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Experimental study of the collision process of a grain on a two-dimensional granular bed
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We report an experimental study on the collision of a bead on a two-dimensional hexagonal granular
packing. This collision process is of crucial importance in aeolian transport of grains. We have investigated the
kinematic properties of the incident bead before and after the collision, and the resulting deformation of the
packing. A typical collision is characterized by the rebound of the impacting bead and the ejection of a few
beads of the packing. We have shown that the properties of the rebound bead depend weakly on the impact
speed and that the rebound process involves only a few bead layers of the packing. On the contrary, the
ejection mechanism depends strongly on the impact speed. In particular, it is found that the number of ejected
grains increases with the impact speed whereas the most likely value of their energy is practically independent
of the impact speed. Furthermore, we have given evidences that the ejection process involves a great number
of packing layers and therefore is extremely sensitive to the height of the packing. For small packing heights,
one observes additional ejected grains which can be interpreted as being produced by the reflection of the
shock wave on the bottom of the pile.

PACS numbdps): 45.70—n, 62.20—x, 81.05.Rm

[. INTRODUCTION tion. Under the impact of the saltating grains, some grains of
the granular bed can be ejected. These ejected grains gener-
Flows of granular materials occur in a lot of industrial ally of low energy are creeping or rolling over short dis-
processes involving transport of grains or powders and alstances. Some of these reptating grains, if their launch veloc-
in natural phenomena. One of the major problems in granulaity is high enough, can enter the saltation cloud after a few
flows is to model correctly the collisions between grains. Therebounds. In the initial period after the wind set in, the pro-
collision processes are of paramount importance becausaotion of reptating grains in the saltation cloud is usually
they are responsible for the transfer and dissipation of energynuch greater than the trapping of the saltating grains by the
in granular flows(see, for example, Refl]). The under- bed so that the density of saltating grains increases drasti-
standing of collision processes is therefore crucial in order teally. As a result, the wind velocity is reduced at the bed
develop numerical and theoretical studies in granular flowssurface and the saltating grains are less accelerated by the
The bead—-bead collision is now fairly well understd@  wind. The ejected grains are therefore less energetic and less
but collisions involving more than two particles are still an grains are promoted to the saltation cloud. The saltation
open problem. Only a few experiments have been carried oWoud finally reaches a state of equilibrium with the wind
to investigate such problems. The collision of a granular colyyhere the number of saltating is in average constant. In the
umn on a solid plane has been explored recently in order tegqyiliprium state” of saltation, the promotion rate of
study the mechanisms of momentum transfer in granular Mg tating grains in the saltation cloud is exactly balanced by
dia [3,4]. The collision of a bead on an assembly of beadsnhe pronability of the saltating grains to be caught up by the
has not retained much attention among physics communityeq s rface. This picture of aeolian transport has been con-
although it has many implications in geomorphological pro-fiymeq by several authofsee[6]). Some models incorporat-
cesses which involve aeolian transport of grains. Indeed, i'fhg the coupling between the bed and the saltation curtain

the transport of grains over granular surfaces sand e heen proposed to describe this self-regulatory process
deserty subjected to wind blow, the collisions between the[7,8]_ In particular, it has been shown that the collision pro-

granular bed and grains in motion play a very important rolepegg s determinant: the energy involved in the collision is

In particular, the transport of sand by saltation—where th&seq for the reemission of the saltating grain and also for the

grains move by successive jumps along the granular surfacge ction of low energy grains. In addition, numerical simula-

alternatively bouncing on the bed and being accelerated by,ng have given evidences that the shear stress exerted by

the wind.—deper)ds crucially on the impact process betweefq \wind on the bed is inefficient to eject graligg. In other

the saltating grains and the sand bed. _ words, the direct entrainment of the grains by the wind is
Our purpose is to focus on the collision of a grain on apggjigiple in the equilibrium state of saltation, only the im-

granular bed in the context of aeolian sand transport. First 9, cts of the saltating grains are able to eject grains from the
all, we would like to recall the main lines of the mechamsmsbed_

of aeolian transport. According to BagndHl, there are two

: ) Our objective here is to analyze carefully the way b
main mode$of transport: saltation evoked above and repta : y y Ad

‘wWhich the energy of the impacting grain is redistributed, re-
spectively, to the rebound grain and the granular bed. For
that purpose, we have carried out an experiment which sim-
Yn fact, on should add a third mode of transport which is suspenply consists of throwing a bead onto a packing of beads.
sion and concerns only very small grains 100 um). Several experimental and numerical studies have been al-
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ready performed on this collision process. It is thus worth Valve2, T,:-ﬂ
presenting succinctly the main outcomes known from the Vacuumicell chamber: | ™

earlier studies. Rumpe€l9] proposed in 1985 a collision Air gun
model in a two-dimensional geometry. The angle of rebound

is not 90° as Bagnolfb] thought but much less, roughly 50°

with respect to the horizontal. His model predicts an ampli-
fication mechanism of the vertical velocity as the angle of poy™
impact decreases, a compulsory ingredient for the mainte:
nance of the saltation process. Willets and Rit6] have
observed the collision phenomeimasitu, by high speed film,

in a wind tunnel experiment. In a typical collision, the inci- Stroboscope —- Timer
dent grain hits the surface at small angles of 10°—-16° anc ‘

bounces with an angle between 20° and 40°. A few grains
are ejected from the bed with a speed of one order of mag- ﬁ
Camera —

uaSonIN

Incident bead

A\
000000000 ()]
pe

nitude less than the impacting grain. The angle of ejection is
found to be of about 50° with large fluctuations. Mitbial.

