PHYSICAL REVIEW E VOLUME 55, NUMBER 4 APRIL 1997

1/£“ density fluctuation at the slugging transition point of granular flows through a pipe
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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 ratp~0.18 the power spectrum of the density fluctuation of falling metallic spheres
P(f) obeys a power law aB(f)~ 1/f¢, wheref is a frequency and 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 walgs of granular materigls
emerge and so metallic spheres fall in a group very slowly. We also compare our experimental results with the
jamming transition and the flhoise that appear in a crowded traffic flo1063-651X%97)07604-9

PACS numbg(s): 05.20.Dd, 83.70.Fn

[. INTRODUCTION this paper, smooth metallic spheres of almost equal sizes as
granular materials. To investigate the hydrodynamic effect in
Due to its complex dynamic behaviors, the physics ofmore detail, we use water and the silicone oil with various
granular materials has drawn the attention from scientistginematic viscosities and study how the granular flow
and engineers in various fielfi&—3]. For example, flows of changes as we vary the kinematic viscosity of liquid.
rough sand particles from a hopper produce nonuniform den- Now let us pay attention to a traffic flow problem. The
sity waves[4]. However, experimental resulfd] and also relation between the density waves in granular flows and the
cellular-automata[5] and molecular-dynamic§MD) [6] traffic jams on crowded highways is pointed ¢L¥]. In the
simulations show that by using smooth sand particles no denraffic flow, vehicles move smoothly when the density of
sity waves are obtained. Therefore, the roughness of sangehicles is low. As the density of vehicles increases, the
particles is the essence of the dynamics of the granular flo®ystem undergoes a dynamical jamming transition, and at a
from the hopper. The power law for the power spectrum ofhigh-vehicle-density regime traffic jams appear and vehicles
the density fluctuation of falling sand particles has been obmove in a group very slowlj17—-24. The power-law power
tained by the MD simulationg5]. spectrum was reported in the observation of real traffic flow
Granular flows through a vertical pipe also produce den{25], and numerical simulations showed that the power-law
sity waves[7-9]. In the experiment, we pour rough sand power spectrum appears only at a certain vehicle-density re-
particles into the hopper and let them fall down gravitation-gime [26—30.
ally from the hopper through a vertical glass pipe. Even if Considering that the vehicles correspond to falling granu-
the granular flow from the hopper exit is set to be almostiar materials through a pipe, we can expect that the slugging
uniform and white-noise-like, the density waves of sluggingtransition of granular flow and the jamming transition of traf-
sand particles emerge as the sand particles fall down throudit flow are similar phenomena. In fact, LGA simulations
the vertical pipe. [12,13 show a slugging transition as the flow rate of granu-
MD simulations [7,10,1] and lattice-gas-automata lar materials is increased and the power-law power spectrum
(LGA) simulations[12,13 show that both the inelastic col- is observed only at a critical flow rate with the maximum
lision between rough sand particles and the friction due tdransportation of granular materials. On the other hand, we
the rough wall play important roles in the formation of den- can also imagine that the large kinematic viscosity of liquid
sity waves. On the other hand, in a previous pd@rwe  prevents the growth of nonuniform granular flow since all
reported that the hydrodynamic effect of fluid inside the pipegranular materials fall very slowly when the kinematic vis-
is not negligible. When the cock that is connected at thecosity of liquid is very large.
bottom of the vertical glass pipe is fully open, sand particles Thus the second aim of this paper is to check whether the
fall almost freely, even if we use rough sand particles. Wherslugging transition can be explained as a function of the
the cock is closed to some extent, the back flow produced bgacking rate of granular materials, just like the jamming
the ascending air induces the formation of nonuniformtransition in traffic flows. Since our first aim is to study the
granular flow, i.e., density wavd8]. To consider that this hydrodynamic effect on the formation of density waves, we
nonuniform granular flow is a kind of slug in a fluidized bed have performed systematic experiments in which we control
[14,15 in a narrow space, we can imagine the importance ofwo dominant physical parameters, i.e., a packing rate of
the hydrodynamic effect due to the fluid filling the systemgranular materials inside the pipe and a kinematic viscosity
[16]. We also found, in our previous papf8], that the of the liquid that fills the pipe. We investigated the behavior
power-law power spectrum of the density fluctuation is self-of the granular flow and its power spectrum in each experi-
organized only when the cock is properly half closed. mental condition.
To exclude the roughness of granular materials and to In the following sections we show that in the high-
emphasize the hydrodynamic effect of the fluid, we use, irReynolds-number condition the slugging transition is ex-
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mm in width. Since the inner diameter of the vertical pipe is

