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Interstitial gas effect on vibrated granular columns

Javier C. Pastenes T, Jean-Christophe Géminard *, and Francisco Meloﬂ
tDepartamento de Fisica Universidad de Santiago de Chile,
Avenida FEcuador 3493, 9170124 Estacion Central, Santiago, Chile.
ILaboratoire de Physique, Ecole Normale Supérieure de Lyon,
Université de Lyon, CNRS, UMR 5672, 46 Allée d’Italie, F-69007 Lyon, France.

(Dated: June 4, 2014)

Vibrated granular materials have been intensively used to investigate particle segregation, convec-
tion and heaping. We report on the behavior of a column of heavy grains bouncing on an oscillating
solid surface. Measurements indicate that, for weak effects of the interstitial gas, the temporal vari-
ations of the pressure at the base of the column are satisfactorily described by considering that the
column, in spite of the observed dilation, behaves like a porous solid. In addition, direct observation
of the column dynamics shows that the grains of the upper and lower surfaces are in free fall in the
gravitational field and that the dilation is due to a small delay between their takeoff times.

PACS numbers: 45.70.Mg, 45.70.Qj, 81.20.Ev.

I. INTRODUCTION 48

49

The rapid compression of a relatively loose pile of sand %
or of snow may require a high pressure to drive the %
flow of the interstitial fluid between the solid particles, 52
grains or flakes. The effect, together with the elastic %
and frictional resistance, contributes to the pressure to *
overcome to compress the material. Interestingly, due %
to this drainage effect, snowboarding and sandboarding %
benefit from a significant lift force and therefore from a *
significant reduction of the friction at large slip velocity %
if the medium is loose enough @] Indeed, viscous forces
are prone to be at play when a gas is evacuated through
a wide variety of porous materials frequently found in
common life and industrial applications @] From phys-
ical viewpoint the influence of interstitial viscous forces
on non-cohesive granular materials has generated long- e
lasting debate due mainly to the difficulties introduced e
by the complex rheology of unconsolidated porous media, s
and by the sensibility of the response to the conditions e
imposed at the boundary surfaces. Booming sand B, @] 65
and the jets resulting from the impact of a solid object e
onto the surface of a loosely packed granular bed
are subtle manifestations of the coupling of the mechan- e
ical response of granular matter with the dynamics of e
the interstitial fluid. Heaping, granular convection and 7o
size segregation under vibration B@] are a few other n
examples of phenomena in which the internal viscous 7
forces drive, at least partially, the motion of the grains 7
and, thus likely, changes in the external shape of the sys- 7
tem , ] 75

In the same way, in thin layers of non-cohesive powders 7
submitted to repeated pats, granular droplets appear as =
a result of the interplay between the air flow through the
material, which leads the droplets to grow, and the sta- 7
bility of the granular slopes, which limits their size ﬂﬁ] 80

81

]67

82

83
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In a previous work, we reported on the formation and
on the, even more striking, upward motion of millimetric
droplets on an incline subjected to vertical vibration ﬂﬂ]
We later showed that the viscous drag, which is of the
order of the droplet weight, is responsible for the droplet
formation while the gas pressure at the droplet base pro-
vides an effective horizontal acceleration whose cumula-
tive effect is an upward displacement of the center of mass
after each cycle of the vibration ﬂﬁ] Interestingly, the
experiments revealed that the droplets move only if the
maximum acceleration of the substrate is larger than a
threshold which we associated, in a first qualitative ap-
proach, to a characteristic dilation.