[11] studied directly the collision of a steel bead on a three-
dimensional packing of steel beads. The phenomena was re-
corded through stroboscopic photography. Their results es-
sentially confirm the previous studies and supports Rumpel’éatures of the ejected beads. Finally, we present conclusion
hypothesis about the amplification mechanism of the verticaknd outlook in Sec. V.

speed at low angles. Ungar and HEfR] proposed to sum-

marize the outcomes of an impact event by means of a sta- || £yxpERIMENTAL SETUP AND IMAGE ANALYSIS

tistical function called the “splash function.” It is defined as

the probability that a grain be ejected at a given launch ve- A. Experimental setup

locity. Numerical studies of collision; on two—dimensional_ We have used for the experiments spherical plastic beads.
beds have been also developed using molecular dynamigg,o diameter of these beads is 58504 mm and their
algorithms(see_z works_of W_erner and _Ander_s{)ﬁls]). The mass is 0.195 ¢the density is 1.86 g/c#). The experimen-
results—despite obtained in a two-dimensional geomelry—g, qep is sketched in Fig. 1. Grains are confined in a cell
show a good agreement with the experiments cited above. o e of two vertical glass plates separated by a distance of

FIG. 1. Experimental setup.

Srhe ai i f | paig:a 1 |
experimental parameters. We have therefore decided to co ipee aalsre%u?o Izuﬁg;n &%Sﬁga% t?:ﬁ;nﬁi?p?élmiglnhglgg

fine ourselves to a two-dimensional geometry: a bead if,e heen bored in order to avoid residual blow effects in the

thrown on a 2D ordered packing of single size beads. AI'ceII which could perturb the collision (i) a vacuum cell

though this experiment is two-dimensional, s_ome'of th.e ®Used to sustain the bead at the beginning of the pipe before
sults could be extrapolated to natural saltation since it ha

the shot,(iii) a vacuum pump linked up to the vacuum cell

been Seen th"flt r_lumerlcal 2D _stgdles and 3D EXpe”men(ﬁa a valve(valve 1in Fig. 3, and(iv) a pressurized chamber
gave rise qualitatively to very similar outcomes. The phySi-connected to the vacuum cell via a second vabadve 2 in
cal mechanisms for the redistribution of energy are expecte ig. 1). The pressurized chamber is fed by a bottle of nitro-

to be_S|m|Iar in 2D an'd 3D. In this experimental study, we en under pressure. Finally, an electronic device coordinates
have investigated the influence of two parameters on the co he following successive operations: valve 1 is opened

lision process, that ié}) the speed of the impacting grain and vacuum is drawn in the vacuum cell in order to sustain the

(ii) the height of the packindi) The influence of the impact )., yalve 1 is shut, valve 2 is opened, the pressurized air
speed on the collision is of great physical interest. Indeed

. ) ) . ; enters the vacuum cell and propels the bead in the pipe.
during the transient state of saltation, saltating grains explor

) ) . €XPIOT€ The visualization of the collision is insured by a CCD
different impact speeds before reaching a state of eqwllbrlur(}ideo camerawhich is used as a photo camecaupled to a
with the wind. The dependence of the collision process

Or%troboscope which illuminates the scene of collision. A

the impact speed can thus give us precious informations og,qie hicture is taken for each collision with a long exposure
the interaction between the wind and the saltation curta@-h

i Th q ¢ h dealt with is the infl me of 7=0.2 s. This time is found to be sufficient to catch
(i) € second aspect we have deatt with 1S th€ INfIUeNCe Ge a0k of the impacting bead and the trajectories of the
the height of the packing on the collision. It turns out that _;

: e . .~ ejected beads.
with our 2D geometry the variation of the packing height
drastically changes the outcomes of the ejection process.