]
/_/60\ less than the width of both the laser beam and the window of
20999 HOPPER the sensor in our experiments, we obtain the data that are
o0 averaged across the horizontal direction, i.e., we obtain the
data of the one-dimensional granular flow along the vertical
© | GLASS PIPE pipe.
° In our experiments we use three kinds of metallic spheres,
[sensor]e—| [<=[LasER] i.e., lead spheres 1.84.10 mnmi~1.0 mm) and 1.68-0.08
) mm(~1.7 mm) in diameter and stainless-steel spheres 1.637
AD +0.003 mni~1.6 mmn) in diameter. As the liquid we use
CONVERTER ° water and silicone oil with various viscosities. The density of
| silicone oil with any viscosity is the same as that of water
UNIX 098, FLASK and is given by 1.0 g/cth The kinematic viscosityr of
P00 water is 1.0 mm/s and that of silicone oil is varied as 0.65,

1.00, 2.00, 3.00, 3.24, 3.50, 4.00, 5.00, 10.0, 20.0, and 50.0
FIG. 1. Schematic illustration of the experimental setup. Themm?/s.
whole system is filled with liquid. Metallic spheres are put onto the  We use two kinds of glass pipes, i.e., 7.0 and 9.0 mm in
hopper and fall from the hopper gravitationally through a verticalinner diameter. Since the diameters of metallic spheres we
pipe. To measure the granular flow, a set of a semiconductor lasgfse are varied from 1.0 to 1.7 mm, the value of the aspect
and a photodetecting sensor is placed horizontally across the verfatio of the inner diameter of the glass pipe to the diameter of
cal glass pipe. The output signal of the photodetecting sensor igetallic spheres is smaller than 10 in any case. When the
transferred through an analog-to-digitAID) converter to @ UNIX  y51ye of this aspect ratio is greater than 10, the system does
system (SPARC  Station 2, SunMicrosystemswhere the FFT o show any characteristic features of the nonuniform
analy5|§ is performed to obtain the power spectrum of the dens'%ranular flow, i.e., granular materials do not produce the den-
fluctuation. sity fluctuation.
As for the length of the pipe, we cannot see any difference
in our experimental results by changing it from 700 to 1500
mm. That is, the 700-mm-length pipe is enough for our ex-
eriments because, as will be shown later, the granular flow
hrough the pipe self-organizes into a stationary structure be-
This paper is oraanized as follows. In Sec. 1l we ex Iainfore granular materials fall 200 mm down from the hopper.
the metﬁogs of ou?experiments. In éecs. III,. IV, and swe To change the packing rate of metallic spheres inside the

) . . ipe, we use an additional hopper and put it onto the original
present our experimental results. First, in Sec. Il we shO\AE P PP P 9

pressed by the jamming transition, while in the low-
Reynolds-number condition the high kinematic viscosity of
liquid prevents the growth of nonuniform granular flows. We
show also that we can obtain the power law for the powe
spectrum only at the slugging transition point.

how th lar fi h b ing th Ki ; opper, which is directly connected to the glass pipe. The
ow the granuiar flow changes by varying the packing rate o pening angle of the original hopper and that of an additional
metallic spheres inside the pipe. In our experiments, the non-

uniform granular flow is self-organized as granular materials opper are the same. Here the inner diameters of both the
fall down from the hopper through a vertical pipe. In Sec. Ivglass pipe and the original hopper are exactly the same, but

¢ th s of wud bout th Ifthat of the additional hopper is a bit smaller. Thus we can
we  presen e resulls of our study abou € SeMecrease only the input rate of granular materials by this
organization of the density fluctuation, performed by Chang'setup. By changing the inner diameter of the additional hop-
ing the measuring position from the hopper to the pipe end

) X : . .._per, we can control the input rate of metallic spheres into the
In Sec. V we explain our experiments in which we use sili-

cone oil with various kinematic viscosities. We summari eglass pipe.
it With various «i Ic Vi tes. u 12€” 1o change the input rate systematically, we use the addi-
our results in Sec. VI.

tional hopper alternatively with slightly different inner diam-
eters. Then we calculate the value of the packing pater
Il. METHODS OF EXPERIMENTS each additional hopper by the relation

The experimental setup is described schematically in Fig.
1. As granular materials we use smooth metallic spheres of
almost equal sizes, such as lead spheres and stainless-steel
spheres. We set a hopper at the top of a vertical glass pipe
and insert the pipe end into a flask. HereS s the cross section of the pif®= 7r?, wherer is an

To observe the flow of granular materials, we use anner radius of the pipeM is the total volume of metallic
charge coupled device camera and a videorecording systespheres we use in our experimeniss the total time needed
We also place a set of a semiconductor laser and a photodésr all these metallic spheres to fall from the hopper and thus
tecting sensofLX2-02, Keyence Co., Japahorizontally at  M/T is the input rate of metallic spheres from the hopper
both sides of the vertical pipe and check the time evolutiorinto the pipe; and 4 is the mean velocity of falling granular
of the intensity of the transmitted light across the verticalmaterials(metallic sphergsand is given byv =1/2L m/s,
pipe. Here the wavelength of the laser is 780 nm. The beawhereL is the mean time needed for metallic spheres to fall
of the laser consists of a bundle of straight beams, and thdown 50 cm vertically through the pipe. We measure values
cross section of the laser beam and the size of the window aff T and L experimentally for each additional hopper and
the photodetecting sensor are both 1.0 mm in height and 10dbtain the value op.

