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External boundaries and internal shear bands in granular convection
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Granular material convects in response to vertical vibrations of sufficient peak acceleration. Particles flow
upward in the center of a container with rough, vertical walls and downward in a thin stream along the sides.
Canting the side walls outward from the vertical beyond a transition angle reverses the sense of the flow and
changes its shape: particles flow upward in a broad region above the walls and downward in the center. We
have studied this transition experimentally and find evidence for two opposing mechanisms, net downward
shear at a rough vertical wall and “ratcheting” at an oblique wall, which combine to determine the effect of
the boundaries on particle motion. The direction of convective flow is not solely a function of the external
boundaries, however. Continuous vibration can induce internal shear bands at which the flow is always
observed to move downward, in which case a competition between the internal shear and the shear at the
external boundaries determines the overall pattern of conve¢&di063-651X%97)14903-0

PACS numbg(s): 46.10:+z, 47.27.Te, 64.75.9, 87.59.Pw

[. INTRODUCTION beginning with Faraday’s initial observatiofs0] and con-
tinuing with modern experimenta?—-9,11-18 and simula-
Vertical vibrations with a peak acceleration exceedingtional [19—25 work, a comprehensive description has yet to
gravity can excite convection rolls in dry, cohesionlessbe established. The flow in containers with rough, vertical
granular material1]. In a cylindrical or rectangular con- walls has been extensively studied, but comparatively little is
tainer, particles move upward in the center and return in &nown about the motion in more general container geom-
thin stream along the walls. The apparent fluidity of granularetries[4,9,11]. Even subtle changes in the external bound-
convection and other examples of granular motion invitesaries can dramatically affect granular convection. For ex-
continuum descriptionf2—5] but obscures fundamental dif- ample, flow speeds depend sensitively upon wall friction,
ferences from conventional fluid flow. Granular convectionand reducing the wall friction can in some cases suppress
can occur in containers as small as ten particles acrosspnvection[7,9]. Canting the side walls outward from the
whereas bulk fluid motion is typically a long wavelength vertical can induce a transition to flow downward in the cen-
average over a statistically large number of molecules. Simiter of the container and upward along the bounddfies]].
larly, the microscopic velocity scales in fluids arise from A description of the relationship between the external bound-
thermal energy, which is insignificant to the motion of mac-aries and the resulting flow patterns is a necessary precursor
roscopic(noncolloida) particles for which the relevant en- to a more general theoretical understanding.
ergy scale is the gravitational potential energy gained by In previous work, we measured the flow characteristics of
raising a particle one diameter. Perhaps the most readily agranular convection in a fixed container geometry with ver-
parent difference is at the edge of granular convection: intical walls[7—-9]. Vibrations were applied as discrete oscil-
stead of the no-slip boundary condition ubiquitous to fluidslations, or “taps,” with sufficient time between successive
[6], particle flow can be fastest at the container whlls9]. taps to allow the particles to come to rest. Both of these
Nonetheless, the formulation of a comprehensive theoryestrictions are relaxed in this paper. The container geometry
of granular flow, perhaps modeled on the Navier-Stokesvas altered by varying the angle of the side walls, and the
equation for fluids, remains a primary goal in the interdisci-resulting flow was observed with photographic techniques,
plinary field of granular materials. Precise experimental charmagnetic resonance imagiriyIRI), and high speed video.
acterization of representative granular flow phenomena suctVe find that the transition angle beyond which the side walls
as convection plays a key role in this effort, providing must be rotated in order to drive flow downward in the center
“benchmarks” against which theory and simulation can beof the container and upward along the walls depends sensi-
tested. Granular convection has several attractive features ftively upon friction but not upon the vibration acceleration.
experimental work7—9]. While the absence of thermal and This flow differs from the convection observed with vertical
spatial averaging inevitably renders many types of granulawalls in direction and shape: particles move in a broad re-
motion noisy and difficult to reproduce, granular convectiongion above the side walls as opposed to being confined to a
is remarkably stable. By varying the peak acceleration or thé¢hin layer. Two mechanisms, shear at a rough vertical wall
frequency of the driving vibration, the convection velocity and “ratcheting” at an oblique wall, compete to determine
can be changed reproducibly by orders of magnitude, operthe direction of flow at the boundaries. A departure from this
ing a wide range of granular flow speeds to experimentabehavior occurs if the vibrated bed collides with the upper
study. Finally, the circulatory motion of convection confinessurface of the container, in which case flow can reverse at a
the flow to a closed volume, simplifying the necessary appalower transition angle. We further find that the direction of
ratus and facilitating experiments of long duration. the convective flow is not solely a function of wall angle.
Despite the attention granular convection has attractedibove a threshold acceleration for period doubling in the
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FIG. 1. (a) Schematic drawing of the appara-
tus. The inset is a magnified image of several
poppy seeds.

