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1/fa density fluctuation at the slugging transition point of granular flows through a pipe

Akio Nakahara and Takeshi Isoda
Department of Physics, Chuo University, Kasuga, Bunkyo-ku, Tokyo 112, Japan

~Received 5 November 1996!

By changing the packing rate of metallic spheres inside a pipe, we experimentally investigated a density
fluctuation of metallic spheres that fall through a vertical glass pipe filled with liquid. We found that only at the
intermediate packing ratep;0.18 the power spectrum of the density fluctuation of falling metallic spheres
P( f ) obeys a power law asP( f );1/f a, wheref is a frequency anda is a positive constant. This intermediate
packing rate corresponds to a slugging transition point from the low-packing-rate region where metallic
spheres fall almost freely to the high-packing-rate region where density waves~slugs of granular materials!
emerge and so metallic spheres fall in a group very slowly. We also compare our experimental results with the
jamming transition and the 1/f noise that appear in a crowded traffic flow.@S1063-651X~97!07604-6#

PACS number~s!: 05.20.Dd, 83.70.Fn
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I. INTRODUCTION

Due to its complex dynamic behaviors, the physics
granular materials has drawn the attention from scient
and engineers in various fields@1–3#. For example, flows of
rough sand particles from a hopper produce nonuniform d
sity waves@4#. However, experimental results@4# and also
cellular-automata@5# and molecular-dynamics~MD! @6#
simulations show that by using smooth sand particles no d
sity waves are obtained. Therefore, the roughness of s
particles is the essence of the dynamics of the granular
from the hopper. The power law for the power spectrum
the density fluctuation of falling sand particles has been
tained by the MD simulations@6#.

Granular flows through a vertical pipe also produce d
sity waves@7–9#. In the experiment, we pour rough san
particles into the hopper and let them fall down gravitatio
ally from the hopper through a vertical glass pipe. Even
the granular flow from the hopper exit is set to be alm
uniform and white-noise-like, the density waves of sluggi
sand particles emerge as the sand particles fall down thro
the vertical pipe.

MD simulations @7,10,11# and lattice-gas-automat
~LGA! simulations@12,13# show that both the inelastic co
lision between rough sand particles and the friction due
the rough wall play important roles in the formation of de
sity waves. On the other hand, in a previous paper@8# we
reported that the hydrodynamic effect of fluid inside the p
is not negligible. When the cock that is connected at
bottom of the vertical glass pipe is fully open, sand partic
fall almost freely, even if we use rough sand particles. Wh
the cock is closed to some extent, the back flow produced
the ascending air induces the formation of nonunifo
granular flow, i.e., density waves@8#. To consider that this
nonuniform granular flow is a kind of slug in a fluidized be
@14,15# in a narrow space, we can imagine the importance
the hydrodynamic effect due to the fluid filling the syste
@16#. We also found, in our previous paper@8#, that the
power-law power spectrum of the density fluctuation is se
organized only when the cock is properly half closed.

To exclude the roughness of granular materials and
emphasize the hydrodynamic effect of the fluid, we use
551063-651X/97/55~4!/4264~10!/$10.00
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this paper, smooth metallic spheres of almost equal size
granular materials. To investigate the hydrodynamic effec
more detail, we use water and the silicone oil with vario
kinematic viscosities and study how the granular flo
changes as we vary the kinematic viscosity of liquid.

Now let us pay attention to a traffic flow problem. Th
relation between the density waves in granular flows and
traffic jams on crowded highways is pointed out@17#. In the
traffic flow, vehicles move smoothly when the density
vehicles is low. As the density of vehicles increases,
system undergoes a dynamical jamming transition, and
high-vehicle-density regime traffic jams appear and vehic
move in a group very slowly@17–24#. The power-law power
spectrum was reported in the observation of real traffic fl
@25#, and numerical simulations showed that the power-l
power spectrum appears only at a certain vehicle-density
gime @26–30#.

Considering that the vehicles correspond to falling gra
lar materials through a pipe, we can expect that the slugg
transition of granular flow and the jamming transition of tra
fic flow are similar phenomena. In fact, LGA simulation
@12,13# show a slugging transition as the flow rate of gran
lar materials is increased and the power-law power spect
is observed only at a critical flow rate with the maximu
transportation of granular materials. On the other hand,
can also imagine that the large kinematic viscosity of liqu
prevents the growth of nonuniform granular flow since
granular materials fall very slowly when the kinematic vi
cosity of liquid is very large.

Thus the second aim of this paper is to check whether
slugging transition can be explained as a function of
packing rate of granular materials, just like the jammi
transition in traffic flows. Since our first aim is to study th
hydrodynamic effect on the formation of density waves,
have performed systematic experiments in which we con
two dominant physical parameters, i.e., a packing rate
granular materials inside the pipe and a kinematic visco
of the liquid that fills the pipe. We investigated the behav
of the granular flow and its power spectrum in each exp
mental condition.

