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Two-dimensional granular Poiseuille flow on an incline: Multiple dynamical regimes

J.-C. Tsait? W. Losert™™ G. A. Voth;! and J. P. Gollub®'
Department of Physics and Astronomy, Haverford College, Haverford, Pennsylvania 19041
2Department of Physics and Astronomy, University of Pennsylvania, Philadelphia, Pennsylvania 19104
(Received 31 May 2001; published 19 December 2001

We investigate experimentally the flow of a monolayer of spherical beads through a channel on a smooth
incline that is bounded by rough sidewalls. Using high-speed video imaging and particle tracking, we measure
the positions and velocities of all particles in the field of view. We find that the flows are accelerating and dilute
if the channel exit is open. On the other hand, if the exit is constricted, flows can reach a state in which the
local time-averaged velocity is invariant along the stream. In the latter case, we find a continuous transition
from an oscillatory two-phase flo{2PP regime with wide density variations to a uniform dense flow regime,
depending on the channel width and the mean flow speed. These two regimes exhibit distinct density variation,
time regularity, and transverse profiles. The rough sidewalls are found to be necessary for the 2PF regime. In
the dense regions of both flows, particles exhibit temporary arches, long-range correlated velocities, inhomoge-
nuous propagation of disturbances, and hexagonal lattice structures. On the other hand, the dilute regions of the
two-phase flow are nearly collisionless. Existing models can neither fully describe the dynamics of both the
dense and the dilute regions nor explain the spontaneous switching between them.
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[. INTRODUCTION oscillatory two-phase flou2PH regime in which the density
varies widely, and a uniform dense fldWDF) regime. Our
The response of granular material to shear forces is iminvestigations address several questions: How does the flow
portant in characterizing granular dynamics. Poiseuille flowgespond to the shear imposed by the sidewalls? Does a ter-
in a pipe or a channel have been a prominent model systefiiinal velocity exist in an open channel? Can a uniform
for developing our understanding of shear flows in both or-steady flow be obtained in an exit-constricted channel? What
dinary fluids and granular materials. In addition, such flowsParameters control the flow profile, its time dependence, and
frequently appear in material processing. A simplified casdhe spatiotemporal pattern of density? What is the micro-
that is particularly convenient for laboratory investigation is Scopic structure of the flow? Can we model its macroscopic
that of two-dimensional channel flow driven by gravity. In behavior using the paradigm of standard binary collision
this case, the source of energy is well defined, and the veheories? The results may be useful in constraining models of
locities of all the grains are easily measurable. The roughnegganular flows in the transitional regime where both colli-
of the channel boundary applies shear forces to the flow an8ions and friction are important. In the rest of this Introduc-
the response can be studied in detail. tion we review certain previous experiments and relevant
In this paper, we report an investigation of the flow of atheoretical contributions.
monolayer of spherical beads rolling down a smooth incline.
The flow is confined between two bumpy sidewalls, which
form a channel geometry with a rough boundary condition.
Using fast video imaging and particle tracking techniques, Studies of Poiseuille flows in vertical channels wider than
we obtain the positions and velocities of all particles in thetens of particle diameters have focused primarily on the
field of view with excellent time resolution. These measure-nearly steady, time-averaged transverse profiles of uniform
ments enable us to analyze both the coarse-grained propertigsnse flows. The typical flow velocities were less than 10
of the flow and its microscopic structure. cm/s. Nedderman and LoahaKul] used a movie camera to
In previous studies of granular channel flows, experimendetermine the average velocity profile of a thin layer of
talists have generally observed that inhomogeneous oscillanillimeter-sized glass ballotini, kale, or mustard seeds. With
tory flows occur in narrow channels with high flow velocity, roughened sidewalls, they found a profile consisting of a
and that dense uniform solidlike flows occur when the chanpluglike velocity plateau and two shear bands 6-8 beads
nel is wide or the flow is slow. In the present system, bywide. Savagg2,3] investigated the flow of millimeter-sized
varying the dimensions of the channel and the exit, we arglass beads through a rectangular channel with two rough
able to create flows with a wide range of mean density andvalls and two polished covering surfaces. He cross corre-
velocity. We have carefully studied the continuous transitionlated the time signals from two slightly separated fiber optic
between two distinct and qualitatively different regimes, ansensors on one of the polished surfaces to determine the
time-averaged velocity and transverse profile. Plug-flow pro-
files were also found, although Savage pointed [@Jtthat
*Present address: Physics Dept., Univ. of Maryland, College Parkhe flows might contain three-dimension@D) convection
MD. due to the interaction with the covering surfaces in some
TElectronic mail: jgollub@haverford.edu cases. A more recent work by Pouliqguen and Gutfrdid

A. Previous experiments
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eliminated the effect of the confining surfaces by investigatthe quasistatic regimé). In a more recent pap¢i6], Sav-
ing the flow of long circular cylinders sandwiched betweenage proposed a model that incorporated both collision and
rough sidewalls. Their flows had mean velocig0.1 cm/s  Coulomb-type friction. By leaving the slip velocity and the
and belonged to a “quasistatic” regime defined in Sec. | B.density at the wall as two free parameters, he obtained solu-
Plug-flow profiles with shear bands were reported. Similattions of the steady-state profile numerically. This paper also
velocity profiles were obtained by Hunt and co-workgg®]  contains an in-depth review of previous theoretical models of
using fiber optic techniques; video images of dyed particlegranular flows.
were also utilized to study the anisotropy of velocity fluctua- Analyses of instability and density waves in infinitely
tions and the self-diffusion of individual grains. long channels have been proposed. Valence and LePennec
On the other hand, granular flows through narrow geom{17] analyzed the instability of a 1D problem defined by a
etries were found to exhibit density waves. Dimon and co-cross-channel average of a continuum model. The continuum
workers[7-9] studied monolayer brass beads rolling throughmodel assumed the collisional dynamics as in regian@nd
a long, small-angle narrow funnel on an incline. They treatedan energy-momentum balance at the bumpy sidevjaBs
the spatiotemporal pattern of density and velocity as 1DThey predicted a channel-width-independent critical density,
problems; the acceleration of individual particles and the crebelow which the corresponding base states would become
ation and interaction of density-velocity waves were dis-unstable. Their nonlinear analysis concluded that the oscilla-
cussed; comparisons to traffic flows were made. Rasifat. ~ tion becomes more reguléiwavelike” ) when the channel is
[10] studied density waves in the flow of 0.2-mm glass bead§iarrow or the dissipation is strong, and becomes more ir-
through vertical pipes with diameter ranging from 6 to 30regular(*chaotic”) when the conditions are otherwise. An-
bead diameters; in their work, the creation of the waves wa8ther paper by Wangt al.[19] gives a linear stability analy-
attributed to the interaction with the interstitial gas. sis of the 2D version of this problem. Their model adopted
A recent study by Reydellat al.[11] considered vertical the same collisional dynamics except with flat frictional
chute flows with intermediate channel widths. Monolayerwalls and predicted that the most unstable mode may switch
flows were confined between smooth transparent plates wittp different branches, depending on the combination of the

