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Bubble propagation in a pipe filled with sand
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Granular flow with strong hydrodynamic interactions has been studied experimentally. Experiments have
been carried out to study the movement of a single bubble in an inclined tube filled with glass beads and air.
A maximum bubble velocity was found at an inclined anglg. The density variations in the sand were
measured by capacitance measurements, and a decompactification zone was observed just above the bubble
when the inclination angl® was larger tharg,,. The length of the decompactification front increased with
increasing inclination angle and disappeared for angles smaller @anBoth pressure and visualization
experiments were carried out and compared with the density measurements.
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[. INTRODUCTION angles larger tha#,,. There is no such effect in sedimenta-
tion. The maximum velocity of the bubble in the granular
Transport of granular materials in pipes is of great prac-column is controlled by the transition between dynamic and
tical importance and occurs in a large number of industriabtatic friction of the granular packing above the bubble. This
processes. Such flows may show localized intermittency efis not the case for sedimentation in liquids where there is no
fects and density waves which can give rise to permanergtatic friction present, and the maximum speed is controlled
clogging of the pipes. The transport of granular materials ifmerely by hydrodynamics.
a pipe is also of great fundamental interest in the study of The focus of the present paper is twofold. First, we study
density waves[1-5] and related topics like traffic flow the velocity of the bubble at different inclination angles and
[6-8]. packing densities. Second, an experimental technique to
When the particles flowing in the tube are small or themeasure small density variations in a moving granular pack-
interparticle fluid is sufficiently viscous the hydrodynamic ing is introduced and subsequently applied to investigate the
interactions between gas and grains are impoift@htSev-  origins of the shargshock front that forms in front of the
eral experiments have been reported where the gas-grain ifising bubble. The density variations in the sand were mea-
teraction is the dominant flow mechanism. A striking ex-sured by measuring the capacitance across a tube when a

ample of this is represented by the intermittent flow in thebubble passed. For sufficiently steep inclination angles
“ticking” hourglass [10,11] as well as the outflow from vari- clear decompactification zone was observed just above the

ous silos[12]. Related experimental studies have been rebubble. We discuss how the latter measurements relate to
ported on density wave4,5,13 of granular materials in previous numerical work16]. As the measurements demon-
single tubes where complex wave patterns have been fourfidrate the relatively strong role played by hydrodynamic
[4,13]. forces compared to friction, the present work gives support
In this paper we describe an experiment where a bubble i the assumptions made in the continuum description em-
propagating in a tube of sand at different inclination anglegployed in Ref.[16]. On the other hand, recent theoretical
6. The granular material will fall faster in an inclined tube developmentg17] together with the present measurements
[14] than in a vertical tube {=90°). We observe a maxi- clearly show that the mechanisms governing the bubble mo-
mum in the the bubble speed for an anglg<90°. This tion cannot be fully captured in a coarse grained continuum
effect is similar to and has been compared witd] the  description. This discussion is detailed in Sec. IV.
Boycott effect observed for sedimentation in fluifE5].
_Boycott obser_ved that_blood corpuscle_s s_ediment fast_er in an Il. EXPERIMENTAL PROCEDURE
inclined than in a vertical tube. A qualitative explanation of
the Boycott effect is as follows. In sedimentation in a vertical In the experiments we used a glass tube which is closed
tube, the porous suspension has to pass through the liquizh both sides, with an internal diamef@r=5 mm. The tube
which is a relatively slow process. However, if the tube iswas mounted on a vertical plate, with a rotation mechanism
tilted, the fluid and particles will start to move in separateto tilt the tube(see Fig. 1
“lanes:” The heavier particles will flow down along the  To release a bubble we used two different techniques. In
lower wall while the fluid moves up along the upper wall, one case the tube, of total lengtk-105 cm, was partly
thus producing a large scale convection roll. This particledilled with the granular material with the bubble initially on
fluid separation produces less viscous dissipation and hendke top of the tube. The tube was then turned quickly around
a faster motion. with the bubble at the bottom to a given inclination angle.
However, the analogy between the bubble in sand and th&his setup was used for velocity and pressure measurements
sedimentation of blood is incomplete. In the experiments weof the bubble. The size of the bubble was determined by the
observe that the granular packisfjps along the tube for amount of grains initially filled in the tube.
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tained by repeating the same procedure as above, followed
by careful tapping on the tube wall until the packing reached

FIG. 1. The experimental setup with capacitance measurementfie desired height. In order to check that this procedure gives
and ultrafast video recording. a homogeneous solid fraction along the tube, the capacitance

o , , was measured at different positions.

