual tracking by dirémage analysif21]. To determine the position of

the disk, we track the trajectories of the two badé each disk as a function of time. The baryaente

then gives ther —x andy — position of the disk, from which the linear compats of the velocity

1, (£),V-x,t. and v, (£),V-y.t. can be computed. Moreover, the determination eftitne dependence

of the angle(t) (fig. 3),6,t. computed through the angular position of the hédes the horizontal

direction, gives access to the angular velo&ﬁg/}.,e.,t. Since the two holes are well identified during



tracking, the orientation angles of the disks atyfdetermined from 0 to 360 degrees. One can

observe in figure 4 a typical experimental recofd{#).0,t. It is interesting to note that a sharp

change in the direction of rotation or a significaariation of the slope, both result from a cadiis
with another particle. On the contrary, when theigle experiences no collision (e.g. time lardeart

5s in figure 4), the angular velocity remains quitestant, indicating the absence of friction viith
lateral walls. This is confirmed by the fact thaprecise analysis of the motion of the particles
between two collisions shows rather good lineajettaries which indicates a negligible effect of
friction. During a parabolic flight, the aircrafs isubjected to g-jitter and Novespace supplies the
records of gravity fluctuations during a parabdltang the three directions. These fluctuations act o
the aircraft and on the devices attached to itheey have no direct action on free floating bodidge

our particles in motion inside the cell). All expeental results presented in this paper were subthit

to g-jitter with period of fluctuations of aboutdnd typical amplitudes of 0.01g. Although these
fluctuations may play a role during the collisidrtloe particles with the moving walls of the ceéle(
may modify the energy input into the medium), theywe limited impact on the motion of particles
located “far” from the top and bottom walls and theerimental data used here are retrieved in this
area of the cell.

The analysis of the trajectory of each disk alloavsystematic investigation of inelastic

properties of the particles: normal and tangentiaf,,,-0. restitution coefficient. By tracking the

change in direction of motion of each disk wherearest neighbor is present, we are able to prgcisel

determine the binary collisions from the trajeaerilf both conditions are satisfied, we then kilogv

time £, t-c. at which a collision arises. For the two disksoiwed in a collision, we consider the

previous and following positions froip,t-c. (fig. 5). The positions considered must insurd tha

trajectories before and after collision are lingae determination of the exact position of theksliat
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collision and the direction of the normal directiiis then possible. From the experimental linear and

rotational velocities measured before and aftelistoh, we can obtain the inelastic parameters. We

—_—

compute the relative velocities before impzﬁ@’t ,V-R.and after impact#z,V'-R... The general

— —

— i .
expression of the relative velocity can be writesW, =7, — 7, —a (61 + 32) % 1,V-R.=,v-1..-

WV-2.-3,,w-1..4,w-2..X,n. where the subscripts 1 and 2 stand for the twiadawg particles at a given

S .
time (fig. 6). Normal and tangential coefficient® ahen obtained fronr = — |:Ff- V“R|f|ﬁ-1fg |r=-

/|7 x V4. On the other handt we introduce the angle

e V'-Ro-n-V-R... andfy = — |:FI x V'y

¥ betweenti,n. andﬁ;, we have for disks the relation [12]:+ By = —3(1 + r)u cot{y)Erreur !



Cela devrait étre un chiffre. The initial slope of,-0.=f(,cot-y..)fq versuscot(y) allows the

computation ofi,u the friction coefficient.

We obtained experimentally an average valug &f0.64 + 0.03. r=0.6410.03Despite it is

sometimes noticed in such situation [22, 23], wd dbt observe in our experiments any clear

dependence af on the relative impact velocity. The experimerdatermination of the restitution

coefficient @, between a particle and the walls of the cell repa value

a=0.71+0.04 & = 0.71 £ 0.04, This value has been computed by consideringeheund of a brass

sphere on a plate made with the same material easviills of the cells (direct high speed video

recordings were used). We were also able to deteritie behavior of the experimental tangential

restitution coefficient as a function @bt{y).cot,y.The results are presented in figure 7. From the

initial slope one can compute an average valughferfriction coefficient during a binary collision:

@ =014+ 0.01.u=0.1440.01 Due to the rectangular shape of the cell and oyre®mental



conditions, most of the binary collisions are headeollisions so the average value of the tangentia

restitution can be taken fig = 0.7 =+ 0.05,,8-0.=0.740.05

The density and local velocity profiles of pamiglwithin the cell can be determined again from
the positions of particles. A typical result of &d@rea fraction along the direction of vibraticwveell
as the corresponding velocity profile are repoitedigure 8. It is clearly observed that the region
close the top and bottom walls of the cell showva ¢oncentration of particles while in the centke,
area fraction of particles is almost two times ihiéial one. This result is a direct consequence of
inelastic collisions which tend to form clusterspairticles [24, 25]. As proposed by R. Soto [26§ t
cell may be divided into two different parts: ondhae center of the cell that we will referred asltl”
and two ones close to the top and bottom walls,ethas “hot” where energy is injected into the

medium. In the following, subscripts H and C wi# lnsed, respectively, to relate to the “hot” and

“cold” regions of the cell. To define the heighty, H-H. of the “hot” regions, we have used, for each

experiment, the position of the inflexion pointtbé density profile located roughly at y-positiafs

1.8cm and 6.3cm on figure 8. Considering all expernits, we have noticed first, that the values found

for hg, H-H. were not really sensitive to the amplitude of &iimn as one could expect, second that an

average value ohy =9mm*~ 1.5 ¢ H-H.=9mm=1.5¢ was acceptable for all the experiments

performed. Moreover, Computation of the mean frath pf particles in the “cold” zone gives a
distance of aboutd@ and ¥ (respectively one half and one quarter of the liteaf the cell) for
experiments performed on media containing 12 andp&dicles. These results are achieved by
considering the area density in the “cold” zone rehigpical average values are found of 13% and
30% respectively for experiments with 12 and 24iplas. One can then conclude that the collective
behavior of particles in the “cold” zone is maigigverned by particle-particle collisions and adiual

we do not see particles going from one wall todtieer without any collision in the bulk. Finallyew
7



have considered the time evolution of density fesfiduring experimental tracking and it did not

show explicitly low-frequency oscillations reportied27].

The temperature of the granular medium can be atedpfrom the velocities of particles,

including the translationd,,. = mV%/2, and the rotational temperaturBs,. = Iw?*/2 (I being the

moment of inertia of the particled)-rot. In a steady state, the temperature of the mediugiven by

the balance between the energy flux injected inéorhedium through the collisions of particles with
the top and bottom walls of the cell (i.e. in th@t” regions) and the energy flux dissipated intikbit

(i.e. the “cold” region) due to inelastic collisitietween particles. Energy injection is then pented

in the top and bottom areas of the cell while trenmenergy dissipation occurs in the central area.
Note that all experimental temperatures and datairedd in the following have been measured in the
“cold” zone. To obtain reliable measurements, tieie series of images recorded during a parabola
(i.e. around 20000 images) are processed for equrienental data given in this pap#e also have

to take into account the possible bias due to teegmce of g-jitter during the parabola and we will

focus on it during the comparison with theories.rdtver, from the density profiles, it is possilde t

determine an average numiiy, N-H. of particles present in the “hot” regions of thedl @t any time.

Finally, the velocity distributions are also ob&infrom the kinematics of particles. Both typical

distributions for translation and rotation veloegtiare presented respectively on figure 9 and 10. A
clear Gaussian behavior is observed. The dasheddinthe figures represent the plots of the
theoretical expression of the distribution in whitie experimental values of the squared velocities

have been introduced.

Due to the rectangular shape of the experimergll used, and to the relatively low area
fraction, the main contribution to the temperatwaes expected to be found along the direction of the

external vibration (ther —direction). In the following chart we present a suany of the temperature

ratiosT,./ T, andT../ Tyge With Ty = I[J"_qr + T:,-;},"E,,T-y.-,T-x.., in terms of the maximum cell’s velocity



AwV-dr.=Aw (@ = 2mv) for the two area fractions used. One may notettraratiol;/ Ty.o: iS Not

drastically affected if one considers offlyas the only contribution to the energy.