P TS @
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(b) - (©)

LS|

FIG. 2. Snapshots of the granular flow through a vertical glass pipe, where the packingprate.@5, 0.18, and 0.21 ifa), (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. All metallic
spheres fall downward gravitationally. The measure is vertically set at the left-hand side of the vertical glass pipe 3®@no 40 cm,
wherex is a vertical distance down from the hopper.

Since we are interested in the flow of granular materials imegion metallic spheres fall almost freely as shown in Fig.
the pipe, we should check whether or not this additional2(a), but in the high-packing-rate regidsee Fig. 2c)] me-
hopper itself produces the density fluctuation. We performedallic spheres form slugs and fall in a group very slowly. This
the fast Fourier transforn{FFT) analysis directly to the is a dynamical transition from a free-fall region to a slugging
granular flow at the hopper exit and confirmed that theregion. Figure #b) with p=0.18 corresponds to the pattern
granular flow from the additional hopper is almost uniformat the intermediate-packing-rate region, i.e., the slugging
and white-noise-like. This means that the additional hoppetransition point from the low-packing-rate free-fall region to
only changes the input rate of metallic spheres, but it doethe high-packing-rate slugging region.
not produce the density fluctuation at the hopper exit. The In Fig. 3 we see a time evolution of the transmitted light
density fluctuation is self-organized as metallic spheres falintensity atx=40 cm, measured by our photodetecting sen-
down through the pipe.

——0.05
I1l. DEPENDENCE ON THE PACKING RATE - 0.18
Now we will present our experimental results. Figures 0.21

2-5 have been obtained from our experiments in which we
used water as the liquid, lead spheres 1.7 mm in diameter as 6 b o ” ‘
metallic spheres, and a glass pipe 9 mm in inner diameter lii ; LT VAT L

and 700 mm in length. Note that the free fall velocity of 2 s
a single lead sphere 1.7 mm in diameter is experimentally g
given byv,=0.62 m/s in water and its Reynolds number Re o 4
= dvg/v is Re= 1054. The total mass of lead spheres used £ W
in our experiments is 2 kg. Since the density of lead is 11.34 o 3
g/cm?, the total volume of lead spheresVé=176 cnf. ) » |
The packing rate we get without the additional hopper is - ‘
0.36 in this case. By using additional hoppers, we can vary N ‘ /
the packing rate as 0.36, 0.30, 0.26, 0.21, 0.18, 0.16, 0.14,
0.11, 0.09, and 0.05. 0 ' ' ' .
First, Fig. 2 shows snapshots of the density fluctuation of 0 0.5 1 1.5 2 2.5
granular flows ak=40 cm as functions of the packing rate time (s)

p. Herex is defined as a distance down from the hopper and

|nd|ca_1tes the posmor_\ where we take da_ta- Packlng ratéS G, 3. Time evolution of the transmitted light intensity as a
are given byp=0.05 in Fig. 2a), p=0.18 in Fig. 2b), and  fynction of timet atx=40 cm with various packing ratgs Here
p=0.21 in Fig. Zc), respectively. In Fig. @ with e used lead spheres 1.7 mm in diameter, a glass pipe 9.0 mm in
p=0.05, we see only a faint density fluctuation, while in Fig. inner diameter, and water as the liquid. The values of the packing
2(c) with p=0.21 we can clearly observe slugs of metallic rate p are, from top to bottom, 0.05, 0.18, and 0.21, respectively.
spheres, i.e., density waves. That is, in the low-packing-rat&hese solid lines are shifted vertically one by one.
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] : : : : for the case where lead spheres 1.7 mm in diameter fill the
glass pipe 9 mm in inner diameter and its experimental value
08 1 . - is given byp,,=0.54. The dotted guide line denotéf the
. gravity-dominated flow in an infinite wallless system and is
06 « - - given byV=(1-p)? [31]. Note that the experimental value
> T of V in the pipe flow is always smaller than=(1—p)?2. In
0.4 Tx !' .. . the narrow pipe, metallic spheres cannot move as freely as
. those falling in the infinite system because the finite-size
0.2 T . effect as well as the friction by the wall induces the growth
el of the density fluctuation and thus helps the formation of
0 : ' ' e slugs.
0 0.2 0.4 0.6 0.8 1