flight time of a continuously vibrated bed of particles, inter- captured in Fig. 2. The bottom edge of the bed is flat and
nal shear bands can form where flow is always downwardemains so throughout the time that the seeds are separated
[14,26. A competition between these internal shear bandférom the container bottom. The seeds lift off and return to
and shear at the external boundaries determines the overd#iiie container bottom within one period of the driving oscil-

pattern of convection. lation. The structure of the convection in these photos differs
substantially from that observed in containers with vertical
Il. IMAGING THE FLOW boundaries, not only in that the particles move down in the

center and up along the side walls, but also in that the flow
Figure 1 is a schematic of the container used for most olong the walls is not confined to a thin layer. Instead, all of
the experiments described in this paper. The side walls arthe particles above the side walls appear to move upward.
separated at the bottom by a fixed base and are adjustable The boundaries between upward and downward flaw
any anglea from the vertical,a=0°, up toa=45°. The base cated at the minima of the streamlindsr both 13° and 25°
is 52 mm wide, and the acrylic front and back plates ardie slightly interior to the corners. At 39°, this boundary
spaced 6 mm apart. Poppy seeddue and whit¢ were  curves closer to the walls near the top surface of the bed. We
added to a height of 50 mm and the entire assembly waattribute this to the contribution of a convection roll between
rigidly attached to a carefully leveled electromagnetic vibra-the front and back plates, which becomes more pronounced
tion exciter. The poppy seeds were dry and elliptical inat high wall angles and low accelerations. The velocity of the
shape, with a long axis of 1 mm and a short axis of approxifront-to-back convection decreases rapidly with depth from
mately 0.7 mm. The inset of Fig. 1 is a magnified image ofthe top surface.
several poppy seeds. Photography is ideal for capturing the stream lines at the
Both smooth and rough lateral boundaries were studiedront surface of a thin container, but magnetic resonance im-
The smooth boundaries were prepared by covering the sideging provides a noninvasive probe of motion inside the con-
walls with plastic tapg27] (adhesive side against the wall tainer. Oil-bearing seeds contain enough free protons to pro-
while the rough walls had a layer of poppy seeds epoxied taluce a detectable magnetic resonance signal, and mustard
them. The top boundary was removed, and the container wand poppy seeds have been used in recent studies of granular
sufficiently high to prevent particle loss during vibration. flow in rotating drums[29] and convection in vertically
The bottom boundary was kept smooth. The acrylic front andhaken cylinder$8,9].
back plates were periodically treated with an antistatic prepa- Figures 3a) and 3b) are spin-tagged, magnetic resonance
ration[28] to prevent the accumulation of static charge. Afterimages of a 3-mm slice through the center of an acrylic
preparation, the container was vibrated, and the resulting a¢rough («=31°) filled to a height of 20 mm with poppy
celeration was monitored with an accelerometer attached tseeds. The base wid{fhi6 mm) and plate separatiaid8 mm)
the vibration stage. We parametrize the strength of the apef the container are almost equal, making the container
plied acceleration by, the dimensionless ratio of the peak smaller in width but more three dimensional than the wide,
accelerationA to that of gravity,g=9.8 m/$: T=A/g. The  thin geometry shown in Figs. 1 and 2. Spin tagging, de-
frequency of vibratiorf is also an important control param- scribed in detail elsewheif,9,30, entails modulating the
eter in granular convectiofi7]; throughout this paper, we longitudinal spin polarization in the vertical direction prior to
hold it constant at =25 Hz unless otherwise stated. shaking and imaging. Figure(8 shows a control image
Figures 2a)—2(c) are long exposure photographs of flow taken after spin tagging but without shaking. The bright re-
for three different wall anglesy=13°, 25°, and 39°. In each gions correspond to the maxima of the spin modulation.
case, the walls were smooth and the vibration acceleratioRlow translates tagged particles, and distorts the original pat-
was I'=4.2. The container was illuminated with a strobetern, permitting direct measurement of the local velocities.
light repeating at the same frequency as the applied vibratioRigure 3b) shows the deformation after a single shake of
(25 H2), thereby eliminating from the photographs all motion I'=5 andf=20 Hz[31]. Because of the rapid decay of the
but that of the particles. The film was exposed for about 1 sspin-tagging pattern, 256 identical shakes are necessary to
or 25 vibration cycles, to reveal the streamlines of the flow.obtain a single imagg32], and Fig. 3b) is an average of 4
The poppy seeds are airborne at the phase of the motiosuch images.
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FIG. 2. Long exposurél s photographs of the flow with'=4.2, f =25 Hz, and(a) a=13°, (b) «=25°, and(c) a=39°. The container
is 52 mm wide at the base and the front and back plates are separated by 6 mm. Flow is down in the center and up along the walls.
lllumination was provided by a strobe synchronized to the vibrations of the container.