rough lateral walls. Both steady flows and density wavegnean density and channel width.
were found, depending on the channel width. In addition to the continuum models mentioned above,

event-driven molecular dynami¢sD) simulations of colli-
sional granular flows through 2D vertical channels have been
o performed. The simulation of narrow-channel floy20]
Savage{3] proposed that there are two limiting cases ofshowed the occurrence of density waves, which are dis-
granular flows:(a) a “fully dynamic, fluidlike grain-inertia  cyssed in Sec. IVB. Wide-channel flows with the spin of
regime,” corresponding to the situations named in Bagnold'§ndividual disks taken into account were studied in RR24];
classic work on solid-fluid mixturefl2], and(b) the “qua-  comparisons with experiments in a 2D cell with an abruptly
sistatic, rate-independent plastic regime.” Céaeis charac-  removed bottom were provided in R§22].
terized by high shear rates, low concentration, and the domi- | considering suitable models for our inclined flows, it is
nance of binary collisions, in which only two grains can bejmportant to keep in mind the possible complications due to
simultaneously in contact. This is often modeled by kineticihe rolling of the particles. It has been pointed §28,24]
theories resembling the classical treatments of moleculahat spheres rolling on a substrate may undergo extraordinary
gases. Casé) is the other limiting situation characterized gissipation due to the sliding friction and may not be mod-
by the vanishing shear rate, high concentration, angled simply by including a lower coefficient of restitution.
Coulomb-type friction. In this regime, most of the grains Thjs fact may cause our system to behave somewhat differ-

experience multiple contacts, meaning they are simultagntly from monolayer vertical channel flows.
neously in contact with more than one neighboring grain.

Most p_ractical granular flovys_z_ire in a tran_sitional regime, Il EXPERIMENTAL SETUP
belonging to neither of the limiting cases; this fact was also
discussed by Campbe]lL3]. In a recent study by Luding The flowing grains are hard-carbon steel spheres with di-
[14], an equation of state was proposed to describe 2D elastameterd=0.3175 cm, grade 1000000x 10 ° in. deviation
granular gases that have a wide range of density, includinffom sphericity. They roll on a substrate of flat, conductive
the extremely dense regime where the crystalline order bePVC plate, which prevents electrostatic charging of particles.
comes important. The experimental system is schematically shown in Fig. 1.
Steady-state profiles of granular Poiseuille flows haveThe inclination angle is adjustable; however, the practical
been modeled under various assumptions. Based on collworking range is from 1° to 6°. Below 1°, clustered beads
sional dynamics corresponding to regirfa@, Hui and Haff  tend to establish a static equilibrium on the incline. The static
[15] derived the steady-state transverse profiles. Howevefprce can come from surface cohesion, from the static fric-
the profiles obtained were sensitive to several free parantion between multiply contacting beads and the inclined sur-
eters related to material properties and boundary condition$ace, or both. Above 6°, colliding particles tend to create
which resulted in difficulties in the comparison with experi- significant out-of-plane motion or even form multiple layers.
ments. The model of Pouliquen and Gutfrajdd explained  Our investigations have focused on flows with inclinations
the flows in their experimental system, which belonged tobetween 2° and 4°, where beads are either experiencing slid-

B. Theories and models
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FIG. 2. Phase diagranW is the width of the channel, arid is
the size of the exit. The circles denote points where measurements
were made. The gray scale represents the fact that the transition
from 2PF to AGF has a certain degree of hysteresis so that the
boundary drawn is merely schematic. The change from UDF to 2PF
is continuous from upper left to bottom right.

to be less than 0.082=38 um and the corresponding ve-

FIG. 1. The inclined channel and the definition of the geometrl-Iocity error is less than 0.5 cm/s.

cal parameter§V andD.

I1l. EXPERIMENTAL RESULTS

The properties under investigation cover both coarse-
grained quantities and individual motions, and may have
Oboth temporal and spatial dependence. We define certain
the connection with the inlet of the channel are designed téermgand use th.em corl1‘3|sten,t’ly th‘fough"out th|§ paper. If not

Specified otherwise, a “mean” or “local” quantity always

ﬁ]eﬂ av?ljuslzﬁble Lni:rt?]er t:) f|n§ttutn3 tk\]; '?]'t'\?l \I/(elotc;tﬁ/ ci);]flhsvstands for an instantaneous coarse-grained average over a
cor?di£i:n ﬁc))(lé% € present study we have kept the inflo region containing tens of beads. We shall use the word

) i _“variation” in referring to the time dependence of a local
The rough boundaries are made of straight gear racks W'tE‘oarse—grained quantity. An “oscillation” or “wave” means

regularly spaced notches 6f0.50 cm. One bead is glued 0 {he variation with time around a certain average value but
each notch so that about half of the bead protrudes. By doingges not imply periodicity. The term “fluctuation” will be
so, we obtain two boundaries with a roughness comparablgeserved for representing deviation of individual bead veloci-
to the bead diameter. ties from their local mean. The “longitudinal” directiofx)

