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Measurements of particle dynamics in slow, dense granular Couette flow
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Experimental measurements of particle dynamics on the lower surface of a three-dimef&®r@buette
cell containing monodisperse spheres are reported. The average radial density and velocity profiles are similar
to those previously measured within the bulk and on the lower surface of the 3D cell filled with mustard seeds.
Observations of the evolution of particle velocities over time reveal distinct motion events, intervals where
previously stationary particles move for a short duration before jamming again. The cross correlation between
the velocities of two particles at a given distamcigom the moving wall reveals a characteristic length scale
over which the particles are correlated. The autocorrelation of a single particle’s velocity reveals a character-
istic time scaler, which decreases with increasing distance from the inner moving wall. This may be attributed
to the increasing rarity at which the discrete motion events occur and the reduced duration of those events at
larger. The relationship between the rms azimuthal velocity fluctuatiéng(r), and average shear ratg(r),
was found to beSv 4o« ¥* with «=0.52+0.04. These observations are compared with other recent experiments
and with the modified hydrodynamic model recently introduced by Boceuat.
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INTRODUCTION flow behavior; however, the details of how the microscopic

particle properties and dynamics influence the overall flow is

The detailed understanding of slow flow in dense granulanot fully understood. A number of theories describe the flow
systems has remained one of the central challenges in thgy relying on coarse-grained quantities, such as an effective
field of granular material§1]. While fast dilute granular temperature or viscosity. However, as we show here, rather
flows are fluidlike and can be described well by granularthan varying smoothly and monotonically, these quantities
kinetic theory[2—-4], slow flows at high packing fraction change abruptly and even oscillate on subparticle length

preserve many of the complex properties of static granulagcales which may make it difficult to capture the full behav-
packs and may be more accurately described as slow, plasiig; in 4 coarse-grained model. The lack of a complete experi-
deformanon of a metastable granular solid than flow of ayantq description of the system, especially on the micro-
fluid. Recent work by Howelet al. [5,6] showed that many .o e scale, has so far prevented the rigorous testing of any

of the intriguing properties of granular solids, such as theOf these models.

broad distribution of stresses and the presence of “force To resolve these issues, a detailed description of the par-

chains™ which focus stresses along paths of many connectetclllcle dynamics on the microscopic, i.e., single-particle level
particles, play a crucial role. Direct visualization revealed. Y pic, 1.€., single-p '

that the flow is intermittent in time and that correlations, both'® needed. While a number of careful, h|gh-resol_ut|on mea-
in time and in space, exi§7]. These are seen as intervals SUrements6,11,13—17 of the average macroscopic proper-

over which one or more particles in a region become unlies of slow, dense Couette flow have been performed, a de-

jammed, move for a short time, and then become jammefiled description of the microscopic dynamics has been
again. Such properties of dense granular flow are reminiscef@cking. The goal of the experiments reported in this paper is
of behavior seen in glasses, dense colloidal suspensions, afl characterize the particle dynamics on both microscopic
foams[8,9]. Recent studies have been successful at relatingnd mesoscopic scales, and to measure both the average
stresses in stationary bead packs with those in glassy fluiddoperties of the material as well as the fluctuations about the
[10], suggesting that the two systems may also have similamean.
flow properties for high packing fractions and low shearing To this end a systematic study of the dynamics of particles
rates. It is hoped that an understanding of dense granulan the lower surface of a three-dimensio(&iD) Couette cell
flow will provide insight into the properties of static granular was performed. The dynamics were captured with digital
packs as well as the broader class of jammed systems.  video, and individual particles were tracked through time.
From previous work, a number of unresolved fundamentaAccurate measurements of the particle velocity fluctuations
questions about slow, dense granular shear flow emerge. Aknd correlations required high-precision measurements of the
though videos and plots of particle trajectories suggest thatarticle positions in every video frame. In contrast to mea-
particle velocities are correlated both in space and in timesurements of the time-averaged velocity or density profile,
these correlations have not been directly measured or chawhere the effects of measurement noise are reduced by suf-
acterized, and their effect on the overall flow behavior isficient averagind11], high-bandwidth fluctuation measure-
unknown. Previous experiments performed with variousments are limited by the precision of each position measure-
granular material$11,12 have shown that the microscopic ment. For this reason, a number of improvements in the
properties of a material such as particle shape, polydispersitposition measurement technique were implemented and ex-
and surface friction manifest themselves in the macroscopitensive calibration experiments made it possible to mitigate
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Al essentially stagnant material near the outer cylinder further-
more provides a single system in which velocities vary sub-
stantially through the cell allowing one to view faster and
slower shearing regions simultaneously.

Because dry granular materials are opaque, observations
are either confined to 2D Couette cqllgl,6] and to the outer
surfaces of 3D cell$11,15—-11, where optical tracking of
surface particles is possible, or noninvasive 3D imaging tools
must be employefl13,11]. For 2D systems and the surfaces
of 3D systems, the motion is typically recorded with video
and each particle’s motion is tracked in the digitized frames
using software. This approach has the benefit of providing
detailed information about the particle dynamics. However, it
is unable to probe the bulk behavior of a 3D system. Further-
more, packing fractions can only be determined where the
particles are guaranteed to lie in the imaging plane, such as
along the lower surface of the container. Noninvasive 3D
imaging techniques, such as magnetic resonance imaging
(MRI) and x-ray tomography, can be very effective at mea-
suring certain properties of a 3D system. X-ray tomography
is very well suited for measuring the time-averaged packing
fraction[11] and is a valuable imaging topl1,18,19. How-

FIG. 1. Sketch of the Couette cell and images of the lowerever, determining the precise particle positions in three di-
surface.(A) The Couette cell consists of two coaxial cylinders of mensions is computationally expensive and data acquisition
radii 25.5 and 41.0 mm. The gap between the cylinders is filled withrates are very slow, making 3D particle tracking studies dif-
a granular material and the inner cylinder is rotated at constanficult. MRI has proven itself as a powerful tool for measuring
angular velocity.(B) The motion of the particles near the lower the time-averaged velocity inside 3D granular fl@8—22
surface is recorded with a high speed digital camera at 250 framegnd has been used to measure the average flow properties
per second. The region imaged is represented by the rectd@gle. \ithin the bulk in granular Couette flojd1]. MRI has also
The trajectory and average velocity of each particle over the previbeen used to measure the diffusion coefficient and correla-
ous 200 ms(indicated by the particle shade: brighter for fast or tion times for flowing granular materi23,24.