In the second case, the tube is divided into two pieces of Figure 2 shows the capacitantdivided by the average
length 15 cm and 100 cm. The upper 100 cm of the tubg,nacitancealong the tube plotted as a function of the ca-
was filled with granular material and the lower 15 cm waspaitor position for the uncompactified sample, the compac-
filled with air. A mechanical shutter is placed between thefiag sample, and the empty tube. We note that there are
upper and the lower tube. The shutter consists of a 0.5 MMyqng correlations between these measurements and the ca-
thick aluminum plate with a hole of diameter 5 mm. The yitance variations of the same but empty tube. Hence the
plate was moved so as to place the hole in the center of the4in part of the fluctuations in the capacitance is due to

tube and release the bubble. The shutter mechanism was &¥jckness fluctuations of the glass walls and not due to fluc-
ternally sealed to prevent air leakage from the granular packyations in the solid fraction. Only a small variation in the
ing. Both the upper and the lower parts were initially kept at;oh4citanceless than0.5%) is due to density fluctuations

atmospheric pressure. The density variations in the sang ha powder. This corresponds to less thah.5% fluctua-
were measured by means of a capacitor mounted at a height, in the solid fraction.

25 cm from the shutter. The capacitor consists of two plates To study the dynamics and the local density fluctuations

of length 1 cm located on each side of the glass tube. Thg¢ o bubble we used an ultrafast video canéadak Mo-

capacitor was screened by a Faraday cage to prevent exterigl, corder SR-1000 Pictures were taken at a speed of up
noise. An increase in the amount of sand between the capagl; 100 pictures per second with a shutter time of 1.Gs

tor plates will increase the capacitance. The capacitance was To measure the pressure in the tube we used a pressure
cghbre}ted by perf_o.rmlng expenm_ents with tubes of sandsensor based on the deviation of a laser beam due to reflec-
W'th d|ffere_nt dgnsmes. A low density OT S.a.nd were Obtalnecjtion from a bending glass plate. We designed this sensor for
n th_e ca_llbratlon experiments by _f'u'd'z'”g th_e sand t_’ythe measurements on the hourglgkl. The pressure sensor
blowing air through the packing. Within the available solid was connected at a distanid@ from the bottom of the tube.
%he connection was made by a 0.5 mm hole, connected by a

experiments, we found the solid fraction to vary linearly aS¢be to the sensor. The sensor did not cause anv visible per-
c—c.=—(3.1/pF)(C—C,). This relation also gives the right .t -tion of the bu.bble. I . y visiole p

value for the capacitance of the empty tube. HEgeis the
capacitance of the compactified powd€rjs the measured

capacitance, and andc, are the corresponding solid frac- 1. EXPERIMENTAL RESULTS
tions. .
The “sand” used in the experiments consists of spherical A. Bubble velocity
glass beads of diametet=65 um and glass densityg The average speed of the bubble was measured for two

=2.47 gcm 3. The air humidity was kept within (27 different solid fractions at different inclination anglégsee
+3)% during the tube filling procedure. The experimentsFig. 3. Movement of the bubble starts at an angle close to
were performed with two different solid fractioms=1— ¢. 30°. The propagation velocity of the bubble increases with
Here ¢ is the porosity of the sand. The lowest solid fractionincreasing angle until it reaches a maximunmdgt, which is
¢,=0.56 and density,=1.38 gcm * was obtained by gen- significantly lower than 90°. An important visual observation
tly filling the vertical tube with glass beads from the top. A in these experiments was that the top level of the sand did
higher solid fractiorc,=0.60 andp.=1.48 gcm > was ob-  not move at angles lower thaf,. On the other hand, when
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FIG. 3. The dependence of the bubble velocity on the inclination
angle for two different solid fractions=0.55 (filled symbolg and FIG. 4. Pictures of the bubble at an inclination angte 90°.
¢=0.60(open symbols The particle size isl=65 um. The time is increasing from left to right with 0.004 s between each

picture. Strong inhomogeneities are seen inside the bubble. The size

the angle became larger tha@p,, movement of the top level of the picture is given by the internal diameter of the tube, which is
was observed. This shows that the sand slips along the wasl mm.
for angles larger tha@d,, .

Figure 3 shows that the bubble velocity is higher in thes However, we also observed that at a distance less than
tube with the lower solid fraction. This is because the friCtiO”approximately 7 cm above the bubble the particles did not
forces have increased with the increased density of the sandgme to a complete stop. Thus no stick-slip motion was ob-

When the tube is close to vertical, the speed of the bubblgeryed at this location above the bubble. This observation is

is insensitive to the initial solid fraction. This insensitivity in sypported by the capacitance measurements of the low den-
the speed may indicate a low density zone above the bubblgty zone described below.

