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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 angleum . The density variations in the sand were
measured by capacitance measurements, and a decompactification zone was observed just above the bubble
when the inclination angleu was larger thanum . The length of the decompactification front increased with
increasing inclination angle and disappeared for angles smaller thanum . Both pressure and visualization
experiments were carried out and compared with the density measurements.
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I. INTRODUCTION

Transport of granular materials in pipes is of great pr
tical importance and occurs in a large number of indust
processes. Such flows may show localized intermittency
fects and density waves which can give rise to perman
clogging of the pipes. The transport of granular materials
a pipe is also of great fundamental interest in the study
density waves@1–5# and related topics like traffic flow
@6–8#.

When the particles flowing in the tube are small or t
interparticle fluid is sufficiently viscous the hydrodynam
interactions between gas and grains are important@9#. Sev-
eral experiments have been reported where the gas-grai
teraction is the dominant flow mechanism. A striking e
ample of this is represented by the intermittent flow in t
‘‘ticking’’ hourglass @10,11# as well as the outflow from vari
ous silos@12#. Related experimental studies have been
ported on density waves@4,5,13# of granular materials in
single tubes where complex wave patterns have been fo
@4,13#.

In this paper we describe an experiment where a bubb
propagating in a tube of sand at different inclination ang
u. The granular material will fall faster in an inclined tub
@14# than in a vertical tube (u590°). We observe a maxi
mum in the the bubble speed for an angleum,90°. This
effect is similar to and has been compared with@14# the
Boycott effect observed for sedimentation in fluids@15#.
Boycott observed that blood corpuscles sediment faster i
inclined than in a vertical tube. A qualitative explanation
the Boycott effect is as follows. In sedimentation in a vertic
tube, the porous suspension has to pass through the li
which is a relatively slow process. However, if the tube
tilted, the fluid and particles will start to move in separa
‘‘lanes:’’ The heavier particles will flow down along th
lower wall while the fluid moves up along the upper wa
thus producing a large scale convection roll. This partic
fluid separation produces less viscous dissipation and h
a faster motion.

However, the analogy between the bubble in sand and
sedimentation of blood is incomplete. In the experiments
observe that the granular packingslips along the tube for
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angles larger thanum . There is no such effect in sediment
tion. The maximum velocity of the bubble in the granul
column is controlled by the transition between dynamic a
static friction of the granular packing above the bubble. T
is not the case for sedimentation in liquids where there is
static friction present, and the maximum speed is contro
merely by hydrodynamics.

The focus of the present paper is twofold. First, we stu
the velocity of the bubble at different inclination angles a
packing densities. Second, an experimental technique
measure small density variations in a moving granular pa
ing is introduced and subsequently applied to investigate
origins of the sharp~shock! front that forms in front of the
rising bubble. The density variations in the sand were m
sured by measuring the capacitance across a tube wh
bubble passed. For sufficiently steep inclination anglesu a
clear decompactification zone was observed just above
bubble. We discuss how the latter measurements relat
previous numerical work@16#. As the measurements demo
strate the relatively strong role played by hydrodynam
forces compared to friction, the present work gives supp
to the assumptions made in the continuum description
ployed in Ref.@16#. On the other hand, recent theoretic
developments@17# together with the present measureme
clearly show that the mechanisms governing the bubble
tion cannot be fully captured in a coarse grained continu
description. This discussion is detailed in Sec. IV.

II. EXPERIMENTAL PROCEDURE

In the experiments we used a glass tube which is clo
on both sides, with an internal diameterD55 mm. The tube
was mounted on a vertical plate, with a rotation mechan
to tilt the tube~see Fig. 1!.

To release a bubble we used two different techniques
one case the tube, of total lengthl 5105 cm, was partly
filled with the granular material with the bubble initially o
the top of the tube. The tube was then turned quickly arou
with the bubble at the bottom to a given inclination ang
This setup was used for velocity and pressure measurem
of the bubble. The size of the bubble was determined by
amount of grains initially filled in the tube.
©2001 The American Physical Society09-1