Qarker for. slow are.shown for mustard S?eds’ obtained usipg Par  sSeveral authors have studied the tirﬁe-averaged steady-
ticle tracking techniquesD) An example image of the cell filled 0 0 velocity in slow, dense granular Couette flow in
with stainless steel bearing balls which are used for experlmentBOth tWo dimensions and three dimensions

requiring high-precision position measurements. The sample bidis- .
persity is visible through the size of the reflected bright spots. %13’14’6'16’1]"15’]}7 Typically orle measures the average
particle velocity in the azimuthald) direction,v4(r), as a
the effects of instrumental noise on the fluctuation and corfunction of the distance from the moving inner cylinder
relation measurements. wall. These studies reveal that the velocity decays quickly
With these improvements, we were able to measure coith r, with most shear occurring in a relatively narrow shear
relations in particle velocities and to obtain the correlationband of about ten grains across for a broad range of param-
length £ and correlation timer. The improved resolution eters. High-precision MRI measurements in three dimensions
also allowed us to measure the distribution and amplitude dfl1] have shown that ,(r) can be expressed as a product of
the velocity fluctuations over a much larger range than wa@n exponential decay and a Gaussian:
previously possible. The ability to determine, locally and si-
multaneously in the same system the packing fraction, aver- _ 2
; _ , " vo(r)=veexd —b(r/d)]exp —c[(r—rg)/d]}, (1
age velocity, and fluctuation amplitude allowed for a direct 1) =voexiL —b(r/d)Jex ~cl( o/l (@)
comparison with granular kinetic or hydrodynamic models,

B)

such as the recent model by Bocgeetl. [17]. wherevg, b, ¢,andr are fitting parameters. The exponential
term was found to be associated with the formation of layers
BACKGROUND that can slip past each other for systems of smooth, mono-

disperse spheres. For these materials, the exponential term
Recently, several experiments on slow granular flowsdominates in both 3[)11,15 and 2D[14,6] systems. Note

have been performed in the Couette geometry, both in twathat, although the exponential term dominates for these sys-
dimensional2D) [14,6] and 3D[13,11,15-1Fsystems. The tems, the Gaussian term is still present. For systems of par-
Couette geometrysee Fig. 1A)] with uniformly rotating ticles which are aspherical, polydisperse, or rough, the expo-
inner cylinder provides a steady-state flow which can benential term essentially vanishes and a pure Gaussian
maintained for very long times and has a symmetry for azivelocity profile is observed in three dimensiofkl]. The
muthal averaging of many quantities of interest. The breakugenter of the Gaussian was found to be at the inner cylinder
of the system into a shear band near the inner cylinder andall (i.e., ry=~0). Thus, Eq(1) can be recast into
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va(r)=veexd — (r/\)—(rlo)?], 2) in the system, from the inner wall out to largerThis sug-
gests that buckling of force chains, radiating outward from

where the fitting parameters and o describe the decay the moving wall, causes failure events that result in particle
lengths of the exponential and Gaussian components, respe@arrangements. Experiments performed in two dimensions
tively. Note that unlike a pure exponential profile, in which with birefringent disks have been able to visualize these
can be translated to a new origin with a simple rescaling oforce chains and their dynamic evolution diredit6/.
the velocity, the Gaussian component has a center position, Recent studies by Losert and co-workers of the top sur-
ro~0, which specifies a unique reference location in theface of 3D Couette flow}15,17 show that the average flow
system. on the top surface resembles, at least qualitatively, that ob-
In the slow shearing regime, the velocity profile normal-served in other parts of 3D systems: the velocity profile
ized by the shear rate was found to be invariant to the imy ,(r) is between exponential and Gaussian in shape, and for
posed shear rate at the inner wi#l,11,15. Furthermore, polydisperse materials ,(r) decays more slowly and is
using MRI in three dimensions, the velocity profidg(r)  more Gaussian than for monodisperse matefiaf§. These
was found[11] to be uniform throughout the height of the experiments also measured the rms velocity fluctuations,
cell to within several particlegthe detectable limjtof the 5y (r) and 6v,(r), in the azimuthal and radial directions
upper and lower surfaces. Comparison of MRI measureand found that these fluctuations decayed more slowly with
ments with video data obtained from the lower cell surfacethan does the average velocity,(r). In addition, the shear

revealed 11] that the bottom layer of particles has the same e 3= 5, ,19r, was observed to scale with the fluctuations
average velocity profile as the interior. This is likely caused o
as dv y(r)o y*, wherea=0.4.

by the relative smoothness of the lower boundary surface; The upper surface of 3D Couette flow was also studied by

contrasted with the geometrically rough surface of the bul .
granular material above the lowest layer of particles. Pa:ﬁ—("’mOn [16]. They observed a measurable secondary flow

ticles on the lower surface are moved with the bulk materiai’vhICh moved from the outer cylinder to the inner cylinder,

above it, since these forces dominate the relatively sma@]ned dov(\;? ;h?fglgeq%g;nedeer V\:aarl'lrhglr\]/tlg%éf?ré?egiigw;gtgnn-
frictional forces on the lower surface. A direct comparison of upper su ' xper ' !

the upper free surface with the bulk was not performed begependence of the azimuthal flow, although no functional

cause significant heapingseveral particle diametersoc- fobrm tf?r: '.)9(” was glven.d'(l;he rms velo?ty fluctuatl(zjns
curred at the top surface making video tracking of these palé‘ out their mear_15v o(r) anddv,(r), were also measured.
ticles difficult. Several theories have b_een put forth to describe g_rant_JIar
Granular Couette flow experiments in two dimensions ancj:lr?w' TZe mhqsa :’\'e”"StUdl'etd T;] thetse 'St gtrﬁmfjllart k|rt\_et|c
three dimensions vary in several important ways. In two di- eory[4], w Ich locally refates the stress to the fluctuations
d energy dissipation using coarse-grained variables. This

mensions, the Couette cell imposes a constant volume, a o . .
thus fixed average packing fraction on the system as a whol&€ory assumes that_ collisions are Instantaneous and binary,
which typically requires the flow velocity to be large and