In the low-packing-rate regionp(<0.18), as seen in Fig.
P 4, the value ofV decreases rapidly as the value pfin-
creases. This is because, even though almost all metallic
FIG. 4. Normalized relative velocity between falling metallic spheres fall freely in this region, those few metallic spheres
spheres and ascending flliplotted as a function of the packing that form a density fluctuation reduce the mean Ve|0\li@s
ratep. Here we used lead spheres 1.7 mm in diameter, a glass pipg whole [see Fig. 2a)]. In the high-packing-rate region
9.0 mm in inner diameter, and water as the liquid. The vertical solickp>0.18) most of the metallic spheres are trapped in slugs,
guide line represents the maximum packing nate=0.54 for this as shown in Fig. @), andV is relatively low. The interme-
case. The dotted guide line denowsf the gravity-dominated flow yiaie hacking rate {~0.18) is a slugging transition point
in an infinite system and is given By=(1-p)~. from the low- to the high-packing-rate region. That is, at this
intermediate packing rate some metallic spheres are trapped
in slugs while some others fall freely.
This change from the low-packing-rate free-fall region to
e high-packing-rate slugging region is not a sharp and clear

sor. Here the light intensity is normalized to unity. That is,
when the value of the transmitted light intensity is unity, this
means that there are no metallic spheres in front of the ph({h

todetecting sensor at that time. As the number of metallic hase transition as long as we use a liquid as the fluid. That

spheres that cross the sensor increases, the value of the trahs

mitted light intensity decreases and at zero intensity no Iigh{S’ it is rather a continuous crossover from one state to the

can transmit across the pipe. Thus the high intensity corre(—);[rher:'o\'f‘vz\fg: t:lheissl:uh%g':ng E;agsgrg: Ogrs]gnge%?rt'ﬁ:;e'rlrg]nesi_
sponds to the low granular density and vice versa. The time _’ ) 9 P P .

. . L . ion. This difference between these two cases can be attrib-
evolution of the transmitted light intensity wher=0.05 re- uted to the role of fluidi.e., liquid or gasin the formation
sembles a white-noise pattern, while that fior 0.21 shows €., 119 g

a complex pattern with many flat regions with zero intensity.Of slugs and is still under investigation. As will be shown

. . . Pelow, at this intermediate packing rae+0.18) the behav-
Here the zero intensity regions correspond to slugs of metal- f th f the density fl ) h
lic spheres. lor of the power spectrum of the density fluctuation changes

As described above, the free-fall velocity, of a single drastically. The power-law power spectrum is obtained at

o - : this intermediate packing rate only.
Ie_ad sphere 1.7 mm in d|_ameter 0$=0.62 m/s in water. Next we present our experimental results on the power
Since the glass pipe is directly connected to the flask angp

therefore liquid cannot go outside of our closed system, we ectra of the density fluctuation .Of falling .metallic spheres,
obtain the conservation relation ' “performed by changing the packing ragie Figure 5 shows

the power spectra of the density fluctuationxat40 cm as
pug+(1—p)u=0. (2) the functions of the frequendyat the various packing rates.
Here the values op are, from top to bottom, 0.05, 0.09,
Here p is a mean packing rate of granular materials inside0.11, 0.14, 0.16, 0.18, 0.21, 0.26, 0.30, and 0.36. The vertical
the pipe and thus 1 p is that of liquid;v =0 is the mean scale for each spectrum is shifted appropriately. Note that
velocity of granular materialénetallic spheresandv(<0is  each power spectrum has a sharp edge at abed00 Hz.
that of fluid (liquid), respectively. We set the direction of the Since the mean velocity of the falling metallic spheres is
gravity as positive. Since we can obtain valuewgfandp ~ about 0.2 m/s and the heighvtertical siz¢ of the window of
by the method described above, E2). gives us the value of the photodetecting sensor is 1 mm, the mean time needed for
vs. The conservation relatiof?) means that, as granular one metallic sphere to cross the sensor vertically is about
materials fall down through the pipe, the liquid should go up0.005 s. For our system, twice this tinfiee., 0.01 $ is the
due to the excluded volume effect, i.e., the incompressibilityresolving power of the photodetecting sensor, so our system
of liquid. Therefore, we introduce a normalized relative ve-cannot measure high-frequency variation for 100 Hz.
locity V between falling metallic spheres and ascending lig-That is the reason why all our power spectra have sharp

uid, which is defined as edges.(The precise value of the edge depends also on the
value ofV for eachp.)
Vg~ V¢ We also note, from the time evolution of the transmitted
V= vo =0. 3 light intensity (see Fig. 3 that the time needed for one slug

to cross the photodetecting sensor vertically is greater than
In Fig. 4 the normalized relative velocity is plotted with  about 0.15 s, which corresponds to a frequency<o88 Hz.
error bars as a function of the packing rgie The solid From this order estimate, we can classify the frequency re-
vertical guide line represents the maximum packing mte gion into two ranges, i.e., the high-frequency rar{§eHz
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10°[
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packing rate - L 4
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10'F o 0.05
- e 0.09 B 7
= s 0.11 low high
- - :
a 10 = 0.14 . . .
i © 0.16 f
103 + 0.18 o ,
FIG. 6. Schematic illustration of the changes of power spectra
B s 0.21 P(f). The dotted line denotes the power spectrum in the low-
105 +  0.26 packing-rate free-fall region, the solid line denotes that for the in-
s 0.30 termediate packing rate, and the dashed line denotes that in the
- < 036 high-packing-rate slugging region. Only at the intermediate packing
107 : rate (i.e., at the slugging transition pojntthe power spectrum
shows a single-power-law behavié¥(f)~1/f* over a wide fre-
102 107 10° 10' 10% 10° quency range, i.e., in both the low- and the high-frequency ranges.