that is insensitive to the initial solid fraction. This low den-
sity zone was observed both in the capacitance measure-

ments and directly by fast video recordings, as described _ _ _
below. Capacitance measurements were performed to investigate

density variations in the granular packing. A bubble of 15 cm
B. Fast photography visualization of the bubble was released and the capacitance was measured as a function
] o ) . of time by a capacitor located 25 cm above the mechanical
Visualization experiments have been performed with Bshutter. When the inclination angle was larger than a
fast charge-coupled device camera to study local dynamicgecompactification zone was observed above the bubble. Al-
and density fluctuations inside the bubble. Figure 4 ShOW?nough the existence of this zone was indicated by the ab-

detailed pictures of the bubble at an inclination angle sence of stick-slip motion seen in the video recordings, the
=90°. It is clear from these pictures that the density of the

sand inside the bubble is not homogeneously distributed but

has strong local fluctuations. We also observe that the par-
ticles are not released homogeneously from the top of the
bubble, but rather in “bursts” of different sizes.

Figure 5 shows pictures of the bubble at an inclination
angle #=70°. A very different behavior is observed in this
case. The sand inside the bubble is sliding along the sidewall
and convection is observed at the bottom of the bubble
where particles move upward again. The convection at the
bottom of the bubble has been discussed in a recent paper
[14] where the authors emphasize the very efficient mixing
obtained by the convection process. On closer inspection of
the top of the bubble we observe a ripple propagating down- . 3

ward along the surface of the flowing grains. This ripple,
which is most easily observed in motion, is shown in Fig. 6.  FG. 5. Pictures of the bubble at an inclination angke 70°.

The fast camera was further used to observe the particlene time is increasing from left to right with 0.008 s between each
movement above the bubble. Fé+#90°, a stick-slip behav- picture. Convection is seen on the bottom of the bubble. The size of
ior was observed at heights more than 10 cm above thehe picture is given by the internal diameter of the tube, which is 5
bubble. The particles stopped at regular intervals of about 0.m.

C. Capacitance measurements
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FIG. 8. The solid fractiorc as a function of time at an inclina-
tion angle#=90°. The bead sizd=65 um.

tube. However, from the visualization experiments we know
that this is not the case and that there are local density fluc-
tuations inside the bubble. These measurements therefore
just give an estimate of the solid fraction of sand averaged
over the capacitor size.

In Fig. 9, the length of the plateau of the decompactifica-
tion zone is shown as a function of the inclination angle. The

FIG. 6. Picture of the top of the bubble for an inclination angle !OW density zone |s_observab_le f_or anglgs Igrggr tﬁ_ﬁ';m and
9=70°. Aripple is observed propagating downward. The size of thdncréases roughly linearly with increasing inclination angle.

picture is given by the internal diameter of the tube, which is 5 mm.

D. Pressure measurements

only direct evidence of it comes from the capacitance mea- From visual observations the top layer was observed to
surements. Visually the decompactification zone cannot bgnove at angles larger thay,. A movement of the packing
directly observed. above the bubble will compress the gas. A pressure increase
For < 6., no decompactification zone was observed. Injs therefore expected inside the bubble with a pressure gra-
Fig. 7 and Fig. 8, the dependence of the solid fraction as @dient between the bubble and the top level of the sand.
function of time is shown for the inclination angl@s-80° To check this in more detail, pressure measurements were
and §=90°. The solid fractionc decreases from the value performed in the middle of the tube as a function of tifeee
c=0.60 to a plateau of about=0.58 just in front of the Fig. 10. To determine the location of the bubble, the laser
bubble. A sharp shock front with a decrease in the solictbeam used in the pressure measurements was blocked manu-
fraction fromc=0.58 to about=0.08 identifies the top of ally when the top and the bottom of the bubble passed the
the bubble. The bottom of the bubble is seen as a shargensor and when the bubble reached the top of the granular

increase in the solid fraction from 0.08 to 0.56. It is impor-

tant to note that the solid fraction is calculated under the 15
assumption that the sand is homogeneously distributed in the .
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FIG. 9. The dependence of the length of the decompactification

FIG. 7. The solid fractiort as a function of time at an inclina- zone on the inclination angle@ for a particle of diameterd
tion angle#=80°. The bead sizd=65 um. =65 um.
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FIG. 10. The dependency of the pressure on time for different FIG. 12. The velocity in arbitrary units, the pressure at the top
inclination angles during propagation of a bubble. The experimentf the bubble, the pressure at the bottom of the bubble, and the
is performed at low solid fraction;=0.56 with 65 wm beads. pressure when the bubble reaches the top of the packing. The data
are shown for different angles with 6am beads and high solid

packing. Thus in each graph the three dips correspond to the, ...« _ 60,

passing of the top and the bottom of the bubble and when the
top of the bubble reaches the surface. For angles lower thaghgles lower thard,, static friction from the walls prevents
fm o pressure effects were observed. However, for anglegranular motion above the bubble as well as compression of
larger thandy,, a significant increase in the pressure was ob+he pubble. In the regime whe< 6,, the velocity of the
served until the bubble reached the top of the packing. Foppple is increasing with increasing angle. No motion of the

larger times the pressure decreased again due to flow of 9§, |evel indicating slip is observed. The density is constant

out of the packing followed by a compactification of the 556 the bubble with a sharp density change at the top of
granular material. the bubble.