In the following sections we show that in the high
Reynolds-number condition the slugging transition is e
4264 © 1997 The American Physical Society
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55 42651/f a DENSITY FLUCTUATION AT THE SLUGGING . . .
pressed by the jamming transition, while in the low
Reynolds-number condition the high kinematic viscosity
liquid prevents the growth of nonuniform granular flows. W
show also that we can obtain the power law for the pow
spectrum only at the slugging transition point.

This paper is organized as follows. In Sec. II we expla
the methods of our experiments. In Secs. III, IV, and V
present our experimental results. First, in Sec. III we sh
how the granular flow changes by varying the packing rate
metallic spheres inside the pipe. In our experiments, the n
uniform granular flow is self-organized as granular mater
fall down from the hopper through a vertical pipe. In Sec.
we present the results of our study about the s
organization of the density fluctuation, performed by cha
ing the measuring position from the hopper to the pipe e
In Sec. V we explain our experiments in which we use s
cone oil with various kinematic viscosities. We summar
our results in Sec. VI.

II. METHODS OF EXPERIMENTS

The experimental setup is described schematically in F
1. As granular materials we use smooth metallic sphere
almost equal sizes, such as lead spheres and stainless
spheres. We set a hopper at the top of a vertical glass
and insert the pipe end into a flask.

To observe the flow of granular materials, we use
charge coupled device camera and a videorecording sys
We also place a set of a semiconductor laser and a phot
tecting sensor~LX2-02, Keyence Co., Japan! horizontally at
both sides of the vertical pipe and check the time evolut
of the intensity of the transmitted light across the verti
pipe. Here the wavelength of the laser is 780 nm. The be
of the laser consists of a bundle of straight beams, and
cross section of the laser beam and the size of the windo
the photodetecting sensor are both 1.0 mm in height and

FIG. 1. Schematic illustration of the experimental setup. T
whole system is filled with liquid. Metallic spheres are put onto t
hopper and fall from the hopper gravitationally through a verti
pipe. To measure the granular flow, a set of a semiconductor l
and a photodetecting sensor is placed horizontally across the v
cal glass pipe. The output signal of the photodetecting senso
transferred through an analog-to-digital~AD! converter to a UNIX
system ~SPARC Station 2, SunMicrosystems!, where the FFT
analysis is performed to obtain the power spectrum of the den
fluctuation.
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mm in width. Since the inner diameter of the vertical pipe
less than the width of both the laser beam and the window
the sensor in our experiments, we obtain the data that
averaged across the horizontal direction, i.e., we obtain
data of the one-dimensional granular flow along the verti
pipe.

In our experiments we use three kinds of metallic sphe
i.e., lead spheres 1.0460.10 mm~;1.0 mm! and 1.6860.08
mm~;1.7 mm! in diameter and stainless-steel spheres 1.6
60.003 mm~;1.6 mm! in diameter. As the liquid we use
water and silicone oil with various viscosities. The density
silicone oil with any viscosity is the same as that of wa
and is given by 1.0 g/cm3. The kinematic viscosityn of
water is 1.0 mm2/s and that of silicone oil is varied as 0.6
1.00, 2.00, 3.00, 3.24, 3.50, 4.00, 5.00, 10.0, 20.0, and 5
mm2/s.

We use two kinds of glass pipes, i.e., 7.0 and 9.0 mm
inner diameter. Since the diameters of metallic spheres
use are varied from 1.0 to 1.7 mm, the value of the asp
ratio of the inner diameter of the glass pipe to the diamete
metallic spheres is smaller than 10 in any case. When
value of this aspect ratio is greater than 10, the system d
not show any characteristic features of the nonunifo
granular flow, i.e., granular materials do not produce the d
sity fluctuation.

As for the length of the pipe, we cannot see any differen
in our experimental results by changing it from 700 to 15
mm. That is, the 700-mm-length pipe is enough for our e
periments because, as will be shown later, the granular fl
through the pipe self-organizes into a stationary structure
fore granular materials fall 200 mm down from the hoppe

To change the packing rate of metallic spheres inside
pipe, we use an additional hopper and put it onto the origi
hopper, which is directly connected to the glass pipe. T
opening angle of the original hopper and that of an additio
hopper are the same. Here the inner diameters of both
glass pipe and the original hopper are exactly the same,
that of the additional hopper is a bit smaller. Thus we c
decrease only the input rate of granular materials by
setup. By changing the inner diameter of the additional h
per, we can control the input rate of metallic spheres into
glass pipe.

To change the input rate systematically, we use the a
tional hopper alternatively with slightly different inner diam
eters. Then we calculate the value of the packing ratep for
each additional hopper by the relation

p5
M

vgTS
. ~1!