Since no dilation into the vertical directigagainst gravit ; . L .
can occur, this leads to a strong dependen(?e of th% flowypro;?-art'de density to be low. In this limit, the_flow IS not ex-
erties on the average packing fractidd,6]. In a 3D Couette  Pected to be shear rate independent and-y [28]. In the
cell with free top surface, the packing fraction can adjusts!ow, dense flow limit, on the other hand, particles often have
freely in response to gravity, Reynolds dilation, and Vibratorymultiple, persistent contacts and forces are transmitted along
compaction until a local steady-state packing fraction isdynamically rearranging force chains. Recently, Bocquet
reached. Thus, the steady-state behavior of the 3D systeftf al. have proposed17] an extension of kinetic theory for
does not exhibit the transitions in behavior observed in 20he dense flow regime. This continuum model makes some of
systems when the initial packing fraction is varied. While the same key assumptions as kinetic theory, but tries to cap-
both 2D and 3D systems give similar velocity profitegr)  ture the behavior in the dense limit by proposing a stronger
for nearly monodisperse, smooth spheres, they are found @vergence of the viscosity with packing fraction as the ran-
differ qualitatively for irregularly shaped particles, as experi-dom close packed limit is approached. This leadssto
ments in two dimensions have found a nearly pure exponen- y* with a<<1.
tial form [25]. It has been speculated that this may be caused A number of discrete models have been proposed, which
by differences in the dimensionality of clusters of correlatedattempt to capture the intermittency and correlation in par-
particles[26] or possibly by differences in the way patrticles ticle motion seen in videos of the particle flow and expected
rotate(spin) in the two system$12]. for a well-connected system similar to the static bead packs.
Qualitative properties of the flow can be determined fromDebregeas and Josserdib] suggest the material flows in
videos or from graphs showing the trajectories of particleclusters of various sizes on short time scales and predict that
through time, such as the one shown in FigC)l revealing the average flow profil@ ,(r) should be Gaussian in three
that the motion is intermittent in time. These imaging toolsdimensions and exponential in two dimensions. This is con-
also give first hints that particles are correlated in spacesistent with existing data on irregularly shaped particles in
Clusters of particles can be seen to move together for sho&D [25] and 3D systemEl1], although not for monodisperse,
intervals. By watching the motion of particles which are farround particles where layers form and slip past each other. A
from the moving wall, one is able to observe motion eventssecond approach proposed by Jossefaaj which also pre-
which involve the collective rearrangement of many particledicts profiles forv,(r) which vary from exponential to
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Gaussian, is based on a lattice model that directly correlate:
particle motion from one layer to the next. Here the coupling
between particles, possibly related to surface and geometrice
friction, is the control parameter that determines the form of
vy(r). Tkachenko and Putkarad480] model correlated

cluster motion in yet another way, arriving at a form for [
vo(r) which varies from a Gaussian to exponential depend- g
ing on the packing fraction profile to which the system re- |
laxes. Each of these models, based on different physical as
sumptions, attempts to capture the cooperative
rearrangements observed in videos of the shear flow. G- Lt e
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The experimental apparatus used for the studies describet -
in this paper was the same, with only minor modifications, as
that used in previous studi¢$1] which measured the radial
profile of the steady-state azimuthal flowy(r), at various
heights using MRI. The granular material was confined be-
tween two coaxial cylinders of diameters 51 mm and 82 mm
[see Fig. 1A)] and filled to a height of 13 mm. The outer FIG. 2. Images and particle trajectory traces for ordered and
cylinder and cell floor were held stationary while the innerdisordered packs/A) An image of the lower surface of the cell
cylinder was rotated at constant velocitire velocity of the filled with monodisperse 1-mm spherical bearing balls. The image
inner wall wasv,,=~23 mm/s for all experiments described Was taken with the camera intentionally out of focus so that the
in this papey. To provide a reproducible source of friction, bright quts reflected from the ball genters appear Ia_rger. Reflected
each cylinder surface had a layer of particles glued to it. ASPOts which are closer than the typical particle spacthgieen at
portion of the lower surface of the cell was imadsee Fig. smallr correspond to particles in the second I_ayer of particles off
1(B)] at 250 fps and 258240 pixel resolution using a the lower cell surface. Away from the curved |nner.and quter c.eII
monochrome Kodak Motion Corder Analyzer digital camera.wa”S’ the balls are ar!ranged in a triangular array with a single I|n§

of defects seen running between the cell walls. To suppress this

Our previous particle tracking experiments using seeds Ocr) dering, a bidisperse sample of bearing béis was used. In this

glass spher_es showed that_ the motion was |nterm|t_tent an age, the small number of larger bright spots seen at lagm-
correlated n spacgsee F'g: 1©)], and that the time- respond to 1.5-mm balls which suppress ordering. Traces of the
averaged azimuthal flow profile,(r), on the lower surface paricie trajectories over 500 framé® sed are shown for the
was similar to that at other heights within the cell. However,,,nqdisperséc) and bidisperséD) samples. The ordering of the
these experiments were unable to measure directly the flugyonodisperse sample suppresses flow at largand particles at
tuations in the particle velocities or the correlations betweermallerr tend to move along the lattice. The introduction of the
particle velocities due to insufficient resolution in determin-jarger species suppresses the ordering, allowing flow at larged
ing the exact trajectories of each particle. more disordered flow at small(D).