The channel widthV is adjustable, ranging from zero to means the one along the flow and “transvergg’means the
more than 28. Since the roughness is about 0.5 particledirection across the channel.
diameter on each side, we defidéas the maximum trans- The density of beads refers to the 2D number density and
verse separation that the centers of flowing beads can have is by itself a coarse-grained quantipg,, stands for the den-
the channel. A movable triangular obstacle is positioned asity corresponding to a close-packed hexagonal lattice of
the end of the channel. The outflow or exit dimensidris  uniformly sized round beads.
defined as the distance from the end of either rack to the _ N
nearest edge of the obstacle. The whole channel is about 120 A. Phase diagram and transition
cm long. When there is sufficient inflowy andD determine A certain range of ,D) produces “fully developed
the behavior of the system. We thus defil®,D) as the flows”—in the sense that the time-averaged local velocity
parameter space. The entire channel is filled with a monogoes not increase down the channel. In Fig. 2, we show a
layer of beads before the exit is opened to initiate flow.  typical phase diagram at an inclination angle of 2 °. Before

We use a Kodak Motion Corder fast video camera to capeontinuing, we recommend that readers visit our web site
ture time sequences of the flow. At a frame rate of 12527] to see MPEG movies of the typical uniform dense flow
frame/s, we are able to capture up to 1092 images (8 bitUDF), two-phase flow(2PP, accelerating gaseous flow
X512 pixels< 240 pixels) in real time. The images are ana-(AGF), and flow around an obstacle. The behavior shown in
lyzed to determine the trajectories and velocities of all parthe movies does not qualitatively change with inclination
ticles in the sequential images, using codes writtendin  angle. The flow completely stops when either the channel
[25]. To determine particle trajectories, we find the Gaussiawidth W or the exit opening widtiD is too small. This re-
centroid to identify the centers of the bright spots, and thersults from permanent jams that form in the channel or at the
relate the spots in consecutive frames by choosing the onexit. On the other hand, when the obstacle is absent or when
out of all possible connections that minimizes the total dis-D is sufficiently large, the particles accelerate down the
placement[26]. At a typical magnification for which the channel. In this case, the flow is dilute so that the typical
bead diameted=16.8 pixels, the position error is estimated mean free path—in the sense of a local Lagrangian frame

ing friction against each other as they roll down collectively,
or are colliding with each other without enduring contacts.
A hopper supplies the flowing grains. Its bottom plate an
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FIG. 3. Images of an oscillatory 2PF: the regularly spaced spots b) 0.20 FF T I T ==
at the edges of both images are the glued beads on the sidewalls; a ® : W=6d °
longer time of exposure was deliberately used in order to show the a O : w=9d
velocities of particles(a) An interface of density discontinuity oc- o 015~ A :W=12d L -
curred at the upstream side of the dense regi@msThe density - o 1 W=1ed
changes continuously at the downstream side of the dense region, g -
with the particles being gradually released. ~£010=
Q
) O
where the average velocity of all nearby particles under con- ~ 0.05 [~ =
sideration is zero—is larger than tens of bead diameters. We el
refer to this state as an AGF. Even if one attempts to initiate ] 1
6

the flow from a completely jammed condition, the flow 2 4
transforms itself into AGF: the process usually starts with the D/d
occurrence of dilute regions near the exit, which quickly ex- £, 4. Long-time rms density variation as a function of geo-
tend over the entire channel. metrical confinement factors. The data points correspond to the
The range of W,D) for the fully developed flows is de- circles in Fig. 2 and the lines are drawn to guide the eye. The
noted by the white area in the phase diagram. There argensity is normalized in units of the 2D close-packing denity.
qualitative differences compared to the AGF in thltthe  The change of rms density variation is found to be monotonic with
average density is typically higher af®) the time-averaged eitherW or D.
properties are constant along the channel. Moreover, we also
observe gradual changes of features within this fully develchannel mean velocity everywhere upstream. By including
oped region, among which the most striking is the continuthe velocity information, we present in Fig. 5 the rms density
ous increase in the amplitude of density waves: from UDF atariation as function of time-averaged mean velocity, for
the upper left of the white area to oscillatory 2PF at theseveral different channel widths. We find tl{a} at constant
lower right. At the 2PF limit, density waves repeatedly occurchannel width, the density wave amplitude increases with
and propagate upwards. This can be visualized in Fig. 3: aincreasing mean flow velocity an@) the density variation
abrupt change of density due to local congestion is clearly
identifiable [Fig. 3(@)]; however, the relaxation of material 0.20 F 1 I I I ™
from a dense region on its downstream side does not have a

clear-cut interfacé¢Fig. 3(b)]. On the other hand, at the UDF I;
limit, particles tend to form close-packing crystals and to 015} a -
creep as solids do. The visualization of UDF is included in & <o
Sec. llID. ~

Quantitatively, the amplitude of density waves is deter- P_E 0.10 -
mined by calculating the long-time rms density variation nor- a
malized byp.,. The coarse-graining box has a width ap- 2

proximately equal to the channel width and a lengt@d in 0.05
the flow direction. The particle counting is linearly smoothed
across the four edges of the box in order to eliminate noise
due to discreteness. We have found that the wave amplitude
increases with larger openir, but decreases with wider
channel widthw. Both dependencies are monotonic with the
other parameter held fixed, as shown in Fig. 4. FIG. 5. Long-time rms density variation as a function of time-

When a fully developed flow is sustained with the channelaveraged mean velocit{V/,), at different channel widthsV. The
width fixed, the openingD serves as a control valve that data points correspond to the circles in Fig. 2 and the density is
determines the mean flow rate and the time-averaged crossermalized in units of the 2D close-packing dengity .