The paper is organized as follows. We present in the sec-
ond section the experimental setup and the procedure used to The experiments have been performed with a hexagonal
analyze the pictures taken from the collision process. Therpacking. The incident angle has been kept fixed to a value of
in the third section, we report the properties of the rebound3°® while (i) the impact speed andi) the packing height
bead as a function of the impact speed and the packingave been variedi) Following [11], the order of magnitude
height whereas Sec. IV is devoted to the analysis of thef the impact speed has been chosen according to the value

B. Experimental conditions
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FIG. 2. Typical picture of a collision: the incident grain is com-

ing from the left-hand side of the picture. o 3 " s % 7 P o prS

of the Froude number measured in typical natural conditions 100 (V_/V)

of saltation (the Froude number is defined as=Fvi2/gd

whereV; is the impact speed andlis the grain diameter FIG. 3. An example of distribution: distribution of the modulus

The typical size of sand grains in desert is of order ofof the eje_ction speel; of the ejectas. The ejection speed has been
200 um and the saltating grains can reach speeds of about§normalized by the the impact speéd Ne; stands for the number
m/s during sand storms. As a result, the Froude number i&f jected grains.
estimated to be of order of 10000. Taking into account the
grain size used in our experimefdbout 6 mn), one gets grains. The procedure of image analysis is as follows. For
impact speeds of order of 10 m/s if one desires to reach He incident bead, we extract two successive positions before
Froude number close to that measured in the field. We havée collision and two after the rebound. For the ejected
thus chosen impact speeds ranging from 6 to 22 m/s. Tharains, we extract six points of the trajectory and fit it by a
impact Speed is Changed by mod|fy|ng the air pressure in th@arab()la. The SpeedS of the ejeCted grainS are so low that air
pressurized chamber. However, for a given air pressure, thigiction is negligible. Furthermore, friction with the lateral
resultant speed of the incident bead fluctuates a lot. This iglass plates is also found to be practically inexistent for the
mainly due to the fact that the axis of the air gun does not lieiected grains. The presence of friction is detected when the
exactly in the plane formed by the glass plates of the celltrajectories deviate from parabolic shapes. For the great ma-
The bead, as it enters the cell, undergoes therefore lateriirity of the ejected grains, no deviation is observed. How-
collisions and friction with the glass plates before acquiring &8Ver, in the rare cases where friction is present, we fit only
steady velocity. In other words, the incident bead loosedhe beginning of the trajectory. From these data, we can eas-
some energy in the beginning of its motion between thdly obtain the parameters of the parabolas and deduce the
plates in a way that is not predictable. As a consequence, tHaunch velocities and locations of ejection of the grains. The
exact impact velocity is measuregbasteriorion the pictures ~ grains whose hop height is very sméle., below 1.5 bead
of the collision.(ii) The packing height has been varied from diametey have not been taken into account in the statistics.
a few layers(i.e., 6 up to 36 layers. These grains usually fall back to their initial positigsee

A few important additional remarks follow. First, we Fig. 2 and have not retained our attention.
should point out that before each collision the surface of the For given values of the impact angle and of the packing
packing is made perfectly horizontal. This precaution is im-height, about 200 collisions are performed with impact
portant since some studies have shown that disorder or defegpeeds ranging from 6 to 22 m/s. As seen before, the impact
at the surface could modify the splash functigi8]. We speed is determineal posterioribecause there is no univocal
stress also the fact that the geometrical order in the packin@ation between the pressure used and the speed of the inci-
does not prevent the presence of a disorder in the contacg¢nt bead. The collisions, after image analysis, are then
between the beads in the packing: this is unavoidable since$rted out according to the impact speed in different bins of
real sample of beads is always slightly polydisperse. Finally2 m/s width. The width of the bins have been chosen such
it is important to point out the limitations of our experiment. that the number of collisions in each bin be sufficient to
We are not able to control the spin of the incident bead andPerform correct statistics. For 200 collisions, we get an av-
the position of the impact point. Due to the lateral friction €rage of 20 pictures per b{which corresponds to about 100
with the plates, the incident bead is rotating but the rotationagjected grains From all collisions belonging to a specific
energy is expected to be negligible in comparison with thePin, we can extract the distribution of the different quantities
translational energy. Concerning the the impact point, theréharacterizing the ejected grains. For a given quantity we
is always an uncertainty about its exact location. This is dugalculate the average value and estimate the dispersion from

to the inherent dispersion of the incidence angle. the variance of the distribution. Figure 3 shows a typical
example of such distributions.

C. Image analysis
. - Ill. PROPERTIES OF THE REBOUND BEAD
A typical collision between a bead and the granular pack-

ing is shown in Fig. 2. The stroboscope is working at a As it has been observed by Mithet al. [11], one can
frequency of 500 Hz. For the range of impact speeds invesdistinguish, in a typical collision, between the rebound par-
tigated, this frequency is in fact adequate to get distinct spotticle and the ejected grains. The rebound bead is character-
for the rebound bead and a continuous track for the ejecteized by high speed in comparison with the ejected grains.
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FIG. 5. Dependence of the restitution coefficierdn the pack-

FIG. 4. Dependence of the restitution coefficiemn the impact . . . .
ing heightN,, for two different impact speeds.

speedV; .