In order to obtain the necessary resolution in measuring
the particle trajectories, a number of modifications werenoise in position measurement was 0.05 pixels qrm. By
made. The most important of these changes was to use panalyzing video data of completely stationary particles, we
ished stainless steel bal(snanufactured for ball bearings found the same fluctuation in measured position, indicating
[31]. llluminating the cell with a single small light source that this noise floor in the position measurement was intro-
produced a small, well-defined reflection from each particleduced by pixel noise in the camera. This was confirmed by
[see Fig. ID)] which allowed for a very precise position directly measuring the pixel noise in the camera and calcu-
measurement. The high degree of sphericity of ball bearingating the uncertainty this introduced into the center of mass
balls (6r/r<10"* for the grade 100 balls uspdimost com- measurement.
pletely eliminated the false motion of particlg&2] observed To eliminate crystallization, which occurs very rapidly for
when less precise spheres, such as commonly available glasighly monodisperse spheres against a flat surface, a bidis-
sphereq33], were used. It was also essential to minimizeperse sample was uséske Fig. 2. The sample consisted of
blemishes in the lower surface, which may introduce noisel.0- and 1.5-mm balls mixed in equal quantities by weight.
into particle position measurements. To maximize the spatiahlong the bottom surface and in the primary shear zone near
resolution of each position measurement, we spread out thtae moving wall, the larger particles were observed to gradu-
light reflected from each particle across many pixels. Thisally move away from the lower surface. This presumably
was done by defocusing the lens, producing a small annulusccurs because the contact angle between smaller and larger
for each particld34]. We determined the uncertaingy in spheres on the lower surface has a nonzero angle relative to
each position measurement from all noise contributions byhat surface, giving rise to a vertical component in any con-
performing test runs with a system in which all particlestact force. This pushes larger particles out of the bottom layer
were glued to a disk. At very slow disc rotation rates, theof particles. However, the small concentration of larger balls
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that remained on the lower surface, primarily at larger distions in the cell, since the average particle velocity varies
tances from the moving wall, was sufficient to prevent crys-through the cell. These calibration experiments were ana-
talline ordering[35]. As will be discussed further below, lyzed in exactly the same way as the other experiments. Us-
aside from the lack of crystalline ordering the system beding these calibrations, the fluctuation measurements were
haved as if it were monodisperse. corrected, extending the range over which the velocity fluc-

Each experimental run consisted of 5459 digital videotuations could be reliably measured significantly.
frames of resolution 256240 pixels and imaging- 350 par-
ticles. The position of each particle in each frame was mea-
sured using a convolution method which determined the cen- EXPERIMENTAL RESULTS
ter of brightness of each reflecti¢B86]. From these sets of
positions at each time, the particle trajectories were as-
sembled(see Figs. 2 and)3and the velocities were deter-  The radial profile of the time-averaged azimuthal velocity,
mined. Each experimental run yielded2 000 000 velocity v4(r), was obtained by averaging the velocities of all par-
measurements. Typically, between three and five runs of eadftles over all times at each radius[see Fig. 4A)]. We
experimental type were performed. These were either avefound thatv,(r) was well fit by Eq.(2) with x=(2.1
aged or compared to guarantee reproducibility of the results=0.2)d and o= (4.7+=0.4)d [solid line in Fig. 4A) and in-

The average velocity and density profiles and the velocityset. This profile has a dominant exponential term, similar to
correlations were affected very little by random noise. How-measurements of nearly monodisperse samples of smooth
ever, velocity fluctuation measurements do not distinguistspheres[11]. The velocity profile is smooth and does not
between actual fluctuations in the particle motion and noisshow the strong steps seen with MRI experiments, as video
in the particle position measurements. This noise is causeigchniques track the particle center motion and not the aver-
by various effects including camera pixel noise, optical arti-age flow of material, as MRI does. For materials for which
facts, pixelation, assumptions in software, and imperfectionshe packing fraction profile(r) oscillates significantly, such
in the spheres. To determine the net contribution of this meaas smooth monodisperse spheres, the mass flow profile mea-
surement noise to the fluctuation measurements, calibratiosured by MRI exhibits steps in the velocity profile. Note also
experiments were performed. The calibration was done byhat, forr/d<<1, the mean flow velocity profile is essentially
fixing particles to a disk that was moved at constant angulaconstant as these particles are glued to the moving inner cell
velocity. Although the particles move along uniform arcs, thewall.
measured trajectories have a non-negligible noise level The radial distribution of particle center positions can be
which varies with disk rotation rate. A wide range of rotation used to calculate the particle center packing fraci(r)
rates was used to obtain calibrations for use at various locdFig 4(B)], which is normalized such that.(r)=1 would

Average velocity and density profiles
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FIG. 5. Time traces of the velocity of individual bearing balls at
different radii. The velocity evolution over tim@ne frame is 4 ms
for four randomly selected particles at radii d,9.7d, 6.2, and
10.4 for an experimental run are shown in the left column. The
right column shows calibration data obtained by tracking particles
which were glued to a disk and rotated at velocities corresponding
to the approximate average velocity for each particle in the experi-
0.2 : ment (left column. The amplitude of the fluctuations in the right
0.0 i . , ‘ . 1 column shows the noise level for the given rotation rate. Distinct
10 “motion events,” intervals over which a particle experiences sig-
nificant motion, are clearly observable in the experimental runs. The
frequency of the motion events is seen to decrease quickly with
distance from the moving inner walht r=10d, essentially no
FIG. 4. Radial velocity and density profiles. The material be-events occur during the 80-frame time intejyallithough the am-
tweenr/d=0 andr/d=1 is glued to the inner wall giving rise to a plitude and duration only show a small decrease.
nearly constant velocity profil€A) The velocity profile for essen-
tially monodisperse bearing ballsi€ 1.0 mm), fit to Eq.(2). The
dashed line at/d=1 represents the edge of the layer of particles
glued to the inner cell wall. When plotted semil@gsed, v(r) is

0.4

o
ro
I
»
o]

r/d

and used when calculating(r). The layering of particles is
still observable irp(r) although it is much more subtle than

in pc(r). Reynolds dilation is also visible at small At

seen to be dominated by the exponential term with very weak cur!-arge”' p(r) approaches the random close packing fraction

vature, as expected for a nearly monodisperse sample of smootR tWo dimensiong37], prZC?J=0.82.(At the largest, layering
spheres.(B) The distribution of particle centergy(r), showing  OCCUrs again due to volume exclusion effect near the outer
pronounced layering(C) The local packing fraction of material, Wall.)

p(r), calculated fromp.(r). The horizontal dotted line represents

the density of a crystal in two dimensionsZ0=0.91, and the Velocity-time traces

horizontal dashed line represents that of random close packed A first step toward quantifying the intermittent character
spheres in two dimensionp22=0.82.