f (Hz
(Hz) in the low-frequency range shows a white-noise-like behav-
FIG. 5. Power spectra of the density fluctuation as functions ofOr, @s shown by the dotted line in Fig. 6. As the packing rate
the frequencyf atx=40 cm with various packing ratgs Here we  increases, the amplitude of the power spectrum at the low-
used lead spheres 1.7 mm in diameter, a glass pipe 9.0 mm in innéi¢quency range increases. This suggests the growth of the
diameter, and water as the liquid. From top to bottom, the packingnacroscopic structure in the granular flow. At the intermedi-
ratesp of lead spheres are 0.05, 0.09, 0.11, 0.14, 0.16, 0.18, 0.24te packing ratéi.e., at the slugging transition pojntslugs
0.26, 0.30, and 0.36. The vertical scale for each spectrum is shifteldegin to emerge and the time evolution of the transmitted
appropriately. The spectrum at eapghwas obtained by averaging light intensity, shown in Fig. 3, looks almost scale invariant.
over ten trials. This almost-scale-invariant feature suggests that the granular
flow has a complex spatiotemporal structure without any
<f< 100 H2, where the power spectra describe the micro-characteristic length scale or any characteristic time scale.
scopic density fluctuation of metallic spheres, and the low- As we increase the packing rate, the amplitude of the
frequency range f(<3 Hz), where the power spectra de- power spectrum at the low-frequency range increases and, as
scribe the macroscopic movements of slugs, i.e., densitghown by the dashed line in Fig. 6, the power spectrum no
waves. longer obeys a single power law. This is because once stable
At low packing rates such gs=0.05, 0.09, and 0.11, the slugs are formed in the high-packing-rate slugging region,
power spectra do not show definite tendencies and are whitghe system acquires a macroscopically stationary slugging
noise-like in the low-frequency range. This feature meanstructure with some characteristic length and time scales.
that most metallic spheres fall freely and randomly and onlyThe granular flow no longer shows a scale-invariant behav-
few clusters are observed macroscopically. On the othejpr. These are our experimental results as for the dependence
hand, at high packing rates suchms 0.21, 0.26, 0.30, and of power spectra on the packing rate.
0.36, power spectra are monotonically decreasing functions
of p and the values.of power spectra in the low-frequency V. SELF-ORGANIZATION
range become relatively high, which means that there are
many slow clusters that form slugs. Furthermore, at the in- Now let us explain our experiments on the self-
termediate packing ratp=0.18, the power spectrum obeys organization of a nonuniform granular flow through a pipe.
the power law a®(f) ~1/f¢, wherea is a positive constant Since the density fluctuation of falling metallic spheres is
given as@#=0.81+0.01 over a wide frequency range of produced as metallic spheres fall down from the hopper
0.5-50 Hz. through a pipe, we study the formation of the density fluc-
The valuea=0.81 is smaller than the value=1.5 ob- tuation by changing the measuring position from the hopper
tained in our previous experiments on the rough sand parto the pipe end. As described above, the hopper flow, i.e., the
ticles in air[8]. We consider that this difference is due to the granular flow at the hopper exit, is of a white noise, so the
hydrodynamic effect of fluidliquid or gas on the formation density fluctuation is self-organized through a p[j8e32).
of slugs and is still under investigation. The values of physical parameters used in this section are
To summarize this section, in Fig. 6 we show a schemati@xactly the same as those described in Sec. IIl.
illustration of the changes of power spectra as we increase First, we present experimental results as for the high-
the packing ratep. At the low packing rate most metallic packing-rate slugging region. Figure 7 shows the time evo-
spheres fall freely and we can observe only a faint densityution of the transmitted light intensity at various for
fluctuation macroscopically. Therefore, the power spectrunp=0.21. Figure 8 represents power spectra as functions of
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FIG. 7. Time evolution of the transmitted light intensity as a FIG. 8. Power spectra of the density fluctuation as functions of

function of timet for p=0.21 at various measuring positiors the frequencyf for p=0.21 at the various measuring positians

wherex is the distance between the hopper exit and the measurin ere we Qsed lead spheres 1.7 mm in dl_ameter, a glass pipe 9.0 mm
position. Here we used lead spheres 1.7 mm in diameter, a glaé |nner_d|amet_gr, a_nd water as the liquid. From top to bottom, the
pipe 9.0 mm in inner diameter, and water as the liquid. The value ofieasuring positiont isx=1, 5, 7, 8,9, 10, 20, 40, and 60 cm. The

x is, from top to bottom, 1, 5, 10, and 40 cm. These solid lines arevertical scale for each spectrum is shifted appropriately. The spec-

shifted vertically one by one. trum at eachx was obtained by averaging over ten trials.