Figure 4 shows the peak positions of the flow lifsslid  Figs. 2 and 3 is not time dependent; the flow is determined
lines) extracted from the image in Fig(l3. The dotted lines entirely by boundary properties. We used the container pic-
represent the unperturbed position of the strifg3]. The tured in Fig. 2 to characterize this dependence precisely by
vertical axis is the height above the container bottom and th@arying the angle and frictional properties of the side walls.
horizontal axis the distance from the container center. Simitndividual particles visible against the front plate were
lar measurements have been made in vertical cylinders anghcked to measure the flow velocity. This method afforded
can be compared with Fig. p8,9]. The magnitude of the greater sensitivity to slow velocities and more range in con-
velocity decreases with depth below the top surface of theainer size than was possible with MRI.
bed, as it does in cylinders. In contrast to the cylindrical Figure 5 shows the average vertical velocity in the center
geometry, however, the flow lines do not appear blunted inyf the convective flowy,(x=0), as a function of wall angle
the center, and the width of the upward flow at the wallsfor smooth and rough walls. The frequency was again held

increases with height. constant at 25 Hz anb=4.2. The average velocity was mea-
sured by tracking individual particles betweler15 and 35
Ill. THE TRANSITION ANGLE mm above the container bottom in the center of the convec-

tive flow. Positive values correspond to flow up in the middle
MRI is an ideal tool for studying relatively fast flow in of the container, and negative to flow down; the velocity is
small containers. Velocity resolution and container size arg@eported in units of distance travelddhm) per vibration
limited, however, by the mechanical restrictions of vibratingcycle. Each point is the average of at least 10 separate par-
the materialn situ and by the magnetic response of the seedsicles. As pictured in Fig. 2, the convection rolls were sym-
[9,32]. The transition from the convective flow observed in metric about the center of the container and the bottom in-
containers with vertical walls to the reverse flow captured interface of the particles exhibited no deformation.
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FIG. 5. Average velocity in the center of the convective flow,
V,(x=0), plotted against the wall angle for smooth(X) and
rough (@) boundary conditions. The vibration parameters are
I'=4.2 andf=25 Hz. The data are connected by lines for clarity.
The inset shows the same measurement with rough walls for two
accelerationsi’'=4.2 (@) and I'=5.6 (O). A solid line is drawn
throughV,(x=0)=0 in both graphs.

16 mm

The inset of Fig. 5 is a plot of,,(x=0) as a function ok
for rough walls atl’=4.2 andI'=5.6. Both curves intersect
zero ate,~10°. The convective flow is faster at the higher
acceleration both above and belaw, and the two curves
can be scaled onto one another by a multiplicative factor.
At sufficiently high accelerations, a vibrated bed of par-
ticles can no longer lift off of the container bottom and return
ithin a single period of the driving vibration. Instead, a
ore complex motiorfwhich will be discussed in detail be-
w) arises that repeats over two periods of the vibration. In
order to isolate the acceleration dependencexofit high
accelerations in the absence of this “period doubling” tran-
sition, we vibrated the container in Fig. 1 with discrete, ver-
tical shakes(“taps”) separated by a waiting period long
enough to allow complete relaxation of the material between
taps. Instead of poppy seeds, 2-mm glass beads were used to
cilitate easier tracking through the taps. Measurements of
e convective velocity as a function of wall angle and

FIG. 3. Magnetic resonance images showiay a horizontal
spin-tagging pattern before vibration, afig) the deformation of a
horizontal spin-tagging pattern after a single shakel'sef5 and
f=20 Hz.

At low angles(nearly vertical, flow is up in the center
and down along the walls. The average vertical velocity de
creases smoothly with increasing wall angle through al
anglea,, above which the flow changes direction and movesrln
down in the middle and up along the walls. This transition 0
angle is a function of wall frictiona;~3° for smooth walls
(tape and a.~10° for rough walls(glued seeds The mag-
nitude ofV,(x=0) abovec, is larger for the smooth walls
up to a~25°, at which point the velocities for both extremes
of friction converge. The flow speed in the low friction case
reaches a maximum in magnitude between 10° and 15°. T
top surface of the convecting bed is highest in the center an

slopes downward toward the walls at angles belay roughness yielded results equivalent to those shown in Fig.