In the present report, we focus on the gas pressure and
dilation in a simplified geometry, i.e. a cylindrical gran-
ular column subjected to vertical vibration. We limit the
study to the regime of low viscous friction by using par-
ticles of relatively large size and low frequency of vibra-
tion. The main aim of the study is to provide insight into
the mechanisms that lead the column to dilate. First, we
show that a classical Darcy’s law accounts for the dynam-
ics of the gas pressure at a column base. Interestingly, the
agreement of our measurements with early predictions
obtained by assuming a rigid porous medium ﬂE, ],
indicates that, for sufficiently tall columns, the porosity
changes associated with the column dilation have neg-
ligible effects. However, even in this limit, a significant
overall dilation of the column is observed. From the addi-
tional detailed analysis of the system dynamics, we con-
clude that the granular column not only does not dilate
along its whole height but also that, indeed, the dila-
tion only involves the grains of the lower and upper sur-
faces, which experience slightly delayed free falls. Our
results provide a more quantitative way to assess the
dilation effects and the role they play in the instabili-
ties observed in related systems, such as those mentioned
hereinabove.
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FIG. 1. (Color online) Sketch of the experimental device —
The grains inside lye inside a cylindrical container vibrated
vertically. The resulting pressure variations in the gap be-"**
tween the substrate and the bottom surface of the column,"
AP, is monitored by means of a differential pressure trans-
ducer (DPT) while a high-speed camera is used to observe
the dynamics of the column from the side. Bottom-right in-13
set: Details of the L-shaped tube connecting the gap to the
DPT and of the grid at the surface of the mount. Top-right
inset: Typical images from the camera (a) Initial contact be-"*
tween the column and the substrate, previous to take-off (b)
Large gap underneath the column in flight (¢) Sudden land-is
ing of the column [Steel grains, d = 745 pum, ho = 5.7 mm,,;,
f=15Hz and I" = 2.6]. 134
136
137

II. EXPERIMENTAL SETUP AND PROTOCOL 3

139

The experiment consists in monitoring the dynamics™
and the pressure at the base of a granular material placed'
inside a vertically vibrated cylindrical vessel. 2

The container is made of a transparent Plexiglass tube ”
(Height: 46 mm; Inner radius: 10 mm), glued to a r1g1d
metallic mount (alurmnum alloy) as sketched in Fig. [
It is filled with steel beads [diameter d = (465 + 73)
and density ps = (7.4 £0.2) 10® kg:-m 3] up to an 1n1t1a1
height, ho, ranging from 2.5 mm and 18 mm at rest. The'” o
inner diameter of the container is more than 20 times the
grain diameter, which insures that the finite-size effects
due to the lateral wall are negligible. The lid at the top
leaves the air enter freely in the tube. An internal L-"
shaped pipe, drilled in the mount (radius 7, = 1 mm), o
makes it possible to measure the pressure of the gas un-
derneath the column. At one end, a grid (45 pum, usu-
ally used for Transmission Electron Microscopy) avoids™
that the grains enter inside the tube while insuring the
continuity of the gas pressure. At the other end, the
tube is connected to a differential pressure transducer™
(DPT, Omega, PX277) through a non-torsional hose,
which avoids pressure variations due to the deformations.iss
We checked that the response time of the transducer isiso

146

154

155

shorter than 1 ms. Thus, the configuration achieves mea-
surement of the pressure difference, AP, with an accu-
racy of about 2 Pa in the range +124 Pa.

The whole is vibrated vertically using an electrody-
namic exciter (Labworks, MT-160) fed with a sinusoidal
current of frequency, f, in the range 15 to 50 Hz. The
acceleration of the container, (), is monitored by means
of a charge accelerometer, placed at the top, its axis
aligned with the vertical. From the signal, v(t), we de-
termine, to within 0.01, the dimensionless acceleration
I' = max(y)/g = Aw?/g, where A stands for the am-
plitude of the vibration and g for the magnitude of the
acceleration due to gravity (w = 27 f). In the present
study, I' is chosen within the range from 1 to 4.

The dynamics of the granular material is observed from
the side by means of High Speed (HS) video camera.
The resolution of the images is of 256 x256 px? together
with an acquisition rate of 1200 fps. The heights, zp and
z1, of the free surface and of the bottom of the column,
respectively, are obtained with a resolution of 0.2 mm by
elementary image analysis.

IIT. EXPERIMENTAL RESULTS

A. General description

For given vibration frequency f and dimensionless ac-
celeration I', we report on the dynamics of the granular
column and on the temporal evolution of the pressure
AP in the steady state (Fig. ).