0.00 =_1 ] ] ] [

2 4 6 8 10

<V,> (cm/s)
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increases dramatically as the channel becomes narrower. 2

We also did tests with the rough sidewalls replaced by flat
steel bars, keeping the channel widths and the mean veloci
ties approximately the same in order to make comparisons
Over the entire range of our investigation, the flows are al-
ways uniform and dense with irregular velocity oscillations;
the behavior is similar to that of the UDF regime in the phase
diagram of Fig. 2. b)

Our measurements suggest that the rough boundary is 08
necessary condition for producing significant density waves, a ,
with the 2PF being its extreme case. We present additiona ~
information on the interaction of particles with the bound- < 04
aries in Sec. Il C.

! Vg
1 | I |
0 1 2 3Time4(s) 5 6 7 8

B. Oscillatory Behavior

We calculate the local mean velocity, density, and the rms
fluctuations of the two velocity components as a function of
time. Three observation boxes located adjacent to each othe
along the channel were chosen in order to measure the tim 2 4
variation of these local quantities; the size and edge smooth Time (s)
ing of each box is the same as used in Sec. Il A.

The time dependence of a typical 2PF is shown in Fig. 6.a,b) Mean velocity (V,) and density (p) in three boxes along the channel:

; ; ; iy upstream, — — middle, ——downstream
The VeIOCIty and den3|_ty osglllate coher_ently,_ Cor_respondmgc) RMS velocity fluctuations (the downstream box only) :
to the development of jamming and un-jamming in each ob- " ... longitudinal ( { 8V, bymg ) , ——1transverse ({ 8V, }me )

servation box. The oscillation of the 2PF appears to have a
characteristic frequency, although it is not perfectly regular. FIG. 6. Time dependence of an oscillatory 2PF Wik 6d and
The abrupt change of mean velocity and density correspond3=5d. The density is normalized in units of the 2D close-packing
to the passing of the upward moving interface of densitydensityp.,. () The density and local mean velocity vary coher-
discontinuity[shown in Fig. 8a)] through each observation ently; the time lags between signals of different observation boxes
box. On the other hand, the asymmetry of the time variatioralong the longitudinal direction indicate an upward propagation
is the consequence of the fact that the relaxation of beadspeed~14 cm/s.(b) Velocity fluctuations are large only at the
takes place continuously, as is shown in Figp)3The time  moments the interfaces of density discontinuity pass the observation
lags between the three different observation boxes in Figdoxes. As is visualized in Fig.(8), the abrupt change of longitudi-
6(a) show that the velocity and density variations propagatd@! velocities leads to an ill-defined mean value for calculavg
upward at about 14 cm/s in this cas&/£ 6d,D = 5d). in each finite-sized observation box, Wth|"1 isdf96d) in this
Note that the local velocity fluctuatiofi&ig. 6(c)], which ~ €aS€: therefor?, the rms transverse fluctua(@%)rms may better
correspond to the square root of the “granular temperature*ePresent the “granular temperature.
defined in the context of kinetic theories, are large only when

. ) ) L can be a significant fraction of the channel length. In this
the interfaces pass the observation region. In addition, th . I
. >0 ) . . DF, the upward propagation of the oscillation of local mean
typical density in the dilute regions is so low that the corre-

sponding mean free path appears to be longer than the cha¥1€IOCity can be estimated as faster than 100 cm/s,
ngl Widtng our visualpexamipnpation of video gdastahown in The density for the UDRshown in Fig. T)] is always
’ ; . near the close-packing density. At this high density, a con-
web movies and Fig.)3also suggests that, in an averaged . : ST
. : ; g ; siderable fraction of beads can form temporarily rigid clus-
sense, particles in the dilute regions experience less than one

collision before reaching the next front line of dense region.ters’ which lead to the long-range correlation and the fast

- ! . . ropagation of local mean velocity mentioned above. More
Similar density, velocity, and granular temperature fields ar . . . .
. . details about the microscopic structure of these dense regions
found in monolayer flows in long, small-angle funnels and

are reported in recent work by/iHack and Dimon[9]. are included in Sec. Il D.
The contrasting time dependence of a typical UDF is
shown in Fig. Ta). There exists considerable oscillation of
the mean velocity in the UDF, as in the 2PF. However, the To understand the response of the flow to shear forces
UDF has a time variation far more irregular than the 2PFimposed at the boundary, we study the transverse profiles.
The typical amplitude of oscillation of mean velocity is However, in either the UDF or the 2PF regime, the typical
larger than the local velocity fluctuations; the oscillations oftemporal oscillation of the mean velocity is comparable to or
mean velocity in the three boxes are almost simultaneousven larger than the velocity difference across the channel.
These facts indicate that the beads’ motions are instantaor this reason, the usefulness of a simple long-time aver-
neously correlated with a length scale at least a few times thaged profile may be questionable. Instead, we investigate the
longitudinal size of the adjacent observation boxes, whichvelocity profiles conditional on the local mean velocity.

C. Transverse profiles
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W ~12d W ~ 6d

o =<4 N W s~ 0o
r

©) 24 2
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83 8
E? 4
31
2 . OF
i 0 1 0
~ 0 1 3_ 4 6 7 8 y/W y/W
Time (s)
FIG. 8. Velocity profiles conditional on the local mean velocity,
a,b) Mean velocity (V,) and density (p) in three boxes along the channel: with y/W being the normalized transverse position. The limits set
------ upstream, middle, ——downstream on the local mean velocity ar€V,)snapshot=(1.4+0.2) cm/s for
¢) RMS velocity fluctuations (the downstream box only) : (@, (3.2+0.2) cm/s for(b), (3.10.6) cm/s for(c), and (12.5
""" longitudinal ({ 8V, b ) , ——transverse ({8Vy }m, ) +0.6) cm/s for(d). Open symbols denote the conditionally aver-

) o B aged longitudinal velocity at each position, and filled symbols the
FIG. 7. Time dependence of a UDF withi=12d andD = 3d. corresponding statistical standard deviation. The background dots