_ tallic spheres fall from the hopper down through the pipe,
f at variousx for p=0.21. Just below the hoppex€1 cm),  fynctional forms of power spectra evolve from the white-
metallic spheres fall freely from the hopper, the time evolu-sise form atk=1 cm to the power-law fornP ()~ 1/f* at

tion of the light intensity is random, as seen in Fig. 7, and itS,— >0 c¢m with «=0.80-0.01 over a frequency range
power spectrum takes a white-noise form, as seen in Fig. 8.

As metallic spheres fall down through a pipe, the density 102 ,

fluctuation grows. First, the power spectrum at the high- °

frequency range increases, as shown by the power spectrum 10' F D

at x=5 in Fig. 8. Next, that of the low-frequency range

increases. We found that at= 10 cm slugs begin to appear 10°0

and the power spectrum obeys a beautiful power law

P(f)~1/f¢ with «=0.83-0.01 over a frequency range 10'F ¢ .
0.5-50 Hz. The time evolution of the transmitted light inten- packing rate
sity atx=10 cm in Fig. 7 looks scale invariant and resembles w02 s 018
that of the intermediate packing rat@~0.18) in Fig. 3. E e lcm
That is, the power-law power spectrum is observed only at & 107 [ * 5cm
the slugging transition point from the free-fall region to- & 10 cm
wards the slugging region, and controlling physical param- 10* . 20cm
eters for each case were the packing mia Fig. 5 and the

distancex from the hopper in Fig. 8, respectively. As we 10° v A40cm
increase the value ok further, we obtain stable density . L * 60cm
waves(slugg and power spectra no longer obey power laws. 10

(See the power spectrum gt&=20 cm in Fig. 8) We also 102 10" 10° 10" 10° 10°

note, from power spectra at=20, 40, and 60 cm in Fig. 8, f (Hz)

that, after metallic spheres fall 20 cm down from the hopper,

the granular flow takes the Stgtlonary structure that no Iohger FIG. 9. Power spectra of the density fluctuation as functions of

depend on the value of. The first 20 cm from the hopper is he frequencyf for p=0.18 at the various measuring positions

a transient region for the formation of the density fluctuation,yere we used lead spheres 1.7 mm in diameter, a glass pipe 9.0 mm

and in that transient region we can observe the selfin inner diameter, and water as the liquid. From top to bottom, the

organization of the power spectrum. _ ~ measuring position is x=1, 5, 10, 20, 40, and 60 cm. The vertical
Next, in Fig. 9 we present our results for the intermediatescale for each spectrum is shifted appropriately. The spectrum at

packing ratep=0.18 as functions of at variousx. As me-  eachx was obtained by averaging over ten trials.
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FIG. 10. Power spectra of the density fluctuation as functions of |
1 1

the frequencyf for p=0.05 at the various measuring positions
Here we used lead spheres 1.7 mm in diameter, a glass pipe 9.0 mm f
in inner diameter, and water as the liquid. From top to bottom, the
measuring positiorx is x=1, 5, 10, 20, 30, 40, and 60 cm. The T T T

vertical scale for each spectrum is shifted appropriately. The spec- (c)
trum at eachx was obtained by averaging over ten trials.

0.5-50 Hz. On the other hand, even though we increase the
value ofx further, power spectra retain the same power-law
form. That is, power spectra a&=40 and 60 cm also obey
the same power lavR(f)~ 1/f* with =0.81+0.01 over a
frequency range 0.5-50 Hz. This means that the power spec-
trum acquires a final stationary structure after metallic low high
spheres fall 20 cm down from the hopper, which shows that L | L
the slugging transition occurs for the intermediate packing f

rate.

Finally, Fig. 10 shows power spectra in the low-packing- FIG. 11. Schematic illustration of the self-organization of power
rate free-fall region. Here the value pfis 0.05. Since the spectraP(f) with various packing rate regior@) in the low-
packing rate of metallic spheres is relatively low, the densitypacking-rate free-fall region(b) at the intermediate packing rate
fluctuation cannot grow enough. Therefore, even far from théi-€., the slugging transition pointand(c) in the high-packing-rate
hopper, power spectra do not show definite tendencies aru99ing region.
are white-noise-like in the low-frequency range.