HereS is the cross section of the pipeS5pr 2, wherer is an
inner radius of the pipe;M is the total volume of metallic
spheres we use in our experiments;T is the total time needed
for all these metallic spheres to fall from the hopper and th
M /T is the input rate of metallic spheres from the hopp
into the pipe; andvg is the mean velocity of falling granula
materials~metallic spheres! and is given byvg51/2L m/s,
whereL is the mean time needed for metallic spheres to
down 50 cm vertically through the pipe. We measure valu
of T and L experimentally for each additional hopper an
obtain the value ofp.
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4266 55AKIO NAKAHARA AND TAKESHI ISODA
FIG. 2. Snapshots of the granular flow through a vertical glass pipe, where the packing rate isp50.05, 0.18, and 0.21 in~a!, ~b!, and~c!,
respectively. Here we used lead spheres 1.7 mm in diameter, a glass pipe 9.0 mm in inner diameter, and water as the liquid. A
spheres fall downward gravitationally. The measure is vertically set at the left-hand side of the vertical glass pipe fromx530 to 40 cm,
wherex is a vertical distance down from the hopper.
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Since we are interested in the flow of granular materials
the pipe, we should check whether or not this additio
hopper itself produces the density fluctuation. We perform
the fast Fourier transform~FFT! analysis directly to the
granular flow at the hopper exit and confirmed that
granular flow from the additional hopper is almost unifor
and white-noise-like. This means that the additional hop
only changes the input rate of metallic spheres, but it d
not produce the density fluctuation at the hopper exit. T
density fluctuation is self-organized as metallic spheres
down through the pipe.

III. DEPENDENCE ON THE PACKING RATE

Now we will present our experimental results. Figur
2–5 have been obtained from our experiments in which
used water as the liquid, lead spheres 1.7 mm in diamete
metallic spheres, and a glass pipe 9 mm in inner diam
and 700 mm in length. Note that the free fall velocityv0 of
a single lead sphere 1.7 mm in diameter is experiment
given byv050.62 m/s in water and its Reynolds number R
5 dv0 /n is Re5 1054. The total mass of lead spheres us
in our experiments is 2 kg. Since the density of lead is 11
g/cm3, the total volume of lead spheres isM5176 cm3.

The packing rate we get without the additional hoppe
0.36 in this case. By using additional hoppers, we can v
the packing rate as 0.36, 0.30, 0.26, 0.21, 0.18, 0.16, 0
0.11, 0.09, and 0.05.

First, Fig. 2 shows snapshots of the density fluctuation
granular flows atx540 cm as functions of the packing ra
p. Herex is defined as a distance down from the hopper a
indicates the position where we take data. Packing ratep
are given byp50.05 in Fig. 2~a!, p50.18 in Fig. 2~b!, and
p50.21 in Fig. 2~c!, respectively. In Fig. 2~a! with
p50.05, we see only a faint density fluctuation, while in F
2~c! with p50.21 we can clearly observe slugs of metal
spheres, i.e., density waves. That is, in the low-packing-
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region metallic spheres fall almost freely as shown in F
2~a!, but in the high-packing-rate region@see Fig. 2~c!# me-
tallic spheres form slugs and fall in a group very slowly. Th
is a dynamical transition from a free-fall region to a sluggi
region. Figure 2~b! with p50.18 corresponds to the patter
at the intermediate-packing-rate region, i.e., the slugg
transition point from the low-packing-rate free-fall region
the high-packing-rate slugging region.

In Fig. 3 we see a time evolution of the transmitted lig
intensity atx540 cm, measured by our photodetecting se

FIG. 3. Time evolution of the transmitted light intensity as
function of timet at x540 cm with various packing ratesp. Here
we used lead spheres 1.7 mm in diameter, a glass pipe 9.0 m
inner diameter, and water as the liquid. The values of the pack
rate p are, from top to bottom, 0.05, 0.18, and 0.21, respective
These solid lines are shifted vertically one by one.
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55 42671/f a DENSITY FLUCTUATION AT THE SLUGGING . . .
sor. Here the light intensity is normalized to unity. That
when the value of the transmitted light intensity is unity, th
means that there are no metallic spheres in front of the p
todetecting sensor at that time. As the number of meta
spheres that cross the sensor increases, the value of the
mitted light intensity decreases and at zero intensity no li
can transmit across the pipe. Thus the high intensity co
sponds to the low granular density and vice versa. The t
evolution of the transmitted light intensity whenp50.05 re-
sembles a white-noise pattern, while that forp50.21 shows
a complex pattern with many flat regions with zero intens
Here the zero intensity regions correspond to slugs of me
lic spheres.