The speed of the rebound bead, as to be shown below, Bne should note that there are large fluctuations of order of
usually about one-third of the incident speed. We presen20°. This large dispersion may be partially explained by the
here the main features of the rebound bead as we vary tHact that the location of impact of the incident bgadth the
impact speed and the packing height while the features of thiarget beads of the packing different at each shot. As said

ejected grains are exposed in next section. above, due to the inherent dispersion in impact angles which
has been found to be of about 4°, it follows that the impact
A. Influence of the impact speed zone has a spatial extension of about five grains. We thus

We have performed here a set of experiments for a pack?XpeCt that all the possible positions of impact be explored

ing of 24 layers varying the impact speed from 6 to 22 mis collision on the top of the target bead, collision between two
The properties of the rebound bead are analyzed through ﬂ‘iarget beads, efc.This may explain the large fluctuations

restitution coefficient of the packing and the angle of re- Sbserved in the rebound angle.
packing 9 Finally, it is worth noting that in some rare cases the
bound. The results are summarized below.

" L L e incident bead is caught up by the granular packing. This
' Restitution cpefﬁuentThe coefficient of re§t|tut|on de- happens when the incident bead impacts between two beads.
fined as the ratio between the rebound and impact speed

found to be slightly decreasing as the impact speed get}ﬁthough the statistics of trapping is relatively poor, one can

higher (see Fig. 4 To calculate the average value of the Sstimate the probability of capture to be of the order of a few

o - - . .~ percent. A more specific study is necessary if one desires to
restitution coefficient, we have not taken into conS|derat|or1D P y y

L o ) . explore in details this process of capture, but it is beyond the
the collisions where the incident bead is trapped in the pack—Cope of this paper.

ing. The coefficient of restitution is 0.43 for impact speeds ofs
10-12 m/s and 0.35 for impact speeds of 20-22 m/s. One
can note that the restitution coefficient is much smaller than
that for a binary collision. As to be seen further, the direct We have investigated the influence of the packing height
collision of a bead upon PVC gives a restitution coefficienton the properties of the rebound bead. We have varied the
of order of 0.7. The collision process investigated here canpacking height from 0 up to 36 bead layers. The results pre-
not clearly be considered as a binary collision. The energy oéented below correspond to collisions performed at interme-
the incident bead can be dissipated either by the inelastidiate impact speedd0-12 and 14—-16 mysHowever, it is
interactions between the beads of the packing or by the inimportant to note that the observed features remain the same
ternal reorganization of the granular packifgssentially at higher or lower impact speed.
through a modification of the network of bead contacts  Restitution coefficienin Fig. 5, we have plotted the res-
These two mechanisms are likely to occur. One should notétution coefficient as a function of the packing height. One
however that even slightly inelastic interactions between thelearly sees that for packing heights ranging from 6 to 36
beads can lead to such high dissipation as it has been shouayers, the restitution coefficient is almost constant. We have
for the collision of a column of beads with a w#ll4]. also performed some experiments for packing heights
A few remarks should be added. First, the same evolutiosmaller than 6 layer$3, 2, 1, and 0 layejsand we have
of the restitution coefficient with the impacting speed hasfound that the restitution coefficient increases from @8 6
been also observed by Willets and Rid®] as well as by layerg to 0.65 (for a collision on the PVC bottom From
Anderson[6]. Second, it is worth noting that the amount of these results, one can conclude that the incident bead does
energy kept by the bouncing grain is about 20% of the im-not feel the presence of the bottom of the pile when the
pact energy wheredas to be seen latethe total energy of height of the packing is of 6 layers or more. It suggests that
the ejected grains represents less than 1% of the impact etiie incident bead interacts—through the contact network of
ergy. the grains —only with the superficial layers of the packing.
Angle of rebound The angle of rebound is in average The critical number of layers involved in the rebound of the
constant for all impact speeds and it is about 25°. Howeverincident bead with the packing has not been determined ac-

B. Influence of the packing height
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curately. One can only argue that it lies between 3 and 6
layers since we have not performed experiments for packing ]
heights in between. 6

Angle of reboundThe angle of rebound is found to be 1
almost constaniabout 26°) for packing heights ranging ]
from 6 up to 36 layers. This result confirms the fact that only z* 4 —
a few layers(smaller than B are involved in the process of 5
rebound. As the packing height is decreased below 6 layers l

the angle of rebound increases. The angle of rebound goesu 2 —
to 36° for a packing of 2 layers and reaches 49° for a re- ]

74

bound on the PVC bottom. ']

v T M T M T M T v 1
8 10 12 14 16 18 20 22

C. Conclusion V, (m/s)

We have characterized the properties of the rebound bead
according to the impact speed and the packing height. We FIG. 6. Dependence of the number of ejected gralgson the
have put forward several interesting features. The restitutiofnPact speed; .
coefficient is around 0.4it is roughly twice lower than that
obtained in a bead to bead collisjoand decreases weakly ber of ejected grains increases roughly linearly with the im-
with the impact speed. The study of the influence of thepact speed. This result confirms the numerical findings from
packing height has revealed that the incident bead during th&]. Moreover this behavior has also been found in three-
collision only feels the first layers of the packitg maxi- dimensional(3D) collision experiment$11].
mum of 6 layers The layers below have no significant in-  Velocity and energy of the ejected grainBo analyze
fluence on the rebound of the incident bead. These resultmore carefully the properties of the ejected grains, we have
can be interpreted by the fact that the interaction between thglotted their energy distribution for three different impact
incident bead and the target bégdasts a time smaller than speedgsee Fig. 7. Statistics have been established over all
that necessary for the shock wave to propagate down to the ejected grains resulting from the collisions corresponding
layers and to be reflected to the surface. Finally, we havéo a given impact speed. The energy distribution represents
noticed an important dispersion in the data probably because a strict meaning the splash function of the collision pro-
we do not control the location of the impact between thecess. The energy has been measured in terms of the maxi-

impacting bead and the target bé&ad mum height reached by the ejected grains. This energy does
not represent the total kinetic energy of the ejected grains but
IV. PROPERTIES OF THE EJECTED GRAINS reflects only the vertical speed of ejection. In the context of