The density is aI\_N_ays_ near the 2D (_:Iose-packlng densify The represent the velocities and positions of individual particles)
local mean velocities in all observation boxes along the stream &Xvide-channel UDE withV=12d. D=3d: The same velocity pla-

_T_'rt:'t tlargellrregulfetlr dosmfllatlons, |Wh.'tChﬂ arte atl'most. S'munliinet?]us'teau appears at different stages of oscillation. The transverse posi-
€ typical magnitude of rms velocity fluctuations 1s smaller thang;q o ghoy strong layering preferencés,d) Narrow-channel 2PF

that of the mean velocity variations. with W=6d, D=5d: at a dense stage shown (), the velocity

That is, we first consider all snapshots that have a meafadient penetrates the flow; at a free-fall stage show(dinlarge

velocity falling into a certain range, and we then obtain theslips occur at the boundary and the velocity profile is relatively flat.

conditional velocity profile by averaging over these snap-

shots only. The choices of observation boxes are similar t¢enge for more detailed studies of binary mixtures.

those used for studying oscillatiosee Sec. Il B. The 2PF in a narrow channel exhibit distinct behaviors
In a wide channel with a UDF, the conditional average[Figs. §c,d)] at different stages of the oscillation. Figure8

profiles[Figs. 8a,D] consist of a plug flow in the center plus shows the “dense stage” of the 2PF and corresponds to the

shear bands at the edges. This is true at any stage of trﬂ@ht hand side of the sample image Figa)3 The velocity

oscillation, in spite of the considerable differences in Meayradient caused by the boundary shearing penetrates the

velocity. This pattern matches the time-averaged velocCityo. on the other hand, Fig(@ shows the “free fall stage”

prr10files| ﬁstablilsgef inopreviOlIJs 'inv<hestigatir?ns hOf Wide'of the 2PF and corresponds to the left hand side of the
channel flows[1,3,4,6. Our analysis shows that the time- ample image Fig.(8). The velocity profile is virtually flat

averaged profile is the result of averaging similar conditiona ue to the lack of contacts between the particles and the
proﬂlgg. The occurrence of the velochy plateag at all me.arboundary; the measured velocity difference across the chan-
velocities implies that in the p'Iug region, starting at a dIS'nel is mostly the “memory” of the initial time at which the
tance ~3d away from the side walls, beads acclerate/y,oqq \yere released from the dense region.

decelerate cooperatively. Further detail on this point will be
presented in Sec. Il D 4.

The velocity scatter plots in Figs(&8b show strong lay-
ering of individual transverse positions, which is a clear sign Finer details concerning interactions between individual
of crystallization due to the monodispersity. Neverthelessparticles can be obtained by studying snapshots of bead mo-
the solidlike behavior is not unique to the monodispersdions and data on interparticle distances. We find that the
case. Our tests with binary mixtures of steel beads havdense regions can exhibit temporary arches, long-range cor-
shown qualitatively the same plug-flow profiles and cooperarelated velocities, inhomogenuous propagation of distur-
tive velocity oscillations; however, other complications suchbances, and local hexagonal structure. The explanation of
as particles lifting off the plate due to the collisions of two these features may require advanced models that go beyond
differently sized rolling spheres also occur, raising a chalthe conventional binary collision theory.

D. Microscopic views of dense regions
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FIG. 10. Snapshot of a UDF with flags showing the individual
(downstream) velocities.W=12d, D=5d. Each flag points from the center of a
bead along the direction of its velocity, with length proportional to
FIG. 9. (a) Temporary arching: the arch lines deform as particlesthe magnitude. Across the dislocation line, the velocity field exhib-
rub against each otheb) Permanent arching: whei'<<6d, endur-  its a substantial change of preferred direction.
ing arches can occur and stop the fld¢iwhe size of bright spots in

the images does not represent the actual diameter of the Steﬂacle in Fig. 12. The typical size of the temporary pattern
beads. showing regional preferences in velocity is larger than the
1. Formation of temporary arches size of the obstacle. The apparent asymmetry of the pattern is
not due to asymmetry of the geometry; it changes stochasti-
cally with time. In addition, the large slip around the obstacle
and the void region behind it contrast with conventional fluid

The formation of temporary arches, Fig@g becomes
important when the width of the channel is smaller than
about 4. A visual examination of the sequential images re-;
veals that particles form temporary arches that are supportec?
by the bumpy sidewalls and are continuously deforming as
beads rub against their neighbors; beads along the arches are
presumably contacting more than one neighbor and the main As shown in Fig. 13, we find that velocity perturbations in
dynamics in the relaxation of these arches may be due tthe dense regions can propagate in a very inhomogeneous
friction rather than collisions. In addition, as we decrease thavay. The sequential developmeiebntinuously recorded for
channel width with the mean velocity fixed, both the likeli- about 12 video frames in this casshows that the distur-
hood of arch formation and its typical duration increase. Thiance, initiated at the lower middle of the field of view,
favors the creation of large-amplitude density waves. Wherlevelops a cracklike pattern across the channel. It is probable
the channel is narrower thardfthe occasional occurrence that the primary momentum transfer in these dense regions
of permanent arching may stop the flow, as shown in Figmimics the inhomogeneous stress chains observed in experi-
9(b). The flow consistently stops when the channel is narments using photoelastic diskg9-31] , rather than the dif-
rower than Sl. In a recent study, Tet al. [28] conducted
experiments on uniformly sized round disks flowing through