As described above, the free-fall velocityv0 of a single
lead sphere 1.7 mm in diameter isv050.62 m/s in water.
Since the glass pipe is directly connected to the flask
therefore liquid cannot go outside of our closed system,
obtain the conservation relation

pvg1~12p!v f50. ~2!

Here p is a mean packing rate of granular materials ins
the pipe and thus 12p is that of liquid;vg>0 is the mean
velocity of granular materials~metallic spheres! andv f<0 is
that of fluid ~liquid!, respectively. We set the direction of th
gravity as positive. Since we can obtain values ofvg andp
by the method described above, Eq.~2! gives us the value o
v f . The conservation relation~2! means that, as granula
materials fall down through the pipe, the liquid should go
due to the excluded volume effect, i.e., the incompressib
of liquid. Therefore, we introduce a normalized relative v
locity V between falling metallic spheres and ascending
uid, which is defined as

V5
vg2v f
v0

>0. ~3!

In Fig. 4 the normalized relative velocityV is plotted with
error bars as a function of the packing ratep. The solid
vertical guide line represents the maximum packing ratepm

FIG. 4. Normalized relative velocity between falling metall
spheres and ascending fluidV plotted as a function of the packin
ratep. Here we used lead spheres 1.7 mm in diameter, a glass
9.0 mm in inner diameter, and water as the liquid. The vertical s
guide line represents the maximum packing ratepm50.54 for this
case. The dotted guide line denotesV of the gravity-dominated flow
in an infinite system and is given byV5(12p)2.
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for the case where lead spheres 1.7 mm in diameter fill
glass pipe 9 mm in inner diameter and its experimental va
is given bypm50.54. The dotted guide line denotesV of the
gravity-dominated flow in an infinite wallless system and
given byV5(12p)2 @31#. Note that the experimental valu
of V in the pipe flow is always smaller thanV5(12p)2. In
the narrow pipe, metallic spheres cannot move as freely
those falling in the infinite system because the finite-s
effect as well as the friction by the wall induces the grow
of the density fluctuation and thus helps the formation
slugs.

In the low-packing-rate region (p,0.18), as seen in Fig
4, the value ofV decreases rapidly as the value ofp in-
creases. This is because, even though almost all met
spheres fall freely in this region, those few metallic sphe
that form a density fluctuation reduce the mean velocityV as
a whole @see Fig. 2~a!#. In the high-packing-rate region
(p.0.18) most of the metallic spheres are trapped in slu
as shown in Fig. 2~c!, andV is relatively low. The interme-
diate packing rate (p;0.18) is a slugging transition poin
from the low- to the high-packing-rate region. That is, at th
intermediate packing rate some metallic spheres are trap
in slugs while some others fall freely.

This change from the low-packing-rate free-fall region
the high-packing-rate slugging region is not a sharp and c
phase transition as long as we use a liquid as the fluid. T
is, it is rather a continuous crossover from one state to
other. As for the slugging transition of sand particles in t
air, however, this change is a sharp and clear phase tra
tion. This difference between these two cases can be at
uted to the role of fluid~i.e., liquid or gas! in the formation
of slugs and is still under investigation. As will be show
below, at this intermediate packing rate (p;0.18) the behav-
ior of the power spectrum of the density fluctuation chang
drastically. The power-law power spectrum is obtained
this intermediate packing rate only.

Next we present our experimental results on the pow
spectra of the density fluctuation of falling metallic spher
performed by changing the packing ratep. Figure 5 shows
the power spectra of the density fluctuations atx540 cm as
the functions of the frequencyf at the various packing rates
Here the values ofp are, from top to bottom, 0.05, 0.09
0.11, 0.14, 0.16, 0.18, 0.21, 0.26, 0.30, and 0.36. The ver
scale for each spectrum is shifted appropriately. Note t
each power spectrum has a sharp edge at aboutf;100 Hz.
Since the mean velocity of the falling metallic spheres
about 0.2 m/s and the height~vertical size! of the window of
the photodetecting sensor is 1 mm, the mean time neede
one metallic sphere to cross the sensor vertically is ab
0.005 s. For our system, twice this time~i.e., 0.01 s! is the
resolving power of the photodetecting sensor, so our sys
cannot measure high-frequency variation forf.100 Hz.
That is the reason why all our power spectra have sh
edges.~The precise value of the edge depends also on
value ofV for eachp.!

We also note, from the time evolution of the transmitt
light intensity~see Fig. 3!, that the time needed for one slu
to cross the photodetecting sensor vertically is greater t
about 0.15 s, which corresponds to a frequency off,3 Hz.
From this order estimate, we can classify the frequency
gion into two ranges, i.e., the high-frequency range~3 Hz
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4268 55AKIO NAKAHARA AND TAKESHI ISODA
, f, 100 Hz!, where the power spectra describe the mic
scopic density fluctuation of metallic spheres, and the lo
frequency range (f,3 Hz!, where the power spectra de
scribe the macroscopic movements of slugs, i.e., den
waves.