b
as
h
m
e
t

s
c
a
a
eig
te
Th
er
a
w
n
ed
by
lid
tio
a
t

-

ca

t

on
-
A

wed
ed

ives
nce

a-
ac-
are
e ca-
the
to

uc-
e

s

ns

up

sure
flec-
for

r
.
by a
per-

two

to
ith

n
did

en

be

GENDRON, TROADEC, MÅLO”Y, AND FLEKKO”Y PHYSICAL REVIEW E 64 021509
In the second case, the tube is divided into two pieces
length 15 cm and 100 cm. The upper 100 cm of the tu
was filled with granular material and the lower 15 cm w
filled with air. A mechanical shutter is placed between t
upper and the lower tube. The shutter consists of a 0.5
thick aluminum plate with a hole of diameter 5 mm. Th
plate was moved so as to place the hole in the center of
tube and release the bubble. The shutter mechanism wa
ternally sealed to prevent air leakage from the granular pa
ing. Both the upper and the lower parts were initially kept
atmospheric pressure. The density variations in the s
were measured by means of a capacitor mounted at a h
25 cm from the shutter. The capacitor consists of two pla
of length 1 cm located on each side of the glass tube.
capacitor was screened by a Faraday cage to prevent ext
noise. An increase in the amount of sand between the cap
tor plates will increase the capacitance. The capacitance
calibrated by performing experiments with tubes of sa
with different densities. A low density of sand were obtain
in the calibration experiments by fluidizing the sand
blowing air through the packing. Within the available so
fractions between 0.50 and 0.60 obtained in the calibra
experiments, we found the solid fraction to vary linearly
c2cc52(3.1/pF)(C2Cc). This relation also gives the righ
value for the capacitance of the empty tube. HereCc is the
capacitance of the compactified powder,C is the measured
capacitance, andc and cc are the corresponding solid frac
tions.

The ‘‘sand’’ used in the experiments consists of spheri
glass beads of diameterd565 mm and glass densityrg
52.47 g cm23. The air humidity was kept within (27
63)% during the tube filling procedure. The experimen
were performed with two different solid fractionsc512f.
Heref is the porosity of the sand. The lowest solid fracti
cl50.56 and densityr l51.38 g cm23 was obtained by gen
tly filling the vertical tube with glass beads from the top.
higher solid fractioncc50.60 andrc51.48 g cm23 was ob-

FIG. 1. The experimental setup with capacitance measurem
and ultrafast video recording.
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tained by repeating the same procedure as above, follo
by careful tapping on the tube wall until the packing reach
the desired height. In order to check that this procedure g
a homogeneous solid fraction along the tube, the capacita
was measured at different positions.

Figure 2 shows the capacitance~divided by the average
capacitance! along the tube plotted as a function of the c
pacitor position for the uncompactified sample, the comp
tified sample, and the empty tube. We note that there
strong correlations between these measurements and th
pacitance variations of the same but empty tube. Hence
main part of the fluctuations in the capacitance is due
thickness fluctuations of the glass walls and not due to fl
tuations in the solid fraction. Only a small variation in th
capacitance~less than60.5%) is due to density fluctuation
of the powder. This corresponds to less than61.5% fluctua-
tion in the solid fraction.

To study the dynamics and the local density fluctuatio
of the bubble we used an ultrafast video camera~Kodak Mo-
tion Corder SR-1000!. Pictures were taken at a speed of
to 1000 pictures per second with a shutter time of 1024 s.

To measure the pressure in the tube we used a pres
sensor based on the deviation of a laser beam due to re
tion from a bending glass plate. We designed this sensor
the measurements on the hourglass@11#. The pressure senso
was connected at a distancel /2 from the bottom of the tube
The connection was made by a 0.5 mm hole, connected
tube to the sensor. The sensor did not cause any visible
turbation of the bubble.

III. EXPERIMENTAL RESULTS

A. Bubble velocity

The average speed of the bubble was measured for
different solid fractions at different inclination anglesu ~see
Fig. 3!. Movement of the bubble starts at an angle close
30°. The propagation velocity of the bubble increases w
increasing angle until it reaches a maximum atum , which is
significantly lower than 90°. An important visual observatio
in these experiments was that the top level of the sand
not move at angles lower thanum . On the other hand, when

ts

FIG. 2. Normalized capacitance variation as function of tu
position for the high solid fraction~solid line!, low solid fraction
~dashed line!, and empty tube~dotted line!.
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the angle became larger thanum , movement of the top leve
was observed. This shows that the sand slips along the
for angles larger thanum .

Figure 3 shows that the bubble velocity is higher in t
tube with the lower solid fraction. This is because the fricti
forces have increased with the increased density of the s

When the tube is close to vertical, the speed of the bub
is insensitive to the initial solid fraction. This insensitivity i
the speed may indicate a low density zone above the bu
that is insensitive to the initial solid fraction. This low de
sity zone was observed both in the capacitance meas
ments and directly by fast video recordings, as descri
below.

B. Fast photography visualization of the bubble

Visualization experiments have been performed with
fast charge-coupled device camera to study local dynam
and density fluctuations inside the bubble. Figure 4 sho
detailed pictures of the bubble at an inclination angleu
590°. It is clear from these pictures that the density of
sand inside the bubble is not homogeneously distributed
has strong local fluctuations. We also observe that the
ticles are not released homogeneously from the top of
bubble, but rather in ‘‘bursts’’ of different sizes.