First, the dynamics of the column is mainly charac-
terized by the vertical positions, zo(t) and z1(t), of its
upper and lower surfaces (Fig. 2h). One observes that,
on the one hand, the column periodically looses contact
with the substrate, which is better illustrated by display-
ing the gap, s(t) = z1(t) — 2(t), i.e. the vertical size of
the region free of grains between the substrate and the
column (Fig.[2b). On the other hand, the column period-
ically dilates, which is clearly revealed by reporting the
column height, h(t) = 2z9(t) — 21(t) (Fig. 2k). The signal
from the accelerometer exhibits a significant noise after
the gap has vanished until the dilated column recovers
its initial height (Fig.[2d) A complex temporal evolution
of the pressure AP(t) results from the dynamics of the
grains (Fig. 2k).

In next section [IIBl we interpret qualitatively the
behavior of the system. In section [ILC] we discuss
thoroughly the temporal behavior of the pressure signal,
AP(t), whereas section [[ITD] is devoted to the dynamics
of the granular column.

B. Qualitative understanding

Let us first assume that the column sits at rest on the
substrate and that the pressure inside is in equilibrium
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FIG. 2. (Color online) Evolution of column characteristics,,
and of the pressure as a function of phase wt — (a) Vertical
positions of the substrate z (continuous line), of the upper sur-
face zo (full squares) and of the lower surface z1 (open squares)

vs. phase wt. Dashed-dotted line: ho + z is a guide for the'”
eye. Red (light gray) thick line and Blue (dark gray) dashed'®
line: free fall of the upper and lower surface respectively. The!®
parabolas have curvature -g. (b) Gap s(t) = z1(t) — z(t) —2°
In region I (blue), the column is not in contact with the sub-201
strate. (¢) Column height h(t) = z0(t) — 21(¢) — The column

exhibits a significant dilation in regions I (blue) and II (yel-

low). Straight line: linear increase of h. (d) Acceleration,y,
~(t) — The significant noisy vibration in region II (yellow) is

due to the collapse of the column onto the substrate. Red

(light gray) circle: v = —1. (e) Pressure AP — In region I*®
(blue), while the column takes off and dilates, AP decreases,?*
reaches a minimum and increases again. In region II (yellow),20s
AP continues to increase while the column, in contact withzos
the substrate, settles back. In a last phase, in region III (red),2or
AP decreases while the column seats at rest on the substrate. g
[ho = 5.7 mm, f =15 Hz and I" = 1.81]. 200

210
211
with the outer pressure. Provided that the typical veloc-212
ity associated with the vibration Aw is smaller than theas

speed of sound in air, the vibration does not induce any
significant variation of the pressure, AP, if the grains do
not move. This stage lasts as long as the weight of the col-
umn insures the contact with the substrate, i.e. as long
as the downward acceleration of the substrate does not
exceed the acceleration due to gravity. In other words,
nothing happens as long as —v(t) < g or, equivalently,
v/g > -1

1. Take-off and flight

When v/g < —1, the acceleration due to gravity does
not insure the contact anymore and the column starts to
take off. The system enters region I in Fig. 2l However,
the column, as a whole, does not experience a free flight.
Indeed, the take-off requires the opening of a gap between
the column and the substrate, which corresponds to an
increase of the volume of the gas in the gap region and,
thus, induces a decrease of the local pressure (Fig. 2k,
region I). In turn, the column is subjected to a pressure
force which partially impedes the opening of the gap.
However, it is interesting to notice that, provided that
the viscous drag on individual grains is negligible HE],
the grains of the free surface are almost free to move and
to take off at /g = —1 whereas, by contrast, the grains
at the bottom are constrained by the column above. As
a consequence, the column starts to dilate (Fig. Bk, re-
gion I)

In order to understand why the pressure AP exhibits a
minimum during the column flight above the substrate,
one must remark that the pressure difference between the
upper and bottom surfaces induces a gas flow through the
column which is indeed permeable. The pressure evolu-
tion is thus the result of the competition between the
volume expansion, due to the opening of the gap, which
leads to a decrease of AP and the inflow, due to the per-
meability of the column, which leads to a relaxation of
AP toward the equilibrium with the outside pressure. In
our experimental conditions, the observation of a min-
imum in AP reveals that the characteristic relaxation
time, 7, is of the order of the flight duration (itself of the
order of 1/f in the reported example).