. _ . saltation, the vertical speed of ejection is of crucial impor-
We present here a detailed analysis of the properties ghnce since it determines the amount of energy stocked by
the ejected grains as a function of the impact speed and th@e grain during his jump. Indeed, as wind stress increases
packing height. We will see that the properties of the ejectedyith height, the higher the grain is, the larger is the energy
grains are quite different from those of the rebound beadyansmitted by the wind to the grain.
Before going into details, we shall present first the general ope can note that the majority of the ejected grains reach

features of the ejected grains. The ejected grains are muciipejght corresponding to 2—3 grain diameters whatever the
less energetic than the rebound grain. Their launch velocity

rarely overcomes 10% of the impact speed. The other salient
feature of the ejected grains is that they can launch in bott
directions. Most of them are moving forwagdith respect to 30
the incident directionbut a non-negligible part is moving 1
backward. It is worth noting that beads ejected from a point™§
located in front of the impact position are jumping forward £_ o)
whereas those ejected from a point at the back are movin@
backward.

Vi=1012 m/s
---+-- Vi=14-16 m/s
..... +- Vi =18-20 m/s

100 (N_

A. Influence of the impact speed
5 -

The results presented below have been extracted from i
set of experiments performed with a packing of 24 layers 0
varying the impact speed between 6 and 22 m/s.

Number of ejected graindVe have first investigated the

number of ejected.gralns per impact as a functloan the im-  FiG. 7. Energy distribution of the ejected grains for different
pact speed(see Fig. . We have found that for impact impact speeds. The energy is measured in terms of the maximal
speeds below 6 m/s, there are no ejected grains. There exigigightH reached by the ejected grains. The number of grhigs
therefore a threshold velocity below which ejection is impos-has been normalized by the total number of ejected gijgover
sible. Above the threshold impact speed, some grains frorall collisions performed at a given impact speed &hi$ measured
the bed are ejected. One clearly sees in Fig. 6 that the nunm units of grain diameter.
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FIG. 9. An example of a collision showing ejectas taking off at
a distance of about 10 grain diameters from the impact point.

poor since the number of ejected grains per impact is low
FIG. 8. Distribution of the ejection distanag,; measured in (the statistics has been done over a total of 22 ejected grains

units of grain diameter. The number of ejected grdigshas been Second, concerning the grains ejected close to the impact

normalized by the total number of ejecthlg, over all collisions ~ Point, it is difficullt (due to the impreCiSiO_n of the measure-
performed at a given impact speed. mentg to determine whether they are ejected backward or