To summarize this section, we present a simple schemat@ugging transition point§~0.18) the low-frequency part
illustration in Fig. 11. In our experiments, metallic spheresand the high-frequency part of the final power spectrum obey
fall almost freely from the hopper and thus the power specthe same power la#(f)~1/f* [see Fig. 1(b)]. If we in-
trum at the hopper exit has the white-noise form at any packerease the packing rate further, many stable slugs are pro-
ing rate. As metallic spheres fall down through a pipe, theduced at the final stage, the amplitude of the low-frequency
nonuniform granular flow is self-organized. First, the high-Part of the power spectrum increases too much, and the final
frequency part of the power spectrum increases, which su Jower spe'ctru.m no longer obeys the single power law, as
gests the growth of the microscopic density fluctuation o llustrated in Fig. 14c).
falling metallic spheres. In the low-packing-rate free-fall re-
gion, this is the final stationary strgcture, as shown in Fig. V. EXPERIMENTS USING SILICONE OIL
11(a). When the value of the packing rate becomes larger,
the low-frequency part of the power spectrum starts to in- In this section we report on our experiments in which we
crease at the next stage. This indicates the formation of ase silicone oil as the liquid. Here we use stainless-steel
macroscopic density fluctuation that causes slugging. At thepheres as metallic spheres because lead induces the gelation

P(f)
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10° |- * . - FIG. 13. Packing rat@, denoted by solid circles, as a function
. of the logarithm of the kinematic viscosity of the silicone oil.
o , s.. Here we used stainless-steel spheres 1.6 mm in diameter, a glass
e 107 N pipe 7.0 mm in inner diameter, and the silicone oil as the liquid.
¢ The horizontal solid guide line represents the maximum packing
10" . rate p,,=0.52 for this case.
. inside the pipe changes not only the free-fall velocity of a
10° ! ! single metallic sphere through a pipe but also the packing
0.1 1 10 100 rate of metallic spheres inside the pipe. To investigate the
v (mm?/s) general feature of the granular flow through a pipe, we

FIG. 12. Free-fall velocity, of a single stainless-steel sphere max. pacl;ing rate

1.6 mm in diameter, presented as a function of the logarithm ofthe | 77777 v=(1-p)
* 1.7 mm lead spheres

kinematic viscosity of the silicone oil.(b) Reynolds number Re of = 1.0 mml
. . . S . ead spheres
a freely falling single stainless-steel sphere 1.6 mm in diameter, 4 1.6 mm stainless steel spheres
presented as a function of the kinematic viscositgf the silicone 1 r . i i
oil. )
0.8 Fo '+ .

of silicone oil. Of course, in water, the granular flows of lead "
spheres and of stainless-steel spheres are almost the same, 06 » 1
except for the difference in the values of the free-fall velocity > i“s.
v, of a single metallic sphere due to the differences in both 0.4 - 4. . 1
the size of a sphere and the density of the bulk of spheres. Lot
The density of the bulk of lead spheres is 11.34 giand 0.2 | T -]
that of stainless-steel spheres is 7.83 gicm el

In our experiments the kinematic viscosityof silicone 0 L L L L=
oil is varied asy=0.65, 1.00, 2.00, 3.00, 3.24, 3.50, 4.00, 0 0.2 0.4 0.6 0.8 1
5.00, 10.0, 20.0, and 50.0 nfis. Accordingly, the experi- P

mental value of the mean free-fall velocity, of a single ) _ ) _
stainless-steel sphere 1.6 mm in diameter varies as FIG. 14. Normalized relative velocity between the falling me-

va=0.61. 0.56 0.49. 0.43. 0.43. 0.42. 0.40. 0.38. 0.30. 0 21ta|lic spheres and the ascending flddplotted as a function of the
a%d 0' 10’ m'/s ’Fiéuré 1'2) s’ho'ws, th-e v,all;e o(ﬁ .as, a.fun,c-. packing ratep. Solid circles denoted the data of the case of the lead
tion of the Iodarithm of the kinematic viscosit;olof silicone spheres 1.7 mm in diameter, a glass pipe 9.0 mm in inner diameter,

) . . and water as the liquid. The vertical solid guide line represents the
oil. We also present, in Fig. 18), the value of Reynolds maximum packing rate,,= 0.54 for this case. Solid squares denote

number, Re, of a freely falling single metallic sphere as &g gata of the case of the lead spheres 1.0 mm in diameter, a glass
function of v. . o . pipe 7.0 mm in inner diameter, and water as the liquid. Solid tri-