rep of the flow is to plot the velocity of a single particle over
time for randomly chosen patrticles at various positions in the
correspond to all space being occupied by material. Proeell. Several of these velocity traces are shown in Fig. 5. The
nounced oscillations are visible ip,(r) corresponding to left column shows the velocities of four different particles at
ordering of the particles into concentric layers. different distances from the inner wall. The right column
By convolving p.(r) with a kernel describing the cross- shows calibration data obtained by rotating a disk with par-
sectional area of an individual particle, one obtains the maticles glued to it at rates roughly giving the same average
terial packing fractionp(r) [see Fig. 4C)]. Because the velocity as in the corresponding plot in the left column. The
video images show the number of particles over a given areaalibration data in the right column thus provide an indica-
the kernel used is the cross section of a disk and pgth) tion of the velocity-dependent noise level, observable as the
andp(r) are 2D quantities. In order to calculate the packingfluctuations in the signal(t).
fraction accurately, the local relative populations of smaller The velocity traces for experimental ruieft column
and larger spheres at each radiun the cell were measured show distinct motion events during which appreciable par-
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: FIG. 7. Velocity and velocity fluctuation profiles. The velocity
0.001 L profile (solid circles is shown with its fit to Eq(2). The azimuthal
T E and radial rms velocity fluctuations about their meém,(r) (open
-40 -éo 0 26 40 squaresand v 4(r) (open trianglesas defined in Eq(3) are also

ve(mm/s) shown. The inset shows the background valueséof(r) and
6v ¢(r) measured from calibrations performed by gluing particles to
a disk that was rotated at various speeds. Using this calibration and

' ¢ s . the average velocity profile,(r) (solid circles, the noise floors for
grams of the radialA) and azimuthalB) particle velocity compo- Sv.(r) and du,(r) were determinedtwo lower solid curves The

nents determined from two successive video fra(thgs averaged corrected curves fobu,(r) andéu ,(r) (solid squares and triangles
over 4 m§ are shown. Each curve represents particles at differenfere ghtained by subtracting the contribution from the noise floors

radii: r=1.5d (circles, r=2.5d (squares r=3.6d (diamonds$, 1 [39] The corrected fluctuation profiles are shown with fits to
=4.6d (triangles, andr=9.7d (down triangles The average ve- Eq. (4).

locity in the azimuthal direction is plotted as small vertical lines at

the top of the lower plot, labeled by the symbol of the curve which . . . . . .
it corresponds to. velocity fluctuations in the forward direction. Fluctuations

away from the mean velocity decay roughly exponentially,

) ) ) ) ] ) especially far from the inner cell wall, but acquire a rounded
ticle motion persists. The duration of these events is typicallshape for smalt.

several framegone frame corresponds to 4 msand is
roughly independent of radial position in the system. While
some velocity changes are gradual over several frames, many
large rapid increases and decreases in velocity are visible. The rms velocity fluctuations in the radial and azimuthal
These presumably correspond to very fast jamming and urdirections were calculated using the set of all particle veloci-

jamming events. Although their amplitude does not Varyties collected over all times. The velocity flucwiﬁon of the

FIG. 6. Distribution of particle velocity components. Histo-

Fluctuation amplitudes

strongly withr, the frequency of these events varies substanith particle about the mean at tintés given byAv; =0y}
tially, occurring at increasingly longer intervals for larger —v(r=r;), wherev;; is the velocity vector of théth par-
ticle at timet, r; . is the diﬂ)ance of thth particle from the
Velocity distributions inner wall at timet, andv(r) is the average velocity of all

particles at distance from the inner wall. The rms velocity
fluctuations about the mean in the radial and azimuthal di-
rections,dv,(r) and dv4(r), are given by

The velocity components in the radial direction,, and
azimuthal directiony ,, were histogrammed for all particles
and times for several ranges of radiiFig. 6). These veloci-
ties represent the measured average velocity between two

successive video framdse., over 4 mg The histogram of E Ap.2 S(ri—1)
radial velocitiesP(v,) is peaked av,=0 and is approxi- JEAN
mately symmetric about this point, since the primary flow is dv,(r)= '
not in the radial direction. The width of the distributions > 8(ri—r)

decreases with increasing distarrcérom the rotating cell
wall. The off-center distribution®(v,) in (B) reflect the
average azimuthal velocity,(r) as seen in Fig. @®).

The average value af, at each radius is shown by the 2 Av gl S(ri 1)
position of the corresponding data point at the top of the Su,(r) = ’ ’ 3)
graph. The velocity distributionB(v ;) are peaked near, but S S(r =)
slightly below, their average value because there are larger it
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where the sums are taken over all partidlesnd timed, and 80 o(1) =60 o 0XH — (rINy) —(rlog)?], (4)
Av, and Av, are the azimuthal and radial components of
A_{). The rms fluctuation amp“tude&)r(r) (open Squares Whereae{r,ﬁ}. The flttlng parameters for the radial fluc-
and v ,(r) (open circlesare shown in Fig. 7, along with the tuations v (r) were found to bedv o=(7.4=0.6) mm/s,
average azimuthal flow ,(r) (solid circleg. The average Mr=(10£0.9)d, ando,=(5.8+0.5)d, while the parameters
fluctuation amplitude is seen to be somewhat smaller thafP’ v e(r) were év,o=(9.0=0.8) mm/s,\,=(6.7=0.5)d,
vy(r) in the primary shear zone, but quickly dominates the@nd 4= (5.8+0.5)d.
azimuthal flow forr > 3.

By measuring the rms fluctuation amplitude in calibration Spatial correlations

experiments taken at varying rotation rateee inset to Fig. To identify quantitatively whether there are correlations,
7), the experimental noise floor fafv,(r) and dv4(r) was and to determine the length scale over which these correla-
obtained. The noise floors f@iv,(r) and v 4(r) are shown tions exist, the spatial correlation function between particles
by the two lower solid curves in Fig. 7. By removing the at a given radiug was calculated. The spatial correlation
contribution from the measurement noise from these curvefiinction C4(s,r) is the average correlation of the fluctuation
[39], the corrected particle velocity fluctuation amplitudesof the velocity components about their means of two par-
(solid triangles and squares in Fig.\Were obtained. Empiri- ticles at the same radiuswith a separatiors along an arc of
cally, the corrected fluctuation data are well fit by constant radius:

E (Av g (Av gj +Avyi Aoy Do(r (6 — 9j,t)|_5)5(ri,t_r)5(rj,t_r)
Cy(s,r)= —[v(r)cal®8(s), (5
> 8(r (64— 00| —9)8(ri = 1) S(rj —T)

where the sum is over all particle paitis {) and timeg. The The slopes of the curves in Fig(A) give the correlation
term (Av 4 tAv 4 1+ Avyi tAvy 1) is analogous to a dot prod- length at each radiug(r), as shown in Fig. @). This cor-
uct, however, it is performed in polar coordinates so that itrelation length is found to be a constait= (2.4+0.1)d,
asymptotes to a constant at large particle separatiofibe  outside the primary shear zone. Within the primary shear
term Su(r)ey is the measurement noise at a given radiuszone,é(r) is seen to increase to a value of nearlyd3fér
(determined by the average Ve|ocity at this ra)jias deter- the innermost partiCleS. This indicates that partiCIes move in
mined from the calibration experiments. The final termlarger clusters near the inner wall than at larger
[6v(r)cal?8(s) is subtracted because noise is correlated for _ _
s=0 [38]. Here we made the assumption that the noise of Time correlations
two different particles is uncorrelated. In addition to spatial correlations, temporal correlations
We find thatCg(s,r) decays exponentially with particle are indirectly visible in videos as well as in particle velocity
separatiors for each radius [Fig. 8A)]. The deviation from traces such as those shown in Fig. 5. To extract the charac-
the exponential as=0 is likely due to motion of particles teristic time scale, and spatial dependence of these correla-
that are not in solid contact with neighboring particles, giv-tions, we calculated the particle velocity autocorrelation
ing an “extra” contribution tos=0 only. The overall expo- function C;(At,r) given by the average correlation of a par-
nential form suggests that correlations are dominated byicle’s velocity fluctuation about its mean at timesnd t
nearest neighbor interactions. +At:

1
> (Av 01, tAV gi 4 At T Avri,tAUri,t+At)5(§(ri,t+ ri,t+At)_r)

1
E 5<§(ri,t+ri,t+m)_r>

Ci(Atr)= —[6v(r)cal*8(AL). (6)
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FIG. 8. Spatial correlations and correlation lengths) The

correlationCg(s,r) of the velocity fluctuations of two particl¢sle- FIG. 9. The autocorrelation of a particle’s velocity fluctuations
fined in Eq.(5) in the tex{ at the same radiusas a function of their  over time.(A) The autocorrelation functio@,(At,r) of a particle’s
separatiors for particles at distances from the inner wall of .5 velocity fluctuations about its mean at timesind t+ At for r/d
(circles, 5.ad (diamondg, and 8.@ (squares The curves were =15 (circles, r/d=4.5 (squarel andr/d=7.5 (triangles as de-
normalized such thalCy(s=0)=1, however, they have been fined in Eq.(6). The noise contribution foAt=0 has been sub-
shifted vertically for clarity. Fits to exponentials for the datal tracted andC,(At,r) is normalized(for eachr valug such that
>0 are shown, and the slopes are used to calculate the correlati@}(At=0,r)=1. (B) The correlation timer(r), defined as the time
length ¢/d as shown in(B). [Note that, for clarity, not all curves it takes forC,(At,r) to fall to 1/e for eachr. The inset shows the
were shown in(A).] The correlation length is seen to be nearly gimensionless quantityy(r), which represents the duration over

constant outside the primary shear zone and somewhat larger vefyhich particle motion is correlated relative to the time scale over
close to the inner wall. The average of the datarfal> 3 is shown  \yhich shear occurs.

as the horizontal dashed line.

inner wall rarely retain their velocity history for even the
The sum is taken over all particlesand timest. As with  interval between two successive frames. The inset to Fig.

of noise atAt=0. Here we made the assumption that thet the ratio of the correlation time scale and the shear flow
noise in measuring a particle’s velocity at two different timestjme scale.

is uncorrelated.

Ci(At,r) is shown in Fig. @A) for several distances
from the inner wall. The rate of decay Gf(At,r) is seen to
increase with distance from the inner wall. The shape of ~ Having measurements of both the average azimuthal ve-
this correlation function is nonexponentifinset to Fig. locity v,(r) and the fluctuations of the azimuthal velocity
9(A)], indicating that there are correlated processes occurringPout the meauv ,(r), we were able to determine the rela-
at multiple time scales. Nevertheless, we can define an effe¢lonship between the fluctuation strength and the shear rate.
tive time scaler(r) as the time it takes fo€,(At,r) tofallto ~ The shear rate is given by=dv 4(r)/dr. The fluctuation—
(1/e)C,(At=0,). 7(r) decreases substantially with increas- shear rate relationship is shown in Fig. 10. The open symbols
ing distancer from the moving wall[Fig. 9B)]. Thus, par- show the uncorrected data, which exhibit a power-law-like
ticles near the inner wall typically retain their velocity his- relationship over a small region for large shear, and which
tory for several video frames, while particles far from the asymptote to a constant for smaller shear. The noise floor for

Fluctuation—shear rate relationship
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FIG. 10. Relationship between the fluctuations in the azimuthal FIG. 11. Relathnshlp bgtween the shear rate and. packlng frac-
velocity and shear rate. The rms fluctuations of the azimuthal velion. The shear ratgd/V,,, is plotted against the packing fraction

locity component about its mea@dyp ,(r), are plotted against the P Vwa"=.23 mm/s as with a]l video tracking experiments descriped
shear ratey(r)=dv ,(r)/ar for three different experimentéopen here. Points connected by line segments correspond to data points at

symbol3. The noise floor forsu , is shown by the dotted curve, neighboring values of, which parametrizes both quantities. The

revealing thatv , is saturated by the noise floor at low-shear rates.lr?wer Iﬁﬁ datat point correapongséo slmalle,sthlle ItatL)rf(;]erhvaIue?
After removing the contribution of the noise floor & , [39] (solid ave shearrates approaching U. For larger valuesoe shear rate

symbols, we found that the data is well fit by a power ladashed is nearly 0 on this linear plot, however, the density continues to
line) wit‘h a slope ofw=0.52+0.04 oscillate substantially. Note that the three data points with lajgest

correspond to the data in Fig(@) near the outer wall that exceeds

Sv 9(')/) is calculated from the calibration curvés ,(v,) as the random cIo;e pack density in tvvp dimensions, and are likely
caused by layering near the outer cylinder wall.