2. Sudden landing

Due to its fall in the gravity field and to the vertical vi-
bration of the container, the lower surface of the column
enters again in contact with the substrate. The system
enters region II in Fig.[2l The height A(t) of the column
then rapidly recovers its initial value hg (Fig. Bk). This
collapse of the column produces the noise seen in the
signal from the accelerometer (Fig. 2d). Provided that
the pressure relaxation time, 7., associated with the gas
transport in the column, is larger than the typical col-
lision time, 7., the pressure, AP, still increases as long
as the height of the column decreases (Fig. 2d). As a
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consequence, the maximum of AP is not reached at theasso
collision time but later on, close to the end of the columnzeo
collapse. 261

262

3. Relaxation
263

Finally, after the collapse, the column sits at rest on
the substrate. The system enters the region III in Fig. [212%
However, the pressure of the gas in the column is initially?
larger than the outer pressure. It relaxes continuously,zss
with a characteristic time 7,., toward the outside pres-267
sure because of the resulting gas flow through the grainsss
(Fig. 2k) until the next take-off (Sec. [TTBT). 269

270

C. Pressure pattern, AP(¢)

Here, we introduce a theoretical framework to support
the qualitative description proposed in Sec. [[II Bl

1. Take-off and flight
271
In a first simplified approach, we consider that the col-272
umn moves as a whole and we neglect the dilation and2”
the possible grain convection. If the inner pressure is ini-2"
tially in equilibrium with the outer pressure, the column?
takes off when the downward acceleration of the substrate2®
equals that of the gravity, thus for v = —g. The column?7
is subsequently flying. 278
In flight, the column is submitted the gravity and to the
force associated with AP. Denoting zg(t) the altitude of |
the column center of mass, G, we write:

dQZG

1 280
W = —g—i——AP(t). (1)

pho 281

282
This equation explicitly couples the dynamics of the col-,,

umn with the overpressure AP. However, note that the,,
gas pressure alters the dynamics only if AP is of the or-
der of pghg, the stress applied by the column onto the,
substrate at rest. .

Now, in order to account for the pressure variations in-
duced by the column dynamics, we consider that AP,
induces a gas flow through the grains. The instan-
taneous flow-rate is approximately given by a Darcy,,
law, ¢ = —(k/n)VP, where n is the gas viscosity and,,
 the permeability given by the Ergun relation, x =,
Y3d?/[150(1 — ¢)?], where ¢ is the porosity [1§]. As-,
suming further that the gas is incompressible, we esti-
mate that the variation of the gap s(t) between the col-
umn and the substrate is only permitted by the gas flow,
which imposes that ds/dt = ¢, with ¢ = (k/n)(AP/ho),
from the Darcy law applied to our configuration. VVe29
thus have:

297

9

300

n ds 301

0 E % (2)302

dAP
dt

Thus, combining the equations governing the motion of
the column (Eq. ) and the pressure variations (Eq. [2)
and taking into account that, in absence of dilation, zg =
ho/2 + s + z, we write:

do?

o R GRS
where § = s/A, ¢ = wt and ¢y = wty = arcsin1/T", o be-
ing the time of the take-off [i.e. ¥(tg) = —g]. The param-
eter én = wkp/n is a relaxation time expressed in units of
the vibration period. Eq. ([B]) was first obtained by Kroll
for a porous oscillating piston in his pioneering works HE]
and it is referred to as the Kroll’s model. Eq. (8] has an
analytic solution which is written m]

~_Pgho e T
1+<J3i [\/F 1 (sin ¢ — ¢,; cos @)

+énsin¢—q~5i + cos ¢

I (VTZ 14 do)e in — 1].