3. Inhomogeneous propagation of velocity perturbations

the exit of a vertical 2D funnel, and found that the probabil- Qi—"‘;‘i b :?;,ojﬁ] % b P\g/;Q)
ity of permanent arching increases from zero to one as the - ¢ o ¢, s PR b b% 6,0 4 50
exit width changes from & to 3d. v 0@ ae O (RIEPYN b e ] 1.0cm
e o o0 P %-ep/eb\o/e& —
. aaqe p ¢ N dww—w—o o \?—X
2. Correlated bead velocities @ ,o p P AN o0 0 0 v J g
. . . . ?(KQ P‘?CKO\O\—eao—e‘o\o—obeg
The time dependence of velocity and its local fluctuation ? 2 ‘K AR Q] oo b;' ° 6@,
in a UDF[Fig. 7(a)] suggests that beads motions are corre- f’ TG\ iy XX‘\ 320 "/Z °
lated with a length scale at least several tens of bead diam- = T 88 2 °< Yo st A l

eters. With the aid of snapshots on grain positions and ve- G\ ;Q&fﬂ( ?G\C\O\i}:\ei:/;wo/ 7
locities, we further demonstrate that large parts of the flow ) =~ mmj\e—\ o~ o—o—o” c/ P Flow
exhibit hexagonal local lattices with defects. Figure 10 is a 9/*’/;\!, j}e\c« ol T

typical example with a dislocation line: across the line of ;- \mo boow o0 o S

dislocation, the beads appear to have a discontinuity in the

preferred direction of velocity. Figure 11 reveals that the re-  F|G. 11. Snapshot of a UDF with flags showing the deviation

gional predominant velocity relative to the mean value ovekelocities, i.e., the velocities with the mean velocity of all particles

the field of view is preferentially aligned with the local lat- in the field of view subtractedV=16d, D =4d. The directions of

tice orientation. individual deviation velocities are strongly correlated with the local
To illustrate the effect of the long-range velocity correla- lattice orientation. The pattern shown in the figure persists for about

tion, we show the snapshot of a dense flow around an ol83.04 s.
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fusive momentum transfer in situations similar to molecularerate or decelerate collectively, this effect explains why the
gases. However, the finite instrumental resolution limits oursame shape of velocity plateau consistently appears through-
ability to determine whether the sequential development iut all stages of the large-amplitude velocity oscillations
indeed produced by extremely small-amplitude binary colli-[Figs. §a,b]. In contrast, the replacement of nearest neigh-

sions, or not. bors occurs more frequently in the shear bands, as shown in
o . Fig. 14b). Figure 14b) also illustrates the fact that all neigh-
4. Nonballistic motion and the cage effect bors lose contact with the reference particle at certain mo-

In order to understand the way beads approach and cofoents; however, the curves still do not exhibit prominent
tact each other, we follow certain typical beads and investiballistic reflections.
gate the time evolution of distances from their neighbors. In
Fig. 14a), we choose a reference bead in the plug-flow re- 5. Statistics of particle separations
gion of an UDF and plot the distances from its nearest neigh- ) ) _
bors as functions of time. Once their separations approach To understand the separation between particles and their
1d, they do not seem to oscillate much, presumably becaugearest neighbors, we calculate the probabilities of finding at
the contacts are highly dissipative. Multiple curves correleast two beads or at least three beads within distarficen
sponding to different neighbors coincide at arounid this is ~ any chosen reference bead and present them in Fig. 15. The
consistent with a scenario where multiple neighbors makegurves are obtained by integrating the histograms of the mea-
long-duration contacts. If there is any residual chattering, isured second or third nearest neighbor distances. In spite of
is smaller than our image resolutien0.0121 or ~38 um.  the restriction of a finite image resolution, it can be inferred
The cage effect, i.e., the long duration over which par-from Fig. 15a) that, in the plug-flow region, over 80% of the
ticles stay as nearest neighbors, explains the existence of tieads have at least three neighbors that are either in contact
plug-flow profiles in a typical UDF. Figure 14) shows that or closer than the current image resolutien(.0121). In the
the replacement of nearest neighbors in the center region ghear band, on the other hand, only about 60% of the beads
slow compared to the oscillation of the mean velo¢ége have more than three neighbors found within distance (1
Fig. 7(@)]. Since particles caged in these local lattices accel-+0.01)d, as shown in Fig. 1®).
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At a larger scale, we calculate the histogram of center-toeause a second-order perturbation to the width of integer
center distances of all beads in a plug-flow region of a UDApeaks of the pair-distance distribution function, whereas the
and present it in Fig. 16. The peaks al,1,/3d, 2d, . .. effect on the noninteger peaks would be first order. We
correspond to those expected in a hexagonal lattice, whichPeculate that detailed analysis of the shape of the pair-
results from the monodispersity. The peaks are broadenegistance distribution function could lead to some insight into
because the hexagonal lattice structures experience stochadfi collective motion in the dense regions. Extensive discus-

deformation. Interestingly, the noninteger peaks are widep'©"S Py previous researchers on the dynamics of spheres

than the integer peaks. This fact can be consistently exVith prevalent crystalline ordering can be found in Ré#]
nd the references therein.

plained if we assume a scenario in which sliding contact®
prevail: as neighbors rub against each other, a considerable
fraction of interparticle contacts are preserved during a small
deformation of the lattice. For an infinitesimal sliding defor-  Here we summarize our findings concerning the dynamics
mation of a perfect hexagonal lattice, this would presumablyof 2D monolayer granular flows on an incline. We find that

IV. SUMMARY AND DISCUSSION
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FIG. 15. P;(r)=Probability of finding at leastbeads within the
FIG. 14. Separations of neighbors as functions of tiMé.  distancer from the center of any reference be@(r) is denoted
=12d, D=3d. The distances; is measured from the center of the py squares an@(r) is denoted by triangles¥=12d, D=3d. (a)
ith neighbor to the center of the selected reference bead, and ilS|ug-ﬂ0W region;(b) shear band’ where the curves rise somewhat
normalized by the bead diametdr Separations of some typical more slowly.
neighbors are labeled with different symbols to guide the eye, and
the unlabeled curves represent all the other neighltard.he ref-

erence bead is in the plug-flow region: the replacement of the S.i)fated grain motions with length scale comparable to the sys-

nearest neighbors is rare—only once in this 3.1 s interval, which i ; - - )
sufficient for several oscillations of the local mean velo¢gliown tem size are observed in wide-channel UDFigs. 10, 11,