At low packing rates such asp50.05, 0.09, and 0.11, th
power spectra do not show definite tendencies and are w
noise-like in the low-frequency range. This feature mea
that most metallic spheres fall freely and randomly and o
few clusters are observed macroscopically. On the o
hand, at high packing rates such asp50.21, 0.26, 0.30, and
0.36, power spectra are monotonically decreasing funct
of p and the values of power spectra in the low-frequen
range become relatively high, which means that there
many slow clusters that form slugs. Furthermore, at the
termediate packing ratep50.18, the power spectrum obey
the power law asP( f );1/f a, wherea is a positive constan
given asa50.8160.01 over a wide frequency range o
0.5–50 Hz.

The valuea.0.81 is smaller than the valuea.1.5 ob-
tained in our previous experiments on the rough sand
ticles in air@8#. We consider that this difference is due to t
hydrodynamic effect of fluid~liquid or gas! on the formation
of slugs and is still under investigation.

To summarize this section, in Fig. 6 we show a schem
illustration of the changes of power spectra as we incre
the packing ratep. At the low packing rate most metalli
spheres fall freely and we can observe only a faint den
fluctuation macroscopically. Therefore, the power spectr

FIG. 5. Power spectra of the density fluctuation as functions
the frequencyf at x540 cm with various packing ratesp. Here we
used lead spheres 1.7 mm in diameter, a glass pipe 9.0 mm in
diameter, and water as the liquid. From top to bottom, the pack
ratesp of lead spheres are 0.05, 0.09, 0.11, 0.14, 0.16, 0.18, 0
0.26, 0.30, and 0.36. The vertical scale for each spectrum is sh
appropriately. The spectrum at eachp was obtained by averagin
over ten trials.
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in the low-frequency range shows a white-noise-like beh
ior, as shown by the dotted line in Fig. 6. As the packing r
increases, the amplitude of the power spectrum at the l
frequency range increases. This suggests the growth of
macroscopic structure in the granular flow. At the interme
ate packing rate~i.e., at the slugging transition point!, slugs
begin to emerge and the time evolution of the transmit
light intensity, shown in Fig. 3, looks almost scale invaria
This almost-scale-invariant feature suggests that the gran
flow has a complex spatiotemporal structure without a
characteristic length scale or any characteristic time scal

As we increase the packing rate, the amplitude of
power spectrum at the low-frequency range increases an
shown by the dashed line in Fig. 6, the power spectrum
longer obeys a single power law. This is because once st
slugs are formed in the high-packing-rate slugging regi
the system acquires a macroscopically stationary slugg
structure with some characteristic length and time sca
The granular flow no longer shows a scale-invariant beh
ior. These are our experimental results as for the depend
of power spectra on the packing rate.

IV. SELF-ORGANIZATION

Now let us explain our experiments on the se
organization of a nonuniform granular flow through a pip
Since the density fluctuation of falling metallic spheres
produced as metallic spheres fall down from the hop
through a pipe, we study the formation of the density flu
tuation by changing the measuring position from the hop
to the pipe end. As described above, the hopper flow, i.e.,
granular flow at the hopper exit, is of a white noise, so
density fluctuation is self-organized through a pipe@8,32#.
The values of physical parameters used in this section
exactly the same as those described in Sec. III.

First, we present experimental results as for the hi
packing-rate slugging region. Figure 7 shows the time e
lution of the transmitted light intensity at variousx for
p50.21. Figure 8 represents power spectra as function

f

er
g
1,
ed

FIG. 6. Schematic illustration of the changes of power spec
P( f ). The dotted line denotes the power spectrum in the lo
packing-rate free-fall region, the solid line denotes that for the
termediate packing rate, and the dashed line denotes that in
high-packing-rate slugging region. Only at the intermediate pack
rate ~i.e., at the slugging transition point!, the power spectrum
shows a single-power-law behaviorP( f );1/f a over a wide fre-
quency range, i.e., in both the low- and the high-frequency ran
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55 42691/f a DENSITY FLUCTUATION AT THE SLUGGING . . .
f at variousx for p50.21. Just below the hopper (x51 cm!,
metallic spheres fall freely from the hopper, the time evo
tion of the light intensity is random, as seen in Fig. 7, and
power spectrum takes a white-noise form, as seen in Fig
As metallic spheres fall down through a pipe, the dens
fluctuation grows. First, the power spectrum at the hig
frequency range increases, as shown by the power spec
at x55 in Fig. 8. Next, that of the low-frequency rang
increases. We found that atx510 cm slugs begin to appea
and the power spectrum obeys a beautiful power
P( f );1/f a with a50.8360.01 over a frequency rang
0.5–50 Hz. The time evolution of the transmitted light inte
sity atx510 cm in Fig. 7 looks scale invariant and resemb
that of the intermediate packing rate (p;0.18) in Fig. 3.
That is, the power-law power spectrum is observed only
the slugging transition point from the free-fall region t
wards the slugging region, and controlling physical para
eters for each case were the packing ratep in Fig. 5 and the
distancex from the hopper in Fig. 8, respectively. As w
increase the value ofx further, we obtain stable densit
waves~slugs! and power spectra no longer obey power law
~See the power spectrum atx520 cm in Fig. 8.! We also
note, from power spectra atx520, 40, and 60 cm in Fig. 8
that, after metallic spheres fall 20 cm down from the hopp
the granular flow takes the stationary structure that no lon
depend on the value ofx. The first 20 cm from the hopper i
a transient region for the formation of the density fluctuatio
and in that transient region we can observe the s
organization of the power spectrum.