The relaxation time q~5,.; is the characteristic time needed
by the column to reach the regime governed by the air
viscosity. For small fluid viscosity 7, large density p of the
material the grains are made of, or large grain diameter
d (the porosity scales like d?), the effect of air is tiny and
this time can be large in comparison with the period of
the vibration. In the limit ¢, > 1, the pressure difference
AP(¢) in Eq. {@]) exhibits the minimum:

AP(¢) =

(4)

min o e _ 2 _
ho " [arccos( 5 1) 2y/T 11 (5)

Interestingly, APnin depends on one single adjustable
parameter, ¢,, provided that the acceleration I' and
the weight pgho (per unit area) of the column are
known.

In Fig. Bk, we report APuyin/(psgho) as a function of
T for various column height hg (As the porosity v and,
thus the density of the column p = (1 — ) ps, are a pri-
ori unknown, we normalized the data using the density
of steel p;). First, we observe an excellent collapse of the
data on a master curve, except for the thinnest column
at large acceleration (hg = 2.1 mm and I" > 2.5). When
the column is too thin and the acceleration too large, the
grains do not bounce as a whole but rather form a gaseous
phase and, then, the model fails in describing the pres-
sure pattern, AP(t). Except for the thinnest column, the
interpolation of the experimental data with Eq. () leads
t0 G = (14.6 £ 0.1) and, thus, to ¥ ~ 0.51 (we consider
the viscosity of air n = 18.6 10~° Pa s). The porosity is
found to be greater than the porosity of a random loose
packing, which is acceptable for a column flying almost
freely, not compacted by gravity. The dependence on fre-
quency of APy;, at constant ' constitutes an additional
clue that the model is acceptable (Fig.[Bb). Note finally
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with ¢, = 14.6 4 0.1, which leads to 1 ~ 0.51. 351
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353

that the model remains valid even if the characteristic®*
(normalized) time ¢,; is not much larger than the unity.*
Nevertheless, the rather large value of ¢, indicates that™
the viscosity almost does not alter the trajectory of the
column that should nearly experience a free flight. The

assumption will be discussed in Sec. [ITDI 9

360
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2. Layer at rest .

363

364

After the column-substrate collision, the column col-ss
lapses and then sits at rest on the solid surface, the in-s
ner pressure being initially larger than the outer pressuress
(Fig. Bk, left of region IIT). We observe that AP slowlyss
relaxes towards 0. However, our crude model cannot ac-s
count for this relaxation as AP is expected to vanishs,
when the column moves with the substrate (Darcy law,s;
Sec. [ITCT]). We previously assumed that the compress-s,
ibility of the gas could be neglected when the grains ares,;
in motion (Sec. [IICT]), but we must take it into accounts,
to describe the relaxation of AP when the column is atss
rest. 376
Considering the Darcy law and the adiabatic pressures~
variation due to the associated gas flow in a granularsys
column of porosity ¥, we write the diffusion coefficientsr
D = aPyr/[n(1 — v)], where P, stands for the outsidess

pressure and o = 1.4 for the adiabatic constant for dry
air. The typical relaxation time in a column of height
ho is 7 = h2/D. In our experimental conditions, taking
1) = 0.58 for the column sitting at rest on the substrate,
we estimate D ~ 3 m?/s. For hg = 5.7 mm, we thus
get 7 ~ 10 ps, much shorter than the time observed
experimentally.

In order to recover the experimental relaxation time,
one must take into account that the column sits above a
pressurized cavity and that the relaxation time is rather
due to the escape of the gas trapped underneath. We es-
timate that the total volume of the L-shaped pipe drilled
in the tube mount and of the hose connecting the latter
to the pressure transducer, vVeopn. ~ 2 cm3. Assuming
that the gas escapes only through a cylinder of length hg
and radius 7, within the column, we expect the result-
ing characteristic time 7 = nhovconn,/(wrf)aPoﬁ) to be
about 30 ms for hy = 5.7 mm. This estimate is of the
order of the typical relaxation time, of about 5 ms, which
is observed experimentally (Fig. 2h). Assuming that the
gas escapes only through a tube of radius r, obviously
leads to an overestimate but the agreement validates the
proposed mechanism of relaxation.