Aw(m/s) 0.212 0.22 0.283 0.380 0.442
Aw?/g 8.17 2.10 2.71 7.24 4.25
o = 16.6% | Alm) 5.6 10" 2.310° 310° 210° 4.710°
T/T, 1.98 3.184 3.51 2.96 4.00
Terd Trot 6.40 4.49 6.50 9.01 9.60
Aw(m/s) 0.22 0.30 0.347 0.417 0.556
Aw?/g 1.4 1.91 3.32 4.0 5.34
@ =283% | Alm) 3.510° 4.710° 3.710° 4.410° 610°
T/T, 5.47 5.88 5.92 5.27 7.11
Terd Trot 11.73 13.70 15.25 14.24 24.33

Table 1: ratios of temperatures for two different area fractions:w = 16.6% and ¢ = 8.3% for different driving
velocities Aw and amplitude vibrations A. The acceleration of the cell in terms of normal gravity, g, is also

reported.

We shall analyze these experimental results bysiog first on the ratid@y. /T, T-y.- T x..

which is clearly dependent on the area fractiorthef medium and is larger for the smallest area
fraction. The temperatures found along the directibvibration are always larger than the onein t
transverse direction which is not a surprising ltesince the main part of energy injection is

performed along thgr —direction and the relatively low area fraction dows allow to redistribute

this energy on the perpendicular direction. At larea fraction, the particles can move easily ard th

¥ —direction drives the general motion. On the otheard) we also observe a net increase of the ratio
T,/ T, with the driving velocity of the cell, but lessomounced for the lower area fraction. However,

the driving velocity is not the only parameter bé tproblem and the amplitude can also play a role.



For example, the rrcltid":,-fi"Jr =1.98,T-y.-,Tx.=1.98 reported was achieved with the smallest

amplitude § = 0.556mm) and the largest frequen@0Hz). For these experimental conditions (large
frequency and small amplitude), we observe thaptréicles mainly concentrate in the center of the
cell and consequently the energy injection throtighmoving walls of the cell is weak. This might

explain the low ratio obtained in this experimemah, compared to the one with almost the same

value of Aw = 0.22m/s but a much larger amplitudg: = 2.3 mm. For all the other results, the
frequency is in betweelllHz and30Hz and corresponding amplitudes of vibration argdaenough

to avoid the collapse of particles in the cold zdri@ally, the density profiles of experiments show
that the “cold” zone is well identified and thafideng the size of the “hot” zone by a differeniteria
-as for example 90% of the plateau value- has gibigi effects on the temperature results, at least

reasonable extent.

The second result is related to the rétig' Ty, T -tr.- T rot.. which clearly increases withwAw and

which also depends strongly on the volume fractibthe medium. The translational temperature is
about one order of magnitude larger than the matitemperature. Again, the fact that most of the

collision are quite head-on ones in this geometsyreflected by the high value Bf/T.. may explain

why the transfer from translational to rotationakmgy is rather weak, especially at the lowest area

fraction.

Comparison with existing theories

In a mean field theory, the rate of change oftéimeperature of a granular medium is determined

through two coupled equations [13]:

i Ty 3/2 1/2
T Jar + G [-ATY? + BT T, |
& 3/ 1/ @
rot 2 2
It a6 BT - T T
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WhereT:,, T r. andT,,:, T Tot. represent respectively the translational andiaotat temperatures and

15 . . .. .
G:_b'-’FB:{@}G=,8-a,—1'[m..(p,g-2,,(p. is related to the collision rate between particles

&y T

g2{w)g2,0. being the pair correlation function at contact. ltwo dimensions,

g2(w) = (1 —-T7¢/16) /(1 — @)*. The constantd,B,B'AB,B-. andC depend only on the inelastic

properties of the particles (more details are giirel5]). /= H-dr. is the energy input into the

medium and, in this analysis, the energy is supptsde injected homogeneously into the medium.
Note that these constants are positive so thamihas signs express the dissipative behavior of the
medium. We consider the driving energy to act nyaim the translational part of the temperature due
to the dominance of the collisions with normal d@esice. In other situations where the behavior ef th

granular is mainly governed by rotatily. is included in the second equation of (1) [28, 29]