shown in the inset to Fig. 7. This noise floor is shown by the
dotted line in Fig. 10. For smaller shearing rates, the fluctua-

tions év , are dominated by the measurement noise. After themUStard seeds were fit by=(2.520.2)d and o=(4.1

noise contribution was subtracté@d] (solid symbols, the %+ 0.3)d. The similarity in the fitting parameters for these two

overall power-law shape of the curve is seen to extend int(()axperlments supports the previous observation that the lower

the smaller shearing regidiie., largerr). The dashed line Surface has a similar flow profile to the bulk and indicates

shows a fit of the high-shearing-rate portion of the curve to that the small polydispersity of the mustard seeds does not
. 9 g P CUIVe 10 g 1ve a dramatic effect on the overall flow behavior. Although
power law, with a measured slope=0.52+0.04. This fit is

consistent with the entire range of data it was not measured in this set of experiments, we expect that
' this form of the velocity profile is independent of shearing
rate for low shearing rates and extends into the bulk of the
material, as was previously observed with mustard seeds.
Using the measurements of the material packing fraction This velocity profile is qualitatively similar to that found
p(r) and material velocity (r) for this system, the relation- by Howell and co-workers for slightly bidisperse disks in
ship between the shearing rajér) and packing fraction tWo dimensiong14,6] and by Bocqueet al. for the top sur-
p(r) was readily obtainedFig. 11). The curve is param- face of a 3D system of glass sphef&g]. Although a fitting
etrized byr, with the smallest value having low density and form forv,(r) was not given for the Bocquet al. data for
high (negative shearing rate. The line segments connecting!@ss spheres, inspection of Fig. 5 in Rf7] reveals that
data points reflect the path followed i increased. Botp  the overall shape af ,(r) exhibits curvaturgon a log-linear
and y oscillate with increasing. Note that while it is not plot) similar to what we observe in the inset to FigAd.
o o . o However, the overall velocity gradient across the shear band
visible on this figureyy is varying by more than _three orders g dramatically smallerv ,(r) in Fig. 4 changes by a factor
of magnitude. For above six particle diameters,is nearly  of 1000 between the inner wall and=10d, while in the
zero on this figure although is still oscillating significantly.  experiment by Bocquett al. it drops by only a factor of 50
While one may approximate this as a linear profile, there ar@ver the same interval. It is possible that this difference is
strong oscillations on the single-grain length scale throughattributable to the difference between the top surface and the
out the cell. bulk. We note, however, that experiments on steel spheres by
Bocquetet al. have a rate of decay similar to our experi-
DISCUSSION ments on steel spheres. Thus, it is also possible that this
difference is attributable to the large polydispersitifam-
eters range from 0.55 to 0.95 mmof the glass spheres used
The average velocity 4(r) was found to be very similar by Bocquetet al. In the 2D experiments by Howell and co-
to that previously obtaine@11] for roughly monodisperse workers, the velocity ,(r) decays much more quickly than
mustard seeds in the same cell. For all data,(Bgprovided  in our experiments. It is not surprising that the 2D experi-
an excellent fit. The nearly monodisperse bearing balls werements differ because they are under a constant volume
best fit using\ = (2.1+0.2)d ando = (4.7=0.4)d, while the  boundary condition, which causes the overall behavior of the

Shear rate-density relationship

Average flow properties
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system to vary strongly with packing fractidd4,4Q. The Several theories make predictions about the shear-
steep packing fraction gradient at laws likely to give rise  fluctuation relationship with which these results can be com-
to the steep velocity gradient. pared. Granular kinetic theory for fast, dilute flows predicts

A large degree of particle layering is observed in the disthat yoc 5p e [T for steady shear flof41]. This is inconsis-
tribution of particle center positions.(r) [Fig. 4B)]. As  tent with our observations for slow, dense flows. This incon-
discussed in Ref.11], this layering is the source of the ex- sistency is not surprising, as several of the assumptions of
ponential term in the velocity profilEq. (2)] and is gener-  kinetic theory do not hold for slow, dense flows. The modi-
ally only observed for smooth spherical particles. The calcufied hydrodynamic model of Bocquett al. predicts v
lated material packing fractiop(r) in Fig. 4C) is @ 2D . J« githough it makes no prediction for the value @f

quantity in that it is the number of pqrticles per umt.ar?aother thane<<1. They measure=0.4 and point out that the
along the lower surface of the cell. This makes quantitative experiments of Howell and co-workers have=0.5

comparison with the previously measured packing fractionry, s “the observed relationship between the shear rate and
for mustard seeds inside the bulk difficult. However, the tWOg | ctuation amplitude is in agreement with these other ex-

are qualitatively very similar. Oscillations p(r) are seen to
correspond to layering of the particles. The average packin

fraction gradually increases with distance from the innefq o slow, dense limit unless the pair correlation function

ngl" The overall form ofp(r) appears to be approaching gy (and thus the viscosiyfor a dense material is used, as
Prep- The oscillations in the packing fraction are highly sig- yone by Bocqueet al.
nificant, with przc?)—p(l’) typically varying by a factor of 2
over any interval of the size of a single grain.

Although it is widely accepted that the packing fraction of ) _ ) _
a granular material determines, in part, the ease at which it The coherent motion of neighboring particles observable

can shear, the relationship between the local shearing rat8 videos of the motion and in trajectory plots, is quantified

'y(r) and local packing fractiop(r) had not been previously by the _spatlal correlation functioBy(s,r) (Fig. 8. The ex-
measured to our knowledge. The observed relationship bé)_openual .decay c_>€s(s,r) Suggests a process d_ue to nearest
tween these two quantitig&ig. 11) reveals that the overall _nelghbor interactions of partlcles_, such as a string of particles
shape is roughly linear for small This is consistent with the in contact, correlated over a typical lengh

predictions of Bocquett al. [17]. Large oscillations irp(r) The correlation Iengtrg(r) was found to _be essentially
S . L constant away from the inner wall, suggesting that the local
and y give rise to a substantial degree of variation from the

. : . - ._material property, as it pertains to coherent motion of par-
linear form, however. This emphasizes that these quantm%g property P P

eriments and the modified hydrodynamic model. From this
is clear that kinetic theory is unable to capture the behavior