3. Discussion of the pressure pattern

We have seen that the pressure pattern is reasonably
described by considering two different regimes. In re-
gion I, after take-off, the decrease of the pressure, AP,
and its minimum are recovered by using a Darcy law,
while neglecting the compressibility of the gas and the
dilation of the column. In region III, the relaxation of
the pressure requires the compressibility of the gas to be
considered.

In this framework, the evolution of AP while the col-
umn settles back onto the substrate (Fig. Bl region II)
would require to take both the dilation of the column
and the compressibility of the gas into consideration.
We mention here that, in this regime, a horizontal front
separates a column of grains sitting at rest on the sub-
strate from the grains above that are still in motion. The
description proposed in Sec. [ITC 1] should remain valid
when applied to the grains in motion. This argument
at least explains the continuity of the pressure evolution
when the column hits the substrate. Indeed, there is no
discontinuity of the velocity at the beginning of the con-
tact. In addition, after the contact, the height of the
column of grains that are still in motion decreases which
explains that the contribution of the grain motion to the
pressure variation dAP/dt (Eq.[2) decreases. At the same
time, the pressure relaxes towards the outer pressure as
explained previously in Sec. As a result of the
two effects, the pressure reaches a maximum somewhere
in the region II (Fig. ), before the column completely
collapsed and remains sitting at rest on the substrate.
At this stage we compare the pressure pattern to for-
mer works by Gutman [17]. Indeed, Gutman extended
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the simplified Kroll’s model to account for the gas com-
pressibility upon the gas flow through a porous layer and
performed pressure measurements beneath the vibrated
layer. Although Gutman did not consider the possibil-
ity of layer dilation on his model, the calculated pattern
contains the main features we observed experimentally
(compare Fig. 2 to Fig. 2 in Ref. [17]). The main feature
attributed to compressibility effects is that the decay of
the air pressure in the column after the collision takes a
finite time, so that when the column takes off in the next
cycle the gas pressure in the opening gap is above atmo-
spheric. The effect is not significant in our experimental
conditions [19].

Finally, we point out that the measurements of AP
during the take-off, and direct measurements of the sub-
sequent flight time, indicate that the trajectory of the
column is not different from that of a porous solid (for
I’ < 3)[20, 21]. One can thus wonder how it is then possi-
ble to understand that this result is compatible with the
observation of a significant dilation. The question will be
answered in the next section, in which we even propose
a dilation mechanism. 436

437
438
D. Layer Dilation 439
440

In Fig. Bk, one observes that the column dilates dur-**

ing its flight (region I). The dilation of the column can
be accounted for, by considering that the behavior of
the grains at the upper and lower surfaces differs qual-s
itatively from that of the grains in the bulk of the col-
umn. Indeed, at the surface, the grains, in addition to,,,
the mechanical solid contact with their neighbors below,,,
and above, are submitted to gravity and to the friction,,
with air which is small and, negligible in our experimen-,,,
tal conditions. war
Consider the grains of the first layer at the top of the,,
column. We observe experimentally that they experience,,,
a free fall, zo(t) (Fig.2Zh). To account for this observation,,s,
we note that the friction of air has negligible effect on iso-,,
lated grains or, at least, an effect much smaller than that,s,
on a dense column. As a result, at v = —1, the grains,;
of the free surface take off and detach from the dense,,
column below whose trajectory, governed by Eq. @), iSsss
always below that expected for a free fall. As a conse-,q
quence, zo = A sin (wto) + Aw cos (wty) (t—to) — % g (t —us
t0)? where, we remind, t is the time at take-off. 458
Interestingly, we observe in Fig. Bk that h increases lin-sso
early with time t. The height h being defined as thesso
difference between the altitude zy of the upper and zjse
lower surfaces, we conclude that the grains at the bot-s
tom also experience a parabolic flight with the samesss
acceleration, thus a free fall. This conclusion is sup-«
ported by the direct observation of the free fall in Fig. Bh,ss
where both (upper and lower) parabolas have curvaturesss
-g. The observed linear increase of h with time thus re-sr
sults from the fact that the free falls of the grains atass
the upper and lower surfaces do not have the same ini-se