Several inelastic modelizations were proposed bipstet al. ranked from “model A” to “model E”
[15]. We briefly report the different models: “Mdd&” considers a constant tangential restitution

coefficient. “Model B” considers a mean tangentestitution coefficient calculated from a simpldie

probability distribution of the impact contact aegP(y) = —cos(y)P,y.=-cos,y. whereas in “Model

11



C” the distributionP{yJP,y. is computed analytically and is in good agreenwth the simulation

results. Finally, “Model D” and “model E” are obtad respectively with a tangential restitution

depending ory1z,y-12. (the contact angle obtained neglecting the ratatieelocities) or on the real

contact angle:.y

From the second equation of (1), the energy 1BtidT,,,,T-tr.-T-rot.. can be obtained considering

the medium in steady stateiT,,./dt= 0,d,T-rot.-dt.=0, allowing to get the relation

Terd Troe = C/B'., T+r.5T-rot.=,C-B'". In this equilibrium regimegT;./dt = 0 and replacing..: in

the first equation of (1) also givéels, = [C]4-/G(AC — BB')]*3. Depending on the model used, the

expressions of the constafi€ andEB'B' are given and only related to the inelastic progsrof

12



particles and to their inertia but neither to theaafraction nor to the driving energy fliix.. H-dr.

Introducing the values of the normal and tangemstitution and friction coefficient from our

experiments, and solving numerically the modelggithe following results.

Model A B C D E

Terd Trot 1.53 3.23 3.87 3.73 5.2

Table 2: Ratio of trandational to rotational temperature for the different models proposed in ref. [15]

Although these results are lower than the experiateatio found, the model which better fits is, as
expected, the more detailed one (i.e. “Model E"pteNthat the predictions are identical for the two
area fractions since the coefficients C and Boatg dependent of the restitution coefficients, rdas

we have a strong difference with the area fractiom experimental results. Also the model does not

predict a dependence widw which is not consistent with our experimental obagons. Actually,

these models do not deal with an anisotropic teatpex because their predictions are usually
compared simulations where the energy is injeateghi isotropic way. This is likely the main reason

for the non-ability of these models to represemtaly our experimental results

Now, we focus on the equilibrium temperature @& thedium. When submitted to the external
vibration, the medium can be modeled as a dissipatiedium to which a given amount of energy is

injected through the vibration per unit time. Thruidibrium temperature is obtained by solving the

equilibrium equatiorfz- + @z = 0,H-dr.4+,Q-d.=0 , where/, H-dr. is the energy flux injected in the

medium by the collisions of particles with the gatif the cell and?;, the energy flux dissipated

during the binary collisions between particlég. takes place in the regions close to the top and

bottom walls, while@;Q-d. is determined in the bulk of the medium. The ekpental results

obtained with our cell's geometry clearly show tlla# main part of the energy of the particles is

13



distributed along the direction of the external ratibn (v —direction). Based on experimental

observations, we define the regions of energy tigady two layers of thicknedey,H-H. close to the

top and bottom moving walls and having the samettwid. In these two regions, the density of

particles is smaller than the average density efrtledium; we caliVy,N-H. the average number of

particles present at any time in this region. Thius,bulk of the medium (i.e. the “cold” zone) reds

to dimensionshy = L, — 2hyg,H-C.=H-2,H-H. where onlyN; = N — 2Ny N-C.=N-2,N-H. particles

are present at any time; the surface of this zetleens- = h:L,,S-C.=H-C.L.