Correlations

: S ) cles, is uniform in this region. One may speculate that the
are varying significantly on subparticle length scales and o |ation lengtté may be determined by the randomness of

suggests that coarse graining of these quantities may not Ca‘Bélrticle contact angles. Knowledge of the direction of motion
ture the full behavior of the system. of a given particle is quickly lost by its neighbors in a dis-
_ ordered pack. In this picture, the constant value &6f)
Fluctuations would correspond to a uniformly disordered pack. Only in-
The rms fluctuations of the velocity components aboutside the first moving layers, closest to the wall, the correla-
their mean were found to show significant deviation fromtion length is found to increase indicating that particles are
pure exponential behavior. Insteatl,(r) was well fit by the ~ moving in larger clusters. This may be a consequence of
product of an exponential and a Gaussian centered=od  particle layering. The particles tend to line up with contacts
[Eq. (4)]. The smooth downward curvature seen in the flucin the same direction as their primary motion, possibly lead-
tuation profilesSv,(r) and v ,(r), appears to be in contrast INg to an increased correlation length.
to the form proposed by Bocquet al. [17]. They predict The coherence of particle motion in time was also origi-
fluctuation profiles that are constant foxr,,, and fall off ~ nally evident in videos of the shear flow and particle trajec-
as v~ costi(H—r)/cons for r>r,,, wherer,, is a fitting  tories. Plots of thg veloplty traces for |nd|V|_dan partlgles
shape forr>r,, in contrast to our observations. Careful €vents are visible at all regions of the cell. In many cases,
observation of Fig. 5 in Ref17] suggests that the fluctua- Sudden changes in velocity indicate that a particle suddenly
spheres may also be concave down. events was observed to increase substantially with distance
The relationship between the fluctuation strengthy(r) ~ from the inner wall, the duration and speed of each motion

and the shear ratg(r) is consistent with a power lasee event appeared to decreasg only slight_ly with inc_reasjng

) S ) , The correlation of a particle’s velocity fluctuations over
Fig. 10: 6v > y* with «=0.52£0.04. Since the fluctuation ime ¢ (At,r), decays with a correlation time(r) which
strengths are nearly identical in the radial and azimuthal diy5ries withr. For smallr, the velocity persists for several
rections(as shown in Fig. 7 this can be exprezssed in terMS (ime frames(about 13 msfor an inner cell wall speed of
of an effective granular temperatufe=m(év)®, obtaining , ~— 53 mm/s. This corresponds to a correlation over the
Tocy?®. With the measured value fox, these results are time it takes the inner wall to move by 0&0Note that

consistent withT o . while the correlation time(r) is decreasing with increasing
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r, the characteristic time scale for shear flow?, is increas-  kinetic theory without corrections for high-density packs,
ing with r. Thus, the ratio of the correlation time scale to thewhich predictsa=1.0 [41]. The overall form for the azi-
shear time scalery(r), decays very quickly with indicat- muthal velocity ﬂuqtua'_uons abou_t their meady (1), was

ing that the flow is not uniformly slowing down with increas- foun‘?' to be Gaussian in shape, in contrast to the cosh form
ing r. The decrease in correlation timér) with decreasing predicted by the hydrodynamic theory.

r may be caused by multiple effects including the speeding. The relationship between thg shear ra’ge and_ packing frac-
up of motion events, the weakening magnitude of the event lon can be approximated by a Im_ea_r relatlonshlp_ close to the
and the increased rarity of motion events. However, it iSshearlng wall. However, the variations from this form are
clear from looking at velocity-time traces, such as thoseq”ite. large due to the strong (_)scil!ations . thg packing
shown in Fig. 5, that the primary change in behavior is thafraction and the shear rate with distance from the inner cell
the interval between motion events becomes very large all. Th|s emph.aS|zes that the behavior on subparticle length

scales is very different from that on larger scales, and that the

larger. While one may expect the correlation timér) to ; R :
increase withr since the flow is occurring over longer time coars_e-g_ralned approach L.Jsed n kmetu; and hy_drodynamlc
theories is unable to describe the behavior on this scale.

scales, the opposite trend is observed. With increasi ; . >
bp asitige While some aspects of the flow are described within ex-

events occur increasingly quickly and at increasingly long. . : i .
intervals gy q y gy g|st|ng theories, many of the observations reported are still not

understood. The Gaussian component to the velocity profile,
vy(r), indicates that the inner cylinder wafl=0, plays an
important role in the flow behavior. Asincreases from this

We found that fluctuations in the velocities of two par- wall, the shape of the azimuthal velocity distributions,
ticles at radius are correlated within a characteristic length P(v ), varies from roughly Gaussian to exponential in shape
scale&(r). Away from the moving inner wall, the correlation (Fig. 6). Also, although the time for flow to occur becomes
length is £&=(2.4+0.1)d, while near the moving wall the Vvery large at large, the correlation timer(r) decreases with
correlation length increases £z=3.5d. Correlations in time I and changes only by a factor of(Eig. 9), as the interval
are also observed, both through velocity traces as well aBetween motion events becomes very large but the duration
direct calculation of the correlation functiof,(At,r). The  of motion events does not change dramaticéflig. 5. To-
correlation timer was found to be 13 ms near the moving 9ether, these results suggest the presence of an underlying
inner wall and decreases with increasingDistinct motion ~ mechanism of shear transmission from the inner wall (
events, intervals over which a previously stationary or slow-=0) outward in a stochastic fashion along intermittent
moving particle moves more quickly before slowing down orchains of contact.
coming to rest, were also directly observed in velocity traces.
The interval between motion events was observed to increase
quickly with distance from the inner wall. The observed in-
termittency and velocity correlations are reminiscent of that | thank Heinrich Jaeger and Sidney Nagel for their invalu-
observed in force chains in a similar geometry by Howellgple insight and support. | also thank Georges Debregeas,
and co-worker$6], which suggests force chains may play asuye Coppersmith, Bruce Winstein, Christophe Josserand,
role in the dynamics. Vachtung Putkaradze, Alexii Tkachenko, Dan Blair, Wolf-

Having directly measured the velocity, velocity fluctua- gang Losert, and Jerry Gollub for illuminating discussions. |
tions, and density within the same system, we were able tgm grateful to David Grier and John Crocker for the use of
compare our observations with the predictions of hydrody+heir particle tracking algorithms and expertise. | would like
namic and kinetic theories of granular flow. We measured Qo0 thank W0|fgang Losert, who pointed out the benefits
power-law relationship between shear rate and fluctuatiogchieved by defocusing the optics. This work was supported
amplitude, dv < y*, with «=0.52+0.04. This form is con- by the National Science Foundation under Grant No. CTS-
sistent with the hydrodynamic theory and experiments 00090490 and by the MRSEC Program of the NSF under
Bocquetet al. [17], although it is inconsistent with simple Grant No. DMR-9808595.

SUMMARY AND CONCLUSION
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