—_
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z/A, z1!A , (s+z)/A
o
o

|
-t
o

(=]
—_

2
¢ =wt

FIG. 4. Trajectory of the column bottom layer: Dimension-
less free fall motion model, z1/A, for different time delays
(dotted line: §t = 1 ms, small A : §¢ = 3 ms, dashed line:
dt = 5 ms) and Eq. () trajectory estimation, s+z (solid black
line). Open crossed squares: z/A. [I' = 1.81 and f = 15 Hz].

tial conditions. Taking ¢; as the origin of the free fall of
the lower layer we can assume that the initial position
and velocity are those of the substrate at time ¢, i.e.
z1 = Asin(wty) + Aw cos (wty) (t — t1) — 3 g(t — t1)>
Doing so, we expect a linear increase of h with the veloc-
ity:

dh 1 1 5.0
dt_2A 1 FQW ot (6)
where we define 0t = t; —tg, the delay between the origins
of the free falls of the lower and upper surfaces. From
the experimental slope, we get dt = (4.7£0.2) ms.

It is then particularly interesting to discuss the physical
origin of the delay. We already observed that the grains of
the lower surface experience a free fall. One must however
notice that the grains can be in free fall only if their
motion is not frustrated. Note that, when they take off,
their position and velocity are limited by the solid surface
below and the grains above. Their velocity is oriented
upwards and their acceleration equals the acceleration
due to gravity only if their trajectory does not intersect
the trajectory of the grains above. In Fig. @ we report
the trajectory of the bottom layer, z1(¢), in free fall for
several values of §t (taking t; = to+4dt), and the altitude,
z(t) 4 s(t), estimated from the solution of Eq. () (black
line in Fig. @)). We observe that for small 6t, 21 > z + s,
which means that the motion of the grains of the bottom
surface is limited by the motion of the grains above (6t =
1 ms, dotted line in Fig. ). On the contrary, for large
enough 0t, z1 < z + s at all time until the collision with
the substrate. The grains can experience a free fall (6t =
5 ms, dashed line in Fig. @). For intermediate values of
0t, the trajectories, z; and s + z, cross each other at a
time which compares with the collision time (6t = 3 ms,
small triangles in Fig. @]). The grains can experience a
trajectory very similar to a free fall until it collides with
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substrate. From the latter simple observation, one canass
deduce that a delay of, at least, 3 ms is necessary for theas
grains of the lower surface to fall freely and that 5 ms isss
clearly an overestimate of dt. 289

Thus, the simple argument above gives a reasonableso
range, 3 to 5 ms, for the experimental delay 6t = 4.7 ms, s
which validates the potential mechanism proposed to ac-s
count for the dilation. In summary, the grains of theas
two free surfaces of the column experience free falls, theass
take-off of the lower grains being delayed by the presencesss
of the dense column above which experience a trajec-as
tory governed by the interplay between the acceleration
of gravity and the friction with the gaseous phase.

497
E. Conclusion

498
In conclusion, we observed the bouncing of a porousss
column of grains and measured the resulting variationseo

of the pressure underneath. When interaction between
the column and the gas are weak, because of the size
and weight of the grains, the pressure is reasonably ac-
counted for by considering the column as a porous solid,
thus neglecting the column dilation. The latter is satis-
factorily explained by considering that the grains of the
upper and lower surfaces experience a free falls. In this
framework, the dilation only results from a delay between
the departure times and not from any pressure profile
within the column that would repel the grains from one
another.
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Compressibility effect can be neglected if 7p/7s << 1,
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ity. Note that 7s is a decreasing function of both f and
T'. In our experimental conditions, for values of T' < 3,
compressibility effects become significant for I' 2 100 Hz.
Notice that this result remains accurate for values of
T" < 3. Above this value, the flight time begins to deviate
from the prediction of the inelastic ball model. Indepen-
dent work indicates that this effect develops if the sitting
time of the column on the vibrating plate becomes of the
order of the collision time ]
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