In the “cold” zone, the dissipated energy depenushe collision frequencyz(T),f-E, T. which in

turns depends on the temperatliref the mediunT = m{v; + v3)/2.T=m,vx-2.+,v-y-2./2 If we

neglect the loss of energy coming from tangentatitution coefficient, the energy dissipated per

collision is given by:

(r?-1) (r?-1)

{[(vf — v7) - 1]*) =

AE,,=m T (2)

The frequency collision which is the inverse of Breskog time is given in 2D by [30]:

14



fe =+ 231 - GQ 2wy =— fE (3)

where N-/5-,N-C.-S-C.. represents the number density in the “cold” reggoml J1‘}_5"",1“-E-N. is the

number of collisions betwegli particles per unit time. Finally the dissipate@mgy flux will be (see

also Appendix in [15]):

Qa = fz AE,, T”* 4)

hc.r

Since the temperature is anisotropic we have ttacepin (4)T by (T, + T}.}fz,,,T-x.+,T-y..-2. or

(1+1/RpT,/21+,1-RT..,Ty.2., whereRr =T, /T, R-T.=,T-y.-Tx. so that instead of (4) we

get:

NE 1—r? 3;‘
= = T l+_ 3/2 5
Qa hole 3 79,(¢) / { r: (5)

Now, in order to obtain an expression for the itddeenergy into the medium, one has to consider the

energy flux generated during the collisions betwidenparticles and the top and bottom walls of the

cell. During one collision, the change in kineticneegy of one particle is:

AE,,, = m(v3 — v2)/2A Epw.=m,v' y-2.-vy-2.-2. with v, v' y-2. andvZ,v-y-2., respectively,

are the velocities of the particle after and befaslision with the cell’s wall. The cell is assudh®

move with a velocityys,.., V-dr.

15



The relative velocity equation gives — V. = (Vs —v),v-.-V-dr.=a,V-dr.-v. wherea is the

normal restitution coefficient between the partialed the wall. The change in kinetic energy of one

particle may be rewritten as:

AE (v, Vg ) = ? (1 + @)V, — 2(1 + alVavy, —vi(1 —a?)] (6)

The energy flux g, h-dr. associated with particles going towards the vealh be expressed as:

Ny

2hy

far = v, AE( vy, Vg, ) (7)

where we have assumed th$/2,N-H.-2. particles are going towards the wall. The net gnéiux

for a given wall velocity is then obtained by awgng the flux of the incoming particles with the

velocity distribution functionf{t-"}.}f,,v-y., associated with the “cold” region and integratony the

velocities directed towards the wall:
fdr(vdr} = J“gu-_fdrf{ti}'}dt{}' (8)

The velocity distribution is intended for particledich are going to collide with the top and bottom
walls of the cells. We need to consider here théghas issued from the “cold” zone and having an
average velocity directly related to the averagapgrature measured in this area of the cell. The

dashed curve (cf. fig. 9) represents a Gaussidritditgon.

1 T (02
E_F}-_,l il-}-:l (9)

flvy)=

En{v:%}

16



where the average value of the velocity is theretrgeved from experiments. The matching is in very

good agreement and we will consider this type dialvéor in the following.

The integral (8) over the velocities gives thedaling result:

m N I .
JarWer) =5 12 (1 + @2Vt —2(1 + @)Vl ~ (1~ a3 (10)
H

I, I, J-1,1-2.and I5 13.are the integrald, vif(v,)dv, (i =1..3),0-0-v-y-if,v-y.dv-y. which

are respectively given by:

a
Ty Ty (Ty )E 2
jl' = = jrq = — jl' =|— -
1 2mam = am 3 m T (11)

In this derivation all the particles are supposedy¢ from the bulk towards the wall, so we have
neglected the double collisions (with the partigteng away from the wall and hit a second time by

the wall) that we did not observe in our video relso It remains to average on the wall velocityeffh

the linear term iz, V-dr. cancels and the term I«f,,,vm-z. averages tdAw)?/2, Aw.2-2. which

gives the following flux for the injected energytéa multiplication by 2 for the two walls):
L2
2
—m—[(1+a}{vdr}2 / (1—m ~ \[] (12)

If @ =1a=1 (perfectly elastic walls), we recover the expresgiven by Soto [26] for a sinusoidal

vibration taking for their function g{T/m{4w)*)q,T-mAw?. the constant value
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q = Jﬂ = 0.8q=,-2-m..=0.8 which is actually a very good approximation in tfamge of our

experimental values df/m(Aw)®. Note here that if g-jittedo not influence the velocities of the free

floating particles, there can nevertheless givedditional contribution to the wall velocity and o
the energy injected into the medium. This can bimesed as(dV? = 0.005 m?/s%) [31]. Since it

does not exceed 15% Hf. in the worst case (c.f. table 1), it was neglected

,T-mAw?.