Figure 5 shows pictures of the bubble at an inclinat
angleu570°. A very different behavior is observed in th
case. The sand inside the bubble is sliding along the side
and convection is observed at the bottom of the bub
where particles move upward again. The convection at
bottom of the bubble has been discussed in a recent p
@14# where the authors emphasize the very efficient mix
obtained by the convection process. On closer inspectio
the top of the bubble we observe a ripple propagating do
ward along the surface of the flowing grains. This ripp
which is most easily observed in motion, is shown in Fig.

The fast camera was further used to observe the par
movement above the bubble. Foru590°, a stick-slip behav-
ior was observed at heights more than 10 cm above
bubble. The particles stopped at regular intervals of about

FIG. 3. The dependence of the bubble velocity on the inclinat
angle for two different solid fractionsc50.55 ~filled symbols! and
c50.60 ~open symbols!. The particle size isd565 mm.
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s. However, we also observed that at a distance less
approximately 7 cm above the bubble the particles did
come to a complete stop. Thus no stick-slip motion was
served at this location above the bubble. This observatio
supported by the capacitance measurements of the low
sity zone described below.

C. Capacitance measurements

Capacitance measurements were performed to investi
density variations in the granular packing. A bubble of 15 c
was released and the capacitance was measured as a fun
of time by a capacitor located 25 cm above the mechan
shutter. When the inclination angle was larger thanum a
decompactification zone was observed above the bubble
though the existence of this zone was indicated by the
sence of stick-slip motion seen in the video recordings,

n
FIG. 4. Pictures of the bubble at an inclination angleu590°.

The time is increasing from left to right with 0.004 s between ea
picture. Strong inhomogeneities are seen inside the bubble. The
of the picture is given by the internal diameter of the tube, which
5 mm.

FIG. 5. Pictures of the bubble at an inclination angleu570°.
The time is increasing from left to right with 0.008 s between ea
picture. Convection is seen on the bottom of the bubble. The siz
the picture is given by the internal diameter of the tube, which i
mm.
9-3
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only direct evidence of it comes from the capacitance m
surements. Visually the decompactification zone cannot
directly observed.

For u,um no decompactification zone was observed.
Fig. 7 and Fig. 8, the dependence of the solid fraction a
function of time is shown for the inclination anglesu580°
and u590°. The solid fractionc decreases from the valu
c50.60 to a plateau of aboutc50.58 just in front of the
bubble. A sharp shock front with a decrease in the so
fraction fromc50.58 to aboutc50.08 identifies the top of
the bubble. The bottom of the bubble is seen as a sh
increase in the solid fraction from 0.08 to 0.56. It is impo
tant to note that the solid fraction is calculated under
assumption that the sand is homogeneously distributed in

FIG. 6. Picture of the top of the bubble for an inclination ang
u570°. A ripple is observed propagating downward. The size of
picture is given by the internal diameter of the tube, which is 5 m

FIG. 7. The solid fractionc as a function of time at an inclina
tion angleu580°. The bead sized565 mm.
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tube. However, from the visualization experiments we kn
that this is not the case and that there are local density fl
tuations inside the bubble. These measurements there
just give an estimate of the solid fraction of sand averag
over the capacitor size.

In Fig. 9, the length of the plateau of the decompactific
tion zone is shown as a function of the inclination angle. T
low density zone is observable for angles larger thanum , and
increases roughly linearly with increasing inclination ang

D. Pressure measurements

From visual observations the top layer was observed
move at angles larger thanum . A movement of the packing
above the bubble will compress the gas. A pressure incre
is therefore expected inside the bubble with a pressure
dient between the bubble and the top level of the sand.

To check this in more detail, pressure measurements w
performed in the middle of the tube as a function of time~see
Fig. 10!. To determine the location of the bubble, the las
beam used in the pressure measurements was blocked m
ally when the top and the bottom of the bubble passed
sensor and when the bubble reached the top of the gran

e
.

FIG. 8. The solid fractionc as a function of time at an inclina
tion angleu590°. The bead sized565 mm.

FIG. 9. The dependence of the length of the decompactifica
zone on the inclination angleu for a particle of diameterd
565 mm.
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BUBBLE PROPAGATION IN A PIPE FILLED WITH SAND PHYSICAL REVIEW E64 021509
packing. Thus in each graph the three dips correspond to
passing of the top and the bottom of the bubble and when
top of the bubble reaches the surface. For angles lower
um no pressure effects were observed. However, for an
larger thanum a significant increase in the pressure was
served until the bubble reached the top of the packing.
larger times the pressure decreased again due to flow o
out of the packing followed by a compactification of th
granular material.