Next, in Fig. 9 we present our results for the intermedi
packing ratep50.18 as functions off at variousx. As me-

FIG. 7. Time evolution of the transmitted light intensity as
function of time t for p50.21 at various measuring positionsx,
wherex is the distance between the hopper exit and the measu
position. Here we used lead spheres 1.7 mm in diameter, a g
pipe 9.0 mm in inner diameter, and water as the liquid. The valu
x is, from top to bottom, 1, 5, 10, and 40 cm. These solid lines
shifted vertically one by one.
-
s
8.
y
-
um

-
s

t

-

.

r,
er

,
f-

e

tallic spheres fall from the hopper down through the pip
functional forms of power spectra evolve from the whit
noise form atx51 cm to the power-law formP( f );1/f a at
x520 cm with a50.8060.01 over a frequency rang

ng
ss
f
e

FIG. 8. Power spectra of the density fluctuation as functions
the frequencyf for p50.21 at the various measuring positionsx.
Here we used lead spheres 1.7 mm in diameter, a glass pipe 9.0
in inner diameter, and water as the liquid. From top to bottom,
measuring positionx is x51, 5, 7, 8, 9, 10, 20, 40, and 60 cm. Th
vertical scale for each spectrum is shifted appropriately. The sp
trum at eachx was obtained by averaging over ten trials.

FIG. 9. Power spectra of the density fluctuation as functions
the frequencyf for p50.18 at the various measuring positionsx.
Here we used lead spheres 1.7 mm in diameter, a glass pipe 9.0
in inner diameter, and water as the liquid. From top to bottom,
measuring positionx is x51, 5, 10, 20, 40, and 60 cm. The vertic
scale for each spectrum is shifted appropriately. The spectrum
eachx was obtained by averaging over ten trials.
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0.5–50 Hz. On the other hand, even though we increase
value ofx further, power spectra retain the same power-l
form. That is, power spectra atx540 and 60 cm also obe
the same power law,P( f );1/f a with a50.8160.01 over a
frequency range 0.5–50 Hz. This means that the power s
trum acquires a final stationary structure after meta
spheres fall 20 cm down from the hopper, which shows t
the slugging transition occurs for the intermediate pack
rate.

Finally, Fig. 10 shows power spectra in the low-packin
rate free-fall region. Here the value ofp is 0.05. Since the
packing rate of metallic spheres is relatively low, the dens
fluctuation cannot grow enough. Therefore, even far from
hopper, power spectra do not show definite tendencies
are white-noise-like in the low-frequency range.

To summarize this section, we present a simple schem
illustration in Fig. 11. In our experiments, metallic spher
fall almost freely from the hopper and thus the power sp
trum at the hopper exit has the white-noise form at any pa
ing rate. As metallic spheres fall down through a pipe,
nonuniform granular flow is self-organized. First, the hig
frequency part of the power spectrum increases, which s
gests the growth of the microscopic density fluctuation
falling metallic spheres. In the low-packing-rate free-fall r
gion, this is the final stationary structure, as shown in F
11~a!. When the value of the packing rate becomes larg
the low-frequency part of the power spectrum starts to
crease at the next stage. This indicates the formation
macroscopic density fluctuation that causes slugging. At

FIG. 10. Power spectra of the density fluctuation as function
the frequencyf for p50.05 at the various measuring positionsx.
Here we used lead spheres 1.7 mm in diameter, a glass pipe 9.0
in inner diameter, and water as the liquid. From top to bottom,
measuring positionx is x51, 5, 10, 20, 30, 40, and 60 cm. Th
vertical scale for each spectrum is shifted appropriately. The s
trum at eachx was obtained by averaging over ten trials.
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slugging transition point (p;0.18) the low-frequency par
and the high-frequency part of the final power spectrum o
the same power lawP( f );1/f a @see Fig. 11~b!#. If we in-
crease the packing rate further, many stable slugs are
duced at the final stage, the amplitude of the low-freque
part of the power spectrum increases too much, and the
power spectrum no longer obeys the single power law,
illustrated in Fig. 11~c!.