The equilibrium between injection (Eq. (12)) andsipation (Eqg. (5)) gives:

N 5
—2h1{1+a]‘ o
T, = - o 2 ng m(Aw)® (13)
—C—thxnagzi_w]T(l+EJ +2E(l—a:]

The temperature is proportional to the square @faimplitude of the driving velocity. Since we know,

for each experiment, the respective density of“twd” and “hot” domains we can compare the

theoretical predictions of Eq. (13) with the expeental values of,,T-y. calculated in the “cold”

domain. In order to take into account the dissgratiue to the tangential restitution coefficifaif

we use instead a¢fin Eqg. (13) an effective restitution coefficieptproposed by S. McNamara and S.

Luding [32]:

I R S L e < AN 2
To= " " ime- ot e=r2.0,1-p%-14+29-B. (14)
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Using g = 0.5q=0.5 for a disk andf; = 0.7;=0.7 we obtainry = 0.462,r-e.=0.462 instead of

r = 0.64r=0.64 The comparison between the theoretical tempeilit& -y. obtained from Eqs

(13)-(14) with the experimental ones calculatethim "cold" region is presented in the figure 11. We
observe a quite good agreement for the two voluaetibns we have used. In order to have a useful

prediction of the relation between the temperatune the driving velocity, the main point would be t

be able to predict the densiiy/ hg,N-H.-H-H.. close to the wall instead of taking this valuanirthe

experimental profile as we have done in this work.

The anisotropy of the temperatures produced bybeating wall is scarcely studied in the
literature. One can find a recent experimentalysinda 3D-cylindrical configuration [33] where the
anisotropyRr =T,/ T,R-T.=,T-y.-T=x.. is reported versus the volume fraction of particéd is
shown to increase strongly for volume fraction kelb0% but remains smaller than our values. A

theoretical analysis is presented in [34] basedivem different Maxwellian distributions for the

directions parallel and perpendicular to the vileratand a density along the vibration axys
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perpendicular to the direction of vibration givée tratioR7,R-T. and predicts that, for perfectly

reflective side walls, this ratio would only deperthe restitution coefficient. This is clearlytnbe

case in our experiments (cf. table 1) where the #¢,R-T. is much larger at the lower density. It is

not possible to directly transpose this theory tm experiments since our density profile is very

different from a gravity driven one, but it may pessible to predickr,R-T. along the same lines if

we suppose a constant density in the “cold” zone.

Conclusion

We have conducted two-dimensional experiments wittibrated granular gas in microgravity. From
the video recording of the trajectories, we werdeaip obtain the translational and rotational
trajectories of each particle. These trajectoriesevthen used to deduce the kinetic parametefseof t
disks like the normal and tangential restitutiorefficients, the friction coefficient, and all the
information related to the distribution of veloesi and density. In particular we have reported the
translational temperatures along and perpenditaldre direction of vibration, and also the rotatib

temperatures. When compared to existing theotiappears that there are important differencessinc

even the full model predicts a too small rafig./Tpse = 5.2, T-tr.-T-rot.=5.2 instead of an

experimental value between 6 and 10 dependingedriking velocities. The difference is still highe

for the lower volume fraction and neither the afiegtion nor the driving velocities appear in the
model which is based on a homogeneous gas of cundtasity. In a granular gas driven by the
vibration of the cell there are two major differescwith the assumptions of the model: first the
density is not homogeneous and second the tramsédtvelocities are much higher in the direction of