in Fig. 7(@)]. (b) The reference bead is in the shear band: neares"flnd 1_3‘ Disturbances of the velocity f|e_-ld can pro_paga_te ina
neighbors are replaced more frequently—17 different beads alterndE"Y mhomogenous Wg§F|g. 13. The t'm,e evolutior(Fig.
tively appear during the same amount of time. Note that at 14) of pgrtlcle separatlons _reveals that, in dense flows, par-
~2.07 s, all neighbors are at least @0&way from this reference ticle motions are nonballistic and the replacement of nearest
bead. None of the curves i@ or (b) exhibit prominent ballistc ~Neighbors is slow compared to the oscillation of the mean
reflections. velocity. Statistics of interparticle distancdsgs. 15 and 16
show that multiple close neighbors are prevalent and that the
dense regions are largely crystallized.
. . . . We consider certain important features of our flows and
an open channel results either in a dilute accelerating ﬂov&ompare our results with previous investigations of 2D

with a mean f.'°".V rate determlned by inlet cond|t|qns, Or%ranular Poiseuille flow before concluding the discussion.
causes a static jammed solid supported by the sidewall

when the channel is narrower than about five bead diameters.

In an exit-constricted channel with a certain range of exit 16x10° £ 1 ' ' ' ' T
widths, flows that do not acceleratén a time-averaged o .
sensg down the channel can be obtained; we call these fully o 12— -
developed flows. We have established that there is a continu- § 08 [ . ]
ous transition between two distinct regimes—UDF and os- (SR ° ]
cillatory 2PF—depending on the channel widt$ and the 0al’ . 8 _
mean flow velocity(Figs. 2 and b The rough boundary is - E e i" Q E Q-
identified as a necessary condition to cause the transition. 0.0

The two regimes have quite different patterns of density and 10 15 20 25 30 35
velocity oscillations(Figs. 6 and ¥, and flow profiles(Fig. r/d

8). Both regimes exhibit large-amplitude oscillations  of FIG. 16. Histogram of center-to-center distances in the plug-
c_oarse-grai_ned velocity, which propagate upstream W_ith COMfow regions of UDF withW=12d and D =3d. Reference beads
siderably different speeds depending on the flow regime. gre collected from a (@x 27d) rectangular region defined sym-

In the dense regions of both regimes, the observationgetrically along the center line of the flow. The statistics include
may require models that go beyond the standard binary cokooo snapshots spanning 8 s, which is much longer than the time
lision approaches. Specifically, the dense regions are cold i§cale corresponding to the oscillation of the coarse-grained mean
the sense that velocity fluctuations are smaller than the typivelocity [shown in Fig. 7a)]. The peaks atd, /3d, 2d, ... cor-
cal time variation of local mean velocity. Temporary archesrespond to those of a hexagonal lattice. The noninteger peaks are
occur in the 2PF through narrow chann€ig. 9). Corre-  much broader than the integer peaks.
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A. Density waves in narrow channels wave propagation is always backwards. Therefore, the inlet

In high-speed flows developed in a narrow channel that i§ondition does not seem to influence the flow, unless the
constricted at the exit, we consistently find two-phase flowd€€ding rate is so low that the flow transforms into acceler-
(Fig. 3 characterized by strong density waves propagatin@lind gas. However, one may speculate that the exit could
backwards. Here we provide a phenomenological expland20Ssibly influence the density oscillation. _
tion of why a homogeneous high-density flow cannot exist at In the oscnlatory' 2P'F.I|m|t, th.e constriction at thle exit
a higher mean flow velocity. Consider a uniform, nearlyplays the role of maintaining the t'lfne-averaged de;n5|.ty S0 as
close-packing base state with a constant mean velocity and'§ Prevent AGF. However, the exit's effect on tascillation
finite velocity fluctuation. Suppose the density field is per-Of dénsity and velocity, if any, should be insignificant com-
turbed by a small modulation along the stream. The densdrared to the effect of the rough boundaries for the following
regions have a dramatic increase in collision rate since it i§€aSOns.
inversely proportional to the average gaps left between (1) Tests using flat boundari¢Sec. Ill A) show that the
spheres. Therefore, the collisional resistance at the boundafgcurrence of density waves is much more sensitive to the
causes the dense region to decelerate. Also the high collfoughness of the wall than it is to the geometrical facitts
sional dissipation may bring a fraction of beads into long-andD.
duration contacts, which can have several effects including (2) Additional observations show that significant ampli-
temporary arching or turning closely rolling beads into atude of the upward-traveling waves develops typically at
rigid cluster sliding against the bottom plate. All of theseleast 20 cm away from the exit, and that the characteristic
effects tend to enhance the deceleration and cause local cotime scale for the traveling waves is much longer than that of
gestion. The congestion then gradually relaxes from théhe seemingly irregular perturbations at the exit. The distur-
downstream side and beads accelerate until reaching the neb@nces at the exit do not seem to propagate beyond the “exit
point of local congestion. zone.”

The monotonic relation between the density wave ampli- (3) Interestingly, our observations are qualitatively similar
tude Sp,ms and the time-averaged velocity,) (see Fig. 5 to Sanders and Ackermann’s molecular dynam{t4D)
can be understood as follows. First, Figapindicates that simulations[20] of flows in a periodic narrow channelW\(
the congested regions contribute to a small fraction of eacks 3d), which is meant to resemble an idealized infinite chan-
typical oscillation cycle and have a much smaller mean venel. Their simulation shows density waves similar to those in
locity compared to other regions, where beads almost freelpur 2PFs; they have found that the typical length of the
accelerate. Therefore, the time averayg) should predomi- densely packed regions depends on the inelasticity of the
nately scale with the characteristic time of these congestioreolliding grains and the bumpy boundary.
relaxation cycles. Secondp, s should scale with the typi- On the other hand, in the UDF regime where the oscilla-
cal difference between the maximum and minimum densitytion of density is minor, the exit condition may have substan-
where the maximum is approximately the close-packing dential effects on the oscillation of the velocity. In this dense
sity pcp and the minimum is primarily determined by the regime, particles can have long chains of contacts, and the
volume expansion during the relaxation acceleration. Thus, itange of correlated motion can be comparable to the length
is expected thatp,,s scales with the same characteristic of the channel. It is reasonable to believe that normal stresses
time mentioned above and consequently has a monotoni&nd their fluctuations can be transmitted from the exit up the