forward and it may happen that forward ejectas are counted
impact speed. More than one-third of the total number ofas backward ejectdand vice verspa Therefore the points of
ejectas reach such a height for impact speeds of 10-12 m/the curve in Fig. 8, close to the impact position, should be
Nevertheless the proportion of these ejectas of low energgnalyzed with caution. Let us first analyze the forward ejec-
decreases as the impact speed is increased. The proportitas. One can note that the width of the zone concerned by
falls to one-fifth for impact speeds above 14—16 m/s. Onegjection is of the order of 8 grains and does not seem to vary
can also note that as the impact speed increases, the pradignificantly with impact speed. The ejection distance of the
ability to get high energy grains is increased. For impacimajority of the grains is about 3—4 grains whatever the im-
speeds of 10—12 m/s, no ejected grains reach a height greajesict speed. Concerning the backward ejectas, there is no
than 8 grain diameters whereas for impact speeds of 18—2flear peaks. The region concerned by the ejection is com-
m/s, more than 10% of the ejectas go up to such a height girised between 1 and 4 grain diameters from the impact
higher. We have also calculated from these distributions thgoint. We have also calculated the mean value of the ejection
evolution of the mean value of the vertical speed of the ejecedistance as a function of the impact speed and have found no
tas as a function of the impact speed and we have found significant evolution for forward and backward ejected
slight increaséfrom 0.55 to 0.65 mjs The existence of the grains.
high energy ejectas at high impact speeds are responsible for As seen above, the ejected grains come essentially from a
this slight increase. However, as seen just above, the mo&ical region surrounding the impact point of the collision.
likely value of the vertical velocity of ejection is independent However, in some cases, grains can be ejected from a loca-
of the impact speed. tion which is far from the impact point. This may suggest
We have also investigated the horizontal speed of ejectiothat there exist two different modes of ejection. The part of
and have found no significant evolution with the impactthe energy of the impacting bead which is transferred to the
speed. Its mean value fluctuates between 0.2 and 0.3 m¢ganular bed can either be dissipated in a localized region in
which is less than one-half of the vertical speed of ejectionthe neighborhood of the impact point or propagate over long
Finally, we have calculated the total energy transmitted talistances along the lines of contact between grains. In the
the ejected grains by the impacting grain. We have noted thdirst case, only local grains are dislodged and a crater is
the total energy of the ejectas is increasing with impacformed around the impact point. In the second case, the
speed. This is mainly caused by the increase of the numbe&thock wave seems to propagate over long distances and re-
of ejected grains since the individual mean energy of themerges rather far from the impact point producing ejection
ejectas is increasing weakly with impact speed. The totabf few grains(see Fig. 9 for an illustration of this phenom-
energy of the ejected grains represents about 0.2% of thenorn).
energy of the impacting grain for impact speeds of 10—12 Correlations between the distance of ejection and the
m/s and about 0.8% for impact speeds of 20—22 m/s. speed of ejectiarFor a more accurate analysis of the energy
Angle of ejectionConcerning the mean value of the angle transfer between the impacting grain and the granular bed, it
of ejection, we do not find any significant evolution with the can be instructive to study correlations between the energy of
impact speed. The mean ejected angle is about 67° with the ejected grains and the location of ejection. We have ex-
dispersion of 8° for forward ejectas and 100° with a disper-amined the dependence of the vertical speed of the ejected
sion of 4° for backward ejectas. grains as a function of their location of ejection. In Fig. 10 is
Location of ejectionWe define the distance of ejection as plotted the vertical speed of ejection against the location of
the distance between the impact point and the location oéjection at a given impact speed of 18—20 m/s as observed
take-off of the ejected grain. We have first extracted fromfrom 30 collisions. No correlation is found between the two
our data the distribution of the ejection distance for threequantities. In other words, at a given distance from the im-
different impact speedésee Fig. 8 One should point out pact position, one can find ejected grains with all the possible
that for impact speeds of 10-12 m/s the statistics is rathevalues of energy with equal probabilities. Finally, concerning
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H FIG. 11. Evolution of the number of ejected graig with the
impact speed/; for different packing heights.
FIG. 10. Ejection distancel,; against the maximal height
reachedH by the ejectas at a given impact speed of 18—-20 m/s a$o go back up to the superficial layer after reflection on the
observed from 30 collisiongd,; and H are measured in units of bottom. At low impact speef.e., 10—12 m/g the amplitude
grain diameter. of the shock wave after reflection on the bottom is not strong
i L L i enough to produce additional ejectas even for small packing
t_he honz_ontgl s_peed .of ejection, no variation with the |°Ca'heights. On the contrary, at high impact spéee., 18—20
tion of ejection is noticed. _ o m/s), the reflected shock wave is able to create additional
Correlations between the distance of ejection and theyjectas for packing heights up to 24 layers. These features
angle of ejectionAlthough there is no correlation between oo cieqrly illustrated in Fig. 12 which displays the number
the distance of ejection and the speed of ejection, the anglgr gjectas as a function of the height of the packing for dif-
of ejection is found to decrease as the ejection distance gef§yent impact speeds. One can conclude here that the pres-
larger. The angle of ejection’is 75° for an ejection distance Obce of the bottom enhances the number of ejectas when the
one grain size and 57° for an ejection distance of 7 grainyacking height is smaller than a critical height which de-
sizes. For the backward ejectas, the angle of ejection is aboYlnqs on the impact speed. This critical height is less than 6
100° whatever the ejection distance. layers at low impact speeds, about 12 layers at intermediate
speeds, and of 24 layers at high speeds.
B. Influence of the packing height Velocity and energy of the ejected graii® have a more
The packing height turns out to be a very important pa-2ccurate description of the additional ejectas due t(_) the pres-
rameter for the properties of the ejected grains. During th&nce of the bottom, we have plotted the energy distribution
collision process, a part of the energy of the incident grain if the ejectas for different packing heights at a given impact
transferred in the granular bed and scattered partly amongPeed of 18—20 m/see Fig. 18 We recall that the energy
ejected grains. The number of layers of the granular packin§f ejection is measured in terms of the maximal height
which is involved in this transfer is not known. Our purposeeached by the ejected grain. _ _ .
is to get an evaluation of the depth over which the shock _One can note that the additional ejected grains esgennally
wave generated by the collision penetrates into the packing€inforce the peak located at an energy corresponding to a
It has been already observed by numerical simulations thdteight of 2—3 grain diameters. They are therefore of low
the shock wave could reflect on the bottom of the pile ancEnergy. The tail of the distribution at high energy is also
give rise to additional ejected graifig]. We have investi- affected by the height of the pile: the probability to get high
gated here the collision process for four different packing
heights(6, 12, 24, and 36 layers
Number of ejected grain¥Ve have noted that the packing
height alters the mean number of ejected grains per collision
Indeed, we find that the number of ejectas decreases as tr 5]
packing height increases, as it can be seen in Fig. 11. In thi 7]
figure is plotted the mean number of ejected grains per col- 5 ]
lision as a function of the impact speed for three packing® ]
heights. The effect of the packing height is spectacular at 4]
high impact speed.e., 18—20 m/s One gets 10 ejectas for 3-:
a packing of 6 layers and 4 ejectas for a packing of 36 layers 2]
whereas at low impact speed the packing height has a ver 11
tiny effect on the number of ejectas. This result can be ex- D S AL S AR S
plained as follows. The presence of the bottom of the pile N
enhances the number of ejectas only if the impact energy is
high enough so that the shock wave generated by the colli- FIG. 12. Dependence of the number of ejedtason the pack-
sion is able to propagate down to the bottom of the pile andng heightN, for different impact speed; .