V. EXPERIMENTS USING SILICONE OIL

In this section we report on our experiments in which w
use silicone oil as the liquid. Here we use stainless-s
spheres as metallic spheres because lead induces the ge

f

m
e

c-

FIG. 11. Schematic illustration of the self-organization of pow
spectraP( f ) with various packing rate region:~a! in the low-
packing-rate free-fall region,~b! at the intermediate packing rat
~i.e., the slugging transition point!, and~c! in the high-packing-rate
slugging region.
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of silicone oil. Of course, in water, the granular flows of le
spheres and of stainless-steel spheres are almost the s
except for the difference in the values of the free-fall veloc
v0 of a single metallic sphere due to the differences in b
the size of a sphere and the density of the bulk of sphe
The density of the bulk of lead spheres is 11.34 g/cm3 and
that of stainless-steel spheres is 7.83 g/cm3.

In our experiments the kinematic viscosityn of silicone
oil is varied asn50.65, 1.00, 2.00, 3.00, 3.24, 3.50, 4.0
5.00, 10.0, 20.0, and 50.0 mm2/s. Accordingly, the experi-
mental value of the mean free-fall velocityv0 of a single
stainless-steel sphere 1.6 mm in diameter varies
v050.61, 0.56, 0.49, 0.43, 0.43, 0.42, 0.40, 0.38, 0.30, 0
and 0.10 m/s. Figure 12~a! shows the value ofv0 as a func-
tion of the logarithm of the kinematic viscosityn of silicone
oil. We also present, in Fig. 12~b!, the value of Reynolds
number, Re, of a freely falling single metallic sphere as
function of n.

We use a glass pipe 7 mm in inner diameter and 1500
in length, but we do not use the additional hopper in t
section. As we change the kinematic viscosity of the silico
oil, the input rate of metallic spheres from the hopper var
even though we are not using the additional hopper. As s
in Figs. 12~a! and 13, the kinematic viscosity of the liqui

FIG. 12. Free-fall velocityv0 of a single stainless-steel sphe
1.6 mm in diameter, presented as a function of the logarithm of
kinematic viscosityn of the silicone oil.~b! Reynolds number Re o
a freely falling single stainless-steel sphere 1.6 mm in diame
presented as a function of the kinematic viscosityn of the silicone
oil.
me,

h
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inside the pipe changes not only the free-fall velocity o
single metallic sphere through a pipe but also the pack
rate of metallic spheres inside the pipe. To investigate
general feature of the granular flow through a pipe,

e

r,

FIG. 13. Packing ratep, denoted by solid circles, as a functio
of the logarithm of the kinematic viscosityn of the silicone oil.
Here we used stainless-steel spheres 1.6 mm in diameter, a
pipe 7.0 mm in inner diameter, and the silicone oil as the liqu
The horizontal solid guide line represents the maximum pack
ratepm50.52 for this case.

FIG. 14. Normalized relative velocity between the falling m
tallic spheres and the ascending fluidV plotted as a function of the
packing ratep. Solid circles denoted the data of the case of the le
spheres 1.7 mm in diameter, a glass pipe 9.0 mm in inner diam
and water as the liquid. The vertical solid guide line represents
maximum packing ratepm50.54 for this case. Solid squares deno
the data of the case of the lead spheres 1.0 mm in diameter, a
pipe 7.0 mm in inner diameter, and water as the liquid. Solid
angles represent the data of the case of the stainless-steel sp
1.6 mm in diameter, a glass pipe 7.0 mm in inner diameter,
silicone oil as the liquid. The maximum packing ratespm for the
latter two cases are 0.56 and 0.52, respectively, but we omit the
the figure. The dotted guide line denotesV of the gravity-dominated
flow in an infinite system and is given byV5(12p)2.
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FIG. 15. Power spectra of the density fluctu
tion are plotted as functions of the frequencyf at
x51000 mm for the various kinematic viscositie
n of silicone oil and at the same time for th
various packing ratesp. Here we used stainless
steel spheres 1.6 mm in diameter, a glass pipe
mm in inner diameter, and silicone oil as the liq
uid. From top to bottom, the kinematic viscosit
n of silicone oil isn550.0, 20,0, 10.0, 5.00, 4.00
3.50, 3.24, 3.00, 2.00, 1.00, and 0.65 cSt~here
cSt5 mm2/s!. At the same time, the packing rat
p is, from top to bottom,p50.10, 0.11, 0.11,
0.12, 0.14, 0.15, 0.17, 0.20, 0.28, 0.37, and 0.
The vertical scale for each spectrum is shift
appropriately. The spectrum at eachp was ob-
tained by averaging over ten trials.
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should perform experiments in which we control both t
free-fall velocityv0 of a single sphere and the packing ra
p of metallic spheres independently. These experiments
still under investigation.