dependence of\V,). entire channel.
The traditional binary-collision theories described in Sec.
IB may have limited applicability to the strong density C. Comparison to other experiments

waves we observe. In the dilute regions, particles may expe- ., . - . . .
rience less than one collision before reaching the next Cor}'he\ﬁé?,(,:obflﬁlghggd (?r'rg];rs[zgzlar&il(eoeﬁe?gs“c/%/ rsélt:ic::ed
gested region, as a combined effect of small velocity differ- Y ' 9

ences betwesn neighoors and lng mean free . o402 070 smaliange 20 el bull o2t e
[l B). In the dense regions, the presence of temporary arch 9 ' '

suggests frictional dynamics where contacts involving morelshey established7] that, using an inclinatiorp=4.1° and

an o partcles shold be an mporan o SgifeantS°713 18 LN Bl e 25 Lo, 0 genrl bfiever
velocity fluctuations only exist at the interfacial region of 9 y

density discontinuity and dissipate quickly. As a result, Cal_half-gngle@: " (i) pipe flovy” (at 5<0.19) where the flpw IS
culations assuming a *local equilibrium” required by these relatively dilute and density waves tend to stay stationary or

. . -~ ~vanish before reaching the inlefii) “intermittent flow”

:Egosfilti satzgﬁevr\:letl)llmg molecular gases may not approximat .1°<8<~1°) where density discontinuities propagate up-
' wards through the entire channel; aiid) “dense flow” [32]

(at larger g, typically up to 2° or 3} where the density is

close top¢, with a rather weak variation, and fast propaga-

The channel has an inlet and an exit, and thus differs frontion of velocity disturbances are observed.

an idealized infinitely long channel. Over the entire range of Similarities can be found in comparing their “intermittent

those statistically steady flows, we have found that the jamflow” to our 2PF regime, and in comparing their “dense

ming extends all the way back into the hopper, and that thélow” to our UDF regime[33]. However, the rough bound-

B. Consideration of finite-length effects
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aries in our experiment create most of the differences. V. CONCLUDING REMARKS
(1) In our 2PFs, the strong density waves are predomi-
nantly triggered by the sidewallgliscussed in Sec. IVB
while in their intermittent funnel flows with funnel angle
B=0.2°, the “dilatant fluctuations at the exit” contribute to

The primary factors controlling the general behavior of
the inclined 2D Poiseuille flows include the exit width, the
channel width, and the roughness of the sidewalls. Collisions
with the bumpy sidewalls are essential for triggering strong

generation of density wavgg]. . ! . .
(2) Our rough walls trigger disturbances to the flow with density waves in the flows developed in constricted channels.
g 99 However, the passive collisions at the sidewall do not pro-

an equal likelihood everywhere along the entire channel ide sufficient drag to eliminate acceleration in the dilute
whereas their investigation on the behavior of velocity shoc : 9
gaseousregions.

fronts [8] shows that their density waves are preferentially In all cases where dense regions emerge, the particle mo-

initiated at “packing sites,_” i.e., the Iocations_ with a local tion shows long-range correlations and local ordering; a

fun(r;t)alc\;\ﬂ ?ttr: ai(l?/ilréz mrlz)I]E”oeIg:si ofsgh:ee\kjee;d tﬁ(laam?(atfa:éti on complete model would need to go beyond conventional ki-

with the boundary in c%ntrast t(‘c:]). their experiment where th hetic methods for granular systems of moderate density. In
y P She dilute regions of our flow, conventional kinetic theories

shear interaction is negligible. are inappropriate—the mean free path exceeds the channel
Experimental studies of thin or monolayer granular fIOWSWidth a?l?i trﬁ)e mean collision inter\?al is comparable to the
in vertical chutes provide another category for comparison P

Strong density waves similar to that of our 2PFs are alséyIOICaI fravel time betwegn dense regions. Moreover, the
reported in the work of Clemeret al. [11] on monolayer presence of strong density waves means that the local dy-

flows through a vertical 2D channel with rough sidewalls, "2MCS constantly switch back .""T‘d forth between_a dense
reeping state and a nearly-collision-free accelerating state.

This assures us that density waves are not unique to roIIin@ g : )
xisting paradigms can successfully describe a number of

bead flows and that the rough boundary is the key factor ranular systems having relatively less spatial and temporal
triggering the density waves. On the other hand, in oud y 9 Y P P

UDFs, where strong density waves are absent, the mechg?ns'ty variations than found here. However, a significant

nism that causes the large-amplitude oscillations of instantzz<tension of current theories, or a different approach, will be

neous mean velocity still calls for further understanding.cgle(’) de?n;%r%gdzféindsgriglélr?r fE|l(')SWtSO t:ﬁ;;pggﬁl?;i%?w dd?-
Many of the previous investigations of granular flows in P 9 y 9 9 dy

wide vertical chute$1,3,6,4 report nearly steady flow pro- namical features at different locations or at different times.
files with channel widths and sidewall roughness comparable
to ours(in units of particle diametér most of them[1,3,6]
have a narrow exit serving as a flow control valve as in our This work was supported by the National Science Foun-
setup. The investigated range of particle size and velocity imlation under Grant No. DMR-00-79909 to the University of
these previous experiments overlaps with our investigationPennsylvania and Contract No. DMR-0072203 to Haverford
Whether the large oscillation of the mean velocity in ourCollege. We appreciate helpful conversations with J. Jenkins
UDFs is generic to gravity-driven Poiseuille flows with a and T. Lubensky. R. Amit contributed to the early stages of
reduced value of or results from the rolling dynamics is not this investigation. We are grateful to B. Boyes for his con-
obvious. tinual technical assistance.
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