vibration than perpendicular to it. We have fouhatta balance of the energy fluxes along the
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direction, y, of vibration can represent fairly Weie evolution of the temperatuf,T-y. with the

driving velocity and with the volume fraction. Ihi$ balance it is necessary to take into accoumnt th
existence of two domains, one “hot” region witlow Idensity and a “cold” region with a high density
and also the contribution of the tangential velesito the dissipation. At least the distinctiotween

the dissipation due to the collisions between thetigdes which is proportional to the average

temperaturd = (T, + T}.}HZ,T=,,T-x.+,T—y,.-2, and the driving flux, which depends only Bn was

introduced, but on the basis of the experimentt B,/T... This ratio increases when the volume
fraction decreases and it also depends on thendrixtlocity. A theoretical determination B/ T,

which could reproduce these behaviors should irestihe non-elastic collisions with the lateral walls

but is let for a future work.
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Caption of the figures

Figure 1: Sketch of the experimental configuration to tréo& motion of the disks using high speed
video recording. The cell is mounted on a vibratiahgvice allowing different amplitudes and
frequencies. The disks are pierced with two holesalight source, placed behind the cell, givearcl
observations of the disks by light transmission.

Figure 2: Typical raw experimental picture recorded durtimg period of microgravity in the presence
of the external vibration (along thedirection). The two holes, used for the opticatkiag of the
particles, can be clearly identified. A side ang stxetch of one disk is also shown. Three smadll ste
beads are placed on both sides of each disk taedfigtion effect on the lateral walls of the cafid

to prevent disk’s tilting during vibration.

Figure 3: Sketch of the disks used as the model granukdicfes. Two holes allow optical quality by
light transmission. Each disk includes, on eack,sstk small steel beads to reduce tilting andifnc

in between the vertical walls of the experimengl. 8y an optical tracking of the two holes ofialg
the position and orientation angle of the disk lbardetermined

Figure 4: Typical experimental recording of the angle ofatation,#, of one disk as a function of
time in the presence of microgravity and exterrilatation. A change in direction of rotation or sbop
indicates a collision with another particle. Whem collision is encountered, the angular velocity
remains almost constant (like on the right pathefcurve).

Figure 5: Typical experimental trajectories recorded durangollision between disks. The circles
represent the positions retrieved from optical kieg at the rate of 900FPS. For a better
understanding, we have added on the experimerjaictories the direction of motion of the disks
(arrows) before and after collision. We can prdgisbtain the position of each disk at impact Haba

the direction of the normal directionused in the determination of the inelastic propsrti

Figure 6: Sketch of two colliding particlese;,V-1.. and v3,,V-2.. and, 6,,,0.-1.. and 6‘92

represent, respectively the linear and rotatioredbaities of the particles before and after impact.

E,,V-R., is the relative velocity and the normal direction at collision. The impact alis defined

fromn to FR’.,,V -R..
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Figure 7: Experimental tangential restitutiqiy,f-0. as a function ofot{y).coty. This coefficient is

calculated from binary collisions with, in additiqthe knowledge of the angular velocities of the tw
disks before and after collision. The plain curseailinear regression used to compute the friction
coefficient arising between two particles at cottac

Figure 8. Experimental average density (circles) and véjoftriangles) profiles obtained along the

direction of vibration in microgravity for an ardaaction ¢ = 16.6%.¢0=16.6% The particles are

mainly located at the center of the cell and thesdg drops near the moving walls of the cells teda
on top and bottom. These profiles are used to aeterthe width of the area where energy is injected
into the medium (named as “hot” zone, see text).

Figure 9: Velocity distributions of the component along fttieection of vibration (y-direction) and
transverse to it (x-direction). The experimentalvesg are drawn with plain lines. The dashed lines
corresponds to a Gaussian plot of the average itiekdetermined experimentally.

Figure 10 Typical angular velocity distribution of the patés (experiment: plain curve). The dashed
line corresponds to the mathematical plotting dflaxwell distribution which includes the average
angular velocity determined experimentally

Figure 11: Comparison of the equilibrium temperature comgutem equation 13 as a function of

the driving velocity of the celllii,.).
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