—8— 1012 m/s
--0--- 1416 m/s
cocdee-- 18-20 mis

|
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FIG. 13. Energy distribution of the ejected grains different pack- o o . )
ing heightsN, at impact speeds of 18—20 m/s. The energy is again FI_G. 15._ D|str|bu_t|on of the ejection distanek; for different
measured in terms of the maximal heighteached by the ejected Packing heights at impact speeds of 18-20 m/s. The number of
grains. The number of ejected graiNg; has been normalized by ejected grainde; has been normalized by the total number of col-
the total number of collisiond\, performed at a given packing 'iSionsNs performed at a given packing height.
height andH is measured in units of grain diameter.

tribution of ejection distance for different packing heights at

energy ejectas is increased for packings of low heights. As ampact speeds of 18—20 m/s. One sees that for small packing
result, the effect of the bottom is to create additional ejectasheights the peak of the distributidfor the forward ejectas as
One should finally add that the mean value of the verticawell as for the backward ongss closer from the impact
ejection speed seems to be independent of the packingpint. In other words, the ejection near the impact point is
height. enhanced at low packing height. As a result, the mean value

We have also analyzed the mean horizontal speed of ejeof the ejection distance increases with the packing height.
tion as a function of the packing height. As the packingThis rise is more marked for backward ejectas. The above
height increases from 6 layers to 36 layers, the average horfeature can be explained partially by geometrical properties.
zontal speed of an ejecta is doubled for forward ejectas fromiVe have seen that some of the ejectas observed for small
0.10-0.15 m/s to around 0.3 m/s and does vary significantlpacking heights are generated by the reflection of the shock
for the backward ejectaghe value fluctuates around 0.10— wave on the bottom of the pile. The smaller is the packing
0.12 m/s. height, the higher is the probability that the shock wave after

Angle of ejectionThe mean ejection angle of the forward reflection reemerges close to the impact point. A small pack-
ejectas is decreasing as packing height is increased and iizg height would prevent the shock wave to explore all the
almost constant for the backward ejectase Fig. 14 The different possible paths in the pile. We thus expect the dis-
mean ejection angle of the forward ejectas is about of 65° fotance of ejection to be smaller as the height of the pile de-
36 layers and of 80° for 6 layers whereas the backward ejecreases.
tas take off at angle of 100° whatever the packing height. Finally, it is worth noting that the proportion of backward
The conclusion is twofold. First, the forward ejectas forejectas strikingly increases as the packing height decreases.
small packing heights take off with a steeper angle. Secondlhey represent 25% of the total number of ejectas for a
the ejection angle of the backward ejectas does not seem tmcking of 36 layers and 42% for a packing of 6 layers. For

be affected by the height of the pile. small packing heights, the grains seem to be ejected much
Location of ejectionIn Fig. 15, we have plotted the dis- more symmetrically with respect to the location of the colli-
sion impact.
1104
] E C. Discussion
100 E/E—”‘E/ . -
] The above experiments have put forward some important
90 features. They have shown that the impact speed is a crucial
1 parameter in the ejection proce$s.They have revealed the
o° 801 existence of a threshold impact velocity below which the
I ejection of grains is forbidden. For impact speeds below 4—6
7 I m/s, the impact bead bounces over the granular pile without
o0 ﬂ producing ejectagiii) Above the threshold impact velocity,
| some grains of the upper layer of the packing are ejected.
50— — The ejected grains preferentially move forward but a non-
0 6 12 18 24 30 3 negligible part lift off backwardJ(iii) Most of the ejected
N grains are weakly energetic in comparison to the rebound

c

grain. Only a few of them are highly energetic and their
FIG. 14. Evolution of the ejection anglé; with the packing ~ proportion increases with the impact speéd) An increase
heightN, at impact speeds of 18—-20 m/s. of the impact speed rises the number of ejectas but the most
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likely value of the vertical ejection velocity is surprisingly V. CONCLUSION AND OUTLOOK
independent of the impact speéd) The spatial extension of S .
the ejection zone is of order of 8—10 grains on both sides o;_n evr:/teart])?)\lﬁ tﬁfiiﬂ};%r;noﬁh:tg Z:jk ctrr]]?orgsuﬁk?r: agfebxepaedrg
the impact point. The most fikely value of the ejection diS_We confined ourselves to the simplest eF(;metr gWhere thé
tance is of about 3—4 grains and does vary significantly with T ; . P 9 y .
the impact speeds investigated so far. packing is two dimensional. The beads used are of plastic