In Fig. 14 we present the normalized relative velocityV
@defined by Eq.~3!# as a function of the packing ratep of
metallic spheres inside the pipe. First, solid circles repres
V for the case of lead spheres in Sec. III. The data are
same as those shown already in Fig. 4.

Also, we present, in Fig. 14,V of lead spheres 1.0 mm in
diameter in water and denote them by solid squares.
free-fall velocityv0 of a single lead sphere 1.0 mm in diam
eter isv050.45 m/s in water. Here the inner diameter of t
glass pipe is 7.0 mm. The maximum packing rate
pm50.56. The packing rate without the additional hopper
p50.21. By using the additional hopper, we can decrease
packing rate asp50.21, 0.09, and 0.07.

Solid triangles in Fig. 14 representV of stainless-stee
spheres 1.6 mm in diameter in silicone oil with various v
cosities. The inner diameter is 7.0 mm andpm50.52. The
re

nt
e

e

s
s
he

-

relation between the kinematic viscosityn of the silicone oil
and the value of the packing ratep has already been pre
sented in Fig. 13. Even though we are using water and
cone oil with various viscosities, all the data in Fig. 14 c
be fitted by the same line when they are plotted as a norm
ized relative velocityV.

Next, Fig. 15 shows power spectra as the functions of
frequency f for the various kinematic viscositiesn of the
silicone oil and at the same time for the various packing ra
p. The length of the glass pipe is 1500 mm and the mea
ing position isx51000 mm this case. Comparing Fig. 1
with Fig. 5, we find a similar systematic change in the fun
tional forms of power spectra. As for the power spectra in
high-packing-rate slugging region (p.0.18), the slope of the
low-frequency part (f,3 Hz! is larger than that of the high
frequency part (f.3 Hz! and thus power spectra do not obe
the single power law in both figures. In the low-packing-ra
free-fall region (p,0.18), but whenn,20 mm2/s, the low-
frequency part cannot grow enough and thus power spe
do not obey the power law in both Figs. 5 and 15. Only at
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intermediate packing ratep;0.18 is the power-law powe
spectrum obtained. That is, these power spectra are re
sented mainly as functions of the packing ratep, except for
the high-kinematic-viscosity region (n.20 mm2/s!.

The high kinematic viscosity of liquid prevents th
growth of the density fluctuation of granular materials a
thus granular materials fall homogeneously through a p
When we compare the power spectrum forn510 mm2/s
with that for n520 mm2/s in Fig. 15, we notice that the
functional forms of these power spectra are different e
though the packing ratep takes the same valuep50.11. The
situation withn520 mm2/s corresponds to the case whe
the mean Reynolds number of falling metallic spheres in
granular flow is 8. From these results, we can conclude
in the high-Reynolds-number condition~Re.10) the granu-
lar flow through a pipe is described mainly by the packi
rate of granular materials inside the pipe just like the ja
ming transition in traffic flows, while in the low-Reynolds
number condition~Re ,10) the dissipation due to the vis
cosity of liquid is not negligible and the granular flow cann
be described only by the packing ratep.

VI. SUMMARY

To investigate the granular flow through a pipe, we p
formed experiments in which we used smooth meta
spheres of almost equal sizes as granular materials and w
and silicone oil as liquid filling the pipe. We systematica
controlled two physical parameters: a packing rate of
metallic spheres inside the pipe and a kinematic viscosity
the liquid that fills the pipe.

First, we observed the slugging transition from the lo
da
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ita
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ter

e
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packing-rate region (p,0.18), where most metallic sphere
fall freely, to the high-packing-rate region (p.0.18), where
metallic spheres become slugged and fall in group v
slowly. The FFT analysis showed that only at the slugg
transition point (p;0.18) the power spectrum of the densi
fluctuation of falling metallic spheres obeys the single pow
law P( f );1/f a over a wide frequency range, wheref is a
frequency anda is a positive constant.

Second, we investigated the self-organizations of nonu
form granular flows as metallic spheres fall down from t
hopper through a glass pipe. We found that the granular fl
evolves from the white-noise flow at the hopper exit towa
the nonuniform flow through the pipe and the final stationa
structure of the nonuniform flow depends on the packing r
of metallic spheres inside the pipe.

Finally, we performed experiments using the silicone
with various viscosities and found that in the high-Reynold
number condition~Re .10) the nonuniform granular flow
through a pipe is described mainly by the packing ratep
when all physical variables are rescaled by the free-fall
locity, while in the low-Reynolds-number condition~Re
,10) the high viscosity of liquid prevents the growth of th
nonuniform granular flow.
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