~ We use aglass pipe 7 mm in inner diameter and 1500 MMngles represent the data of the case of the stainless-steel spheres
in length, but we do not use the additional hopper in this; 6 mm in diameter, a glass pipe 7.0 mm in inner diameter, and
section. As we change the kinematic viscosity of the silicon&sjlicone oil as the liquid. The maximum packing rages for the

oil, the input rate of metallic spheres from the hopper variesatter two cases are 0.56 and 0.52, respectively, but we omit them in
even though we are not using the additional hopper. As seete figure. The dotted guide line denosf the gravity-dominated

in Figs. 12a) and 13, the kinematic viscosity of the liquid flow in an infinite system and is given By=(1—p)2.
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v of silicone oil and at the same time for the
B various packing ratep. Here we used stainless-
steel spheres 1.6 mm in diameter, a glass pipe 7.0
= mm in inner diameter, and silicone oil as the lig-
I 10" uid. From top to bottom, the kinematic viscosity
v of silicone oil isy=50.0, 20,0, 10.0, 5.00, 4.00,
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should perform experiments in which we control both therelation between the kinematic viscosityof the silicone oll
free-fall velocityv of a single sphere and the packing rateand the value of the packing rate has already been pre-
p of metallic spheres independently. These experiments argented in Fig. 13. Even though we are using water and sili-
still under investigation. cone oil with various viscosities, all the data in Fig. 14 can
In Fig. 14 we present the normalized relative velodity be fitted by the same line when they are plotted as a normal-
[defined by Eq«(3)] as a function of the packing rafe of  ized relative velocityV.
metallic spheres inside the pipe. First, solid circles represent Next, Fig. 15 shows power spectra as the functions of the
V for the case of lead spheres in Sec. lll. The data are th&equencyf for the various kinematic viscosities of the
same as those shown already in Fig. 4. silicone oil and at the same time for the various packing rates
Also, we present, in Fig. 14/ of lead spheres 1.0 mm in p. The length of the glass pipe is 1500 mm and the measur-
diameter in water and denote them by solid squares. Thieg position isx=1000 mm this case. Comparing Fig. 15
free-fall velocityv of a single lead sphere 1.0 mm in diam- with Fig. 5, we find a similar systematic change in the func-
eter isvg=0.45 m/s in water. Here the inner diameter of thetional forms of power spectra. As for the power spectra in the
glass pipe is 7.0 mm. The maximum packing rate ishigh-packing-rate slugging regiop$ 0.18), the slope of the
pm=0.56. The packing rate without the additional hopper islow-frequency part{<3 Hz) is larger than that of the high-
p=0.21. By using the additional hopper, we can decrease thisequency part{>3 Hz) and thus power spectra do not obey
packing rate ap=0.21, 0.09, and 0.07. the single power law in both figures. In the low-packing-rate
Solid triangles in Fig. 14 represei of stainless-steel free-fall region £<0.18), but wherv<<20 mm?/s, the low-
spheres 1.6 mm in diameter in silicone oil with various vis-frequency part cannot grow enough and thus power spectra
cosities. The inner diameter is 7.0 mm apg=0.52. The do not obey the power law in both Figs. 5 and 15. Only at the
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intermediate packing ratp~0.18 is the power-law power packing-rate regiong<0.18), where most metallic spheres
spectrum obtained. That is, these power spectra are repr&ll freely, to the high-packing-rate regiop$0.18), where
sented mainly as functions of the packing rpteexcept for ~metallic spheres become slugged and fall in group very
the high-kinematic-viscosity regionv¢20 mnt/s). slowly. The FFT analysis showed that only at the slugging
The high kinematic viscosity of liquid prevents the transition point p~0.18) the power spectrum of the density
growth of the density fluctuation of granular materials andfluctuation of falling metallic spheres obeys the single power
thus granular materials fall homogeneously through a pipelaw P(f)~1/f* over a wide frequency range, whefés a
When we compare the power spectrum fer10 mn?/s  frequency andr is a positive constant.
with that for »=20 mnf/s in Fig. 15, we notice that the Second, we investigated the self-organizations of nonuni-
functional forms of these power spectra are different evedorm granular flows as metallic spheres fall down from the
though the packing rate takes the same valye=0.11. The hopper through a glass pipe. We found that the granular flow
situation with »=20 mnf/s corresponds to the case where €volves from the white-noise flow at the hopper exit toward
the mean Reynolds number of falling metallic spheres in thdhe nonuniform flow through the pipe and the final stationary
granular flow is 8. From these results, we can conclude thattructure of the nonuniform flow depends on the packing rate
in the high-Reynolds-number conditi¢Re > 10) the granu- ©f metallic spheres inside the pipe. _ N _
lar flow through a pipe is described mainly by the packing Flnall_y, We_perfqr_med experiments using the silicone oil
rate of granular materials inside the pipe just like the jam-W'th various v.|5.,005|t|es and found that in the high-Reynolds-
ming transition in traffic flows, while in the low-Reynolds- humber condition(Re >10) the nonuniform granular flow
number condition(Re <10) the dissipation due to the vis- through a pipe is described mainly by the packing rate
cosity of liquid is not negligible and the granular flow cannot When all physical variables are rescaled by the free-fall ve-

be described only by the packing raie locity, while in the low-Reynolds-number conditiofRe
<10) the high viscosity of liquid prevents the growth of the
nonuniform granular flow.

VI. SUMMARY
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