Experiments have also shown that the packing height ha%nd have been arranged in a hexagonal packing. Although

an mporant eflec on the efcton process) As the pack. 0o SOSTTEN! 2 aher o e ea) sbaton of seofer,
ing height is decreased, the number of ejected grains is e port,

hanced if the impact speed is high enough. This enhanci—npaﬂ model of saltation. We have shown that the energy of

ment is interpreted as to be due to the reflection of the shoc pe impact bead is redistributed, respectively, to the rebound

wave on the bottom of the pilévii) Moreover, a variation of ead and to the ejected grains. We have investigated the

the packing height alter the features of the ejected grains. Iwﬂuence of two parameters, the impact speed and the pack-

particular, the smaller is the packing height, the smaller ig"d height. The main results are the followir@. The pro-

the ejection distance and the steeper is the angle of ejectioﬁﬁiszgfsregggr;igfg:le :?g\j,\??; tﬁg‘lﬁﬁ?h;mﬁ? ent of
Some of these above features can be explained by geb- P P Y 4 P )

metrical arguments considering the propagation of the shocR'®. mvglved '(T thatthprc_)cessjt) The éeatlér?ﬁ of the eject]:ed.
wave created by the impact throughout the packing of bead%.ramS epend on the Impact speec and the process ot €jec-

However, if one desires to have a clear picture of the mecha" involves a great number of bead layers in the packing. In

- Co - .. particular, the number of ejected grains increases with the
nisms of the shock wave propagation in the packing, it ISIDmpaCt speed and decreases with the packing height.

trongly n t vel numerical or analytical model. . ) ; C R
strongly needed to develop a numerical or analytical mode Our experiment is a first step to gain insight in the mecha-

This is one of our future preoccupation. nism about how a shock wave can propagate throughout a
Finally, we shall say a few words about the implications propag 9

of our results for the aeolian transport of sand. First, on hrgpmg:epiascg'ggbr tr?eee\él%\:‘vao':hggrrergsglltr?o\élv; ?c;ein?ga::t
shall say that our experiment is not relevant to all situation 9 P

of sand transport. In particular, for strong winds, the whole he outcome of our experiments on sound basis. There are

bed surface appears to be creeping so that the saltating gfaiﬁﬁoéo\,rcg eo):hg(r:taﬁgﬂﬁgt ?:giwféeorfs;;ib eh tvtiligg?deljci)rq teh);
collide with a moving layer and not with a static bed. There- pie, P P 9

fore, our experiment is expected to be pertinent solely forpgﬁg)l? gfa&grssgﬁaﬂt?r;hse grl:tﬁ?;nvgu?;tgles gcl))llelsilr?tr]érler]stti?le
saltation under moderate wind conditions. In this case, th port, 9

density of creeping grains is sufficiently low so that the sal- 0 study the influence of the incidence angle. In particular, as
tating grains essentially collide with immobile grains of thethe angle of impact decreases, we expect the number of ejec-

sand bed. Second, we have dealt with a single collision prot—aS to increase importantly and the colhsu_)n to involve only
e superficial layers of the granular packing.

= . N t
cess and it is clear that in real situations there are man)}"' Finally, although the 2D geometry is somewhat artificial,

collisions and possible resulting collective effects. Despite . . . ;
we are convinced that our experiment is a very good instru-

these restrictions, one can draw from our experimental re- ent 1o test theoretical attemnts to model the splash law
sults some interesting information about sand transport. | o mp o P o
arallel to this, it also constitutes an indirect way to obtain

the context of saltation transport, the existence of high eni'nformation about the sound probaqation in a aranular media
ergy ejectas is very important even if their proportion is propag 9

small. Indeed, these grains have the possibility to reach th@rough the properties of the ejectas. Of course, the natural

saltation cloud. In the equilibrium state of saltation, the cou"eXt step will be to investigate the collision process on a 3D

pling between the population of reptating grains and that irPf'iCking' In a 3D geometry, the packing of grains is naturally

S . _disordered and, consequently, the length of the chains of
saltation is in fact compulsory to compensate the proportlorﬁjl ) . .
of saltating grains being caught up by the surface. If there igontacts[lS] in the packing along which the shock wave can

a local increase of the saltating grains due to fluctuations, th rppagate is shorter. This may alter the outcome of the col-
wind speed will drop. The speed of the saltating grains there~>'ON Process.
fore decreases and the probability to get high energy ejectas

is then Iowe_red as it has been ShOWh above. As_ a result, the ACKNOWLEDGMENTS

number of ejectas capable of entering the saltation cloud de-

creases and the density of saltating grains drops back to its We thank Stephane Bourles and He®@eain for the de-
equilibrium value. This feedback mechanism that controlssign of the setup. We are also indebted to Patrick Chasles for
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