Figure 11 and Fig. 12 show the dependence of the pres- . T ;

sure at the top and the bottom of the bubble on the inclina- . In.the regime Wher99> Om, the velocity is d?c“?as'.”g

tion angle . The same figures also show the propagationw!th mcreasmga.. Motion of the t'op Igygr oceurs, '.”d'C.a“”g

velocity together with the pressure in the packing just WhenSllp of thg pa_lcklng and _dy_namlc friction. The slip gives a

the bubble reaches the top. In all cases the pressure in tg@mpactification of the air in the bubble with a pressure in-

packing increases with increasing angle witend crease which sets up a pressure gradient across the packing.
m-

This pressure gradient increases the viscous drag acting on

IV. DISCUSSION the particles. . o
) o ) One of the fundamental problems in the description of
There is a qualitative difference between the bubbleyanylar materials is to locate and define the appropriate

propagation when the angle is smaller or larger than For  poundary conditions between the regions where the granular

2000 K _ : medium behaves more like a sol{@ith rigid response to
B e o) of the bubble shearing forcesand where it behaves more like a liquid
A5 pressure on the bottom of the bubble (which may deform continuousjy4,16,18. Due to the local
= pressure at the time of break through

expansion, or dilatandyl9], that must take place in order for
shear motion to occur in a granular medium these boundaries
may be quite sharp. Many types of granular flow that are not
strongly excited 10,20 will be governed by the presence of

1500 velocity (arb. units)

Pressure(Pa)

1000 both liquid- and solidlike behavior. The fact that the granular
‘ packing slips for angles larger thah, demonstrates that a
“solid-liquid” interface is present and makes this problem
500 |

qualitatively different from the Boycott effect observed in
sedimentation in fluids. The maximum velocity of the bubble
is controlled by the transition between dynamic and static
0 7 . ‘ : friction of the granular packing above the bubble. This is not

40 50 60 70 80 90 . NN S . .
A the case for sedimentation in liquids where there is no static

ngle (degrees) .. . .
friction, and the maximum speed is controlled by hydrody-
FIG. 11. The velocity in arbitrary units, the pressure at the top ofl@mics. ' o

the bubble, the pressure at the bottom of the bubble, and the pres- The existence of the decompactification zone and the fact
sure when the bubble reaches the top of the packing. The data atBat there is no stick-slip motion right above the bubble are
shown for different angles with 65um beads and a low solid frac- both indications that the shock front on the top of the bubble
tion ¢,=0.56. is caused mainly by hydrodynamic effects. A recent theoret-
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ical consideration assuming a constant granular density dowreduction in the friction. If the friction is negligible in the
to the top of the bubble indicated that when averaged ovelow density zone, this may justify the approximation of ne-
local volume elements the hydrodynamic forces acting upglecting the friction in our previous simulations. However,
ward on the grains will always exceed the downward actinghe wall friction above the low density zone will cause the
forces of gravity{17], thus suppressing entirely the propaga-bubble to decrease in size more slowly than if the wall fric-
tion of the bubble. If this is the situation the bubble will not tion is zero. This effect was also seen in the comparison
move upward, but the top interface will fall downward due to between the experiments and the simulation in [RES].
gas leakage through the packing. However, the experimental The gas pressure gradient in the packing will depend on
observation presented in this paper clearly shows that ththe friction from the tube walls. The stick-slip motion in the
particles fall through the bubble and that the density justupper part of the packing will thus couple to the gas pressure
above the bubble is significantly lower than farther up in thein the bubble, which in turn governs the release of particles
granular packing. Since the experiments show bubbles than the top of the bubble. The stick-slip motion may thus
propagate with a sharp front, this implies that local details inproduce via the pressure an inhomogeneous and intermittent
the density variations are crucial for the bubble motion. Orrelease of particles in the top front, as is observed in the fast
the other hand, while the quoted theoretical findings showideo recordings. The observed stick-slip motion in the up-
that the correct mechanisms for the release of particles on tgper part of the packing was not observable in the pressure
of the bubble cannot really be captured in a continuummeasurements. This may be due to limited resolution of the
model, the effect of these mechanisms may still be handlegressure sensor.
in such a context. This is the case in a recent pgfét
Whgre the bubble-s'and mterfape is blurred by the addition of ACKNOWLEDGMENTS
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