Figure 11 and Fig. 12 show the dependence of the p
sure at the top and the bottom of the bubble on the incli
tion angleu. The same figures also show the propagat
velocity together with the pressure in the packing just wh
the bubble reaches the top. In all cases the pressure in
packing increases with increasing angle whenu.um .

IV. DISCUSSION

There is a qualitative difference between the bub
propagation when the angle is smaller or larger thanum . For

FIG. 10. The dependency of the pressure on time for differ
inclination angles during propagation of a bubble. The experim
is performed at low solid fractioncl50.56 with 65 mm beads.

FIG. 11. The velocity in arbitrary units, the pressure at the top
the bubble, the pressure at the bottom of the bubble, and the
sure when the bubble reaches the top of the packing. The dat
shown for different angles with 65mm beads and a low solid frac
tion cl50.56.
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angles lower thanum static friction from the walls prevents
granular motion above the bubble as well as compressio
the bubble. In the regime whereu,um the velocity of the
bubble is increasing with increasing angle. No motion of t
top level indicating slip is observed. The density is const
above the bubble with a sharp density change at the to
the bubble.

In the regime whereu.um , the velocity is decreasing
with increasingu. Motion of the top layer occurs, indicatin
slip of the packing and dynamic friction. The slip gives
compactification of the air in the bubble with a pressure
crease which sets up a pressure gradient across the pac
This pressure gradient increases the viscous drag actin
the particles.

One of the fundamental problems in the description
granular materials is to locate and define the appropr
boundary conditions between the regions where the gran
medium behaves more like a solid~with rigid response to
shearing forces! and where it behaves more like a liqu
~which may deform continuously! @4,16,18#. Due to the local
expansion, or dilatancy@19#, that must take place in order fo
shear motion to occur in a granular medium these bounda
may be quite sharp. Many types of granular flow that are
strongly excited@10,20# will be governed by the presence o
both liquid- and solidlike behavior. The fact that the granu
packing slips for angles larger thanum demonstrates that a
‘‘solid-liquid’’ interface is present and makes this proble
qualitatively different from the Boycott effect observed
sedimentation in fluids. The maximum velocity of the bubb
is controlled by the transition between dynamic and sta
friction of the granular packing above the bubble. This is n
the case for sedimentation in liquids where there is no st
friction, and the maximum speed is controlled by hydrod
namics.

The existence of the decompactification zone and the
that there is no stick-slip motion right above the bubble
both indications that the shock front on the top of the bub
is caused mainly by hydrodynamic effects. A recent theo

t
t

f
es-
are

FIG. 12. The velocity in arbitrary units, the pressure at the
of the bubble, the pressure at the bottom of the bubble, and
pressure when the bubble reaches the top of the packing. The
are shown for different angles with 65mm beads and high solid
fraction cc50.60.
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ical consideration assuming a constant granular density d
to the top of the bubble indicated that when averaged o
local volume elements the hydrodynamic forces acting
ward on the grains will always exceed the downward act
forces of gravity@17#, thus suppressing entirely the propag
tion of the bubble. If this is the situation the bubble will n
move upward, but the top interface will fall downward due
gas leakage through the packing. However, the experime
observation presented in this paper clearly shows that
particles fall through the bubble and that the density j
above the bubble is significantly lower than farther up in
granular packing. Since the experiments show bubbles
propagate with a sharp front, this implies that local details
the density variations are crucial for the bubble motion.
the other hand, while the quoted theoretical findings sh
that the correct mechanisms for the release of particles on
of the bubble cannot really be captured in a continu
model, the effect of these mechanisms may still be hand
in such a context. This is the case in a recent paper@16#
where the bubble-sand interface is blurred by the addition
a diffusive mechanism. A qualitative and a reasonable qu
titative agreement were found between the simulations
corresponding experiments.

The present experimental findings of a reduction in
density above the bubble strongly indicate a correspond
,

A

02150
n
er
-
g
-

tal
e
t

e
at
n
n
w
op

d

f
n-
d

e
g

reduction in the friction. If the friction is negligible in the
low density zone, this may justify the approximation of n
glecting the friction in our previous simulations. Howeve
the wall friction above the low density zone will cause t
bubble to decrease in size more slowly than if the wall fr
tion is zero. This effect was also seen in the comparis
between the experiments and the simulation in Ref.@16#.

The gas pressure gradient in the packing will depend
the friction from the tube walls. The stick-slip motion in th
upper part of the packing will thus couple to the gas press
in the bubble, which in turn governs the release of partic
in the top of the bubble. The stick-slip motion may th
produce via the pressure an inhomogeneous and intermi
release of particles in the top front, as is observed in the
video recordings. The observed stick-slip motion in the u
per part of the packing was not observable in the press
measurements. This may be due to limited resolution of
pressure sensor.
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