Above the transition, at angles>«,, this heap profile in- 5. The wall angle was then adjusted to a value just belgw

verts S0 that the top surface is lowest in the.center of th%\nd the acceleration was increased. Flow remained up in the
container and slopes up towards the wédlee Fig. 2 The

top surface is flat neas center of the container a_nd down a_long t_he sides over the
. c . entire range of acceleration accessible with our equipment
We did not observe an acceleration dependenceto '<15)
Top boundarylf the particles collidecen massavith the
20 ' ' ' container lid roll reversal could occur even @ta,. We
tested this with both a solid lid and a wire mesh tfepaced
to stop particles but allow air passage the same effect.
Roll reversal through collision with the top boundary has not
been studied with vertical wall83].

height (mm)

IV. INTERNAL SHEAR BANDS

X (mm)

A period doubling bifurcation in the flight time of a vi-
FIG. 4. The peak positions of the spin-tagging stripes in Fig.brated bed of granular material was first identified by
3(b). The dotted lines represent the unperturbed position of thdouady et al. [26]. At low vibration accelerations, larger
stripes, and span the width of the container. The angled containdhan gravity but below a threshold value for bifurcatibg,
walls are shown as thick, diagonal lines. the bed lifts off of the container floor and returns with a
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single flight time 7¢. This motion is repeated at the same phase of the measurement coincides with the minimum of
frequency as that of the applied vibration, ands less than the container position and the maximum separation between
the period of the applied vibratiom. Above I'y,, the bed the seeds and the container floor. The bed motion repeats
alternates between a flight time longer thBnrt, and one  over two periods of the driving vibration. In Fig(d the top
shorter tharT, 77. This cycle repeats itself at half the driving curve corresponds to the long flight time and the bottom
frequency and is therefore identified as “period doubling” curve to the short flight time. In both cases, the bottom edge
[14,26. Even more flight times are introduced at higher ac-of the bed is flat; no phase boundaries were observed
celerations. A similar transition occurs for an inelastic ballthroughout the entire motion.
bouncing on a vibrating table, with the exception that in  Figure b) shows the same bed after the formation of an
granular bedd’y, is increased by dissipative processes suctinternal shear band near the center of the container. The bot-
as air drag and by increasing bed heif#)]. tom edge of the bed is no longer flat, and the regions to
While the chaotic dynamics of a bouncing ball are theeither side of the shear band move out of phase with one
subject of recent work34], the importance of this period another, their motion separated in time by one period of the
doubling transition to granular dynamics stems from the patdriving vibration. The center of the shear band, which is the
tern formation[35] and flow[14,17,2§ associated with it. porder of this opposing motion, lies at the intersection of the
Unlike an inelastic ball, a bed of granular material is not heldeyryves in Fig. €).
together by attractive forces, and abdyeregions withinthe  The circular arrows in Fig. 6 show the direction of the
bed can move out of phase with one another. One regiofme averaged flow in the bed above the interface. They are

may be on the long flight df:g“bed by, while its neigh-  jrtended only to convey the number and orientation of the
lborg complztefthe short _ﬂ'ghf' Jh's degouplcljng n fphr?se_ rolls, and not details of the flow velocities. Prior to onset,
k?rzt:dtgei[zé ormation in the bottom boundary of the Vi-qq\ is down along the walls and up in the middle; this
Previous aﬁthors have called the boundary between rerpotion reverses with the formation of a shear band in the
gions vibrating out of phase with one another a def2t or center. More generally, the flow pattern is determined by

node[14]. We observe, in agreement with past work, that thecompetition between flow at the wall and internal shear

time averaged flow at such a boundary is always downwaror,’ands' Figure @) illustrates the case of relatively low fric-
and attribute this to a net downward shear between the rdion at the walls: flow reverses but the total number of rolls
gions moving in oppositiorisee below. We therefore pro- émains the saméwo, one on each side of the container
pose the term “internal shear band” as more descriptive andVith rough vertical walls in the same container, flow is al-
less ambiguous than other names. Unlike the time averagetdys down at the walls, and the formation of a node in-
flow, the instantaneous particle velocities at an internal shedeases the number of rolls from 2 to 4. This is shown in Fig.
band are not always directed downward, as the shear band c), which was collected under identical conditions to Fig.
formed at the interface of two regions of the material moving6(b) but with a layer of poppy seeds glued to the walls.

in opposition to one another. The net downward flow at an In a container with walls angled te>«., flow in the
internal shear band spawns convection rfll4,26], and the absence of a shear band is down in the center and up along
formation of multiple shear bands leads to multiple convecthe walls. The formation of a single shear band in the center
tion rolls. Douadyet al. have shown that while a variable increases the flow speeds but does not alter the flow direc-
number of “nodes” or shear bands can exist at a given action. Multiple nodes can force flow in either direction along
celeration, there is a maximum number that depends dipon walls angled ata>«a., but flow is always down along a
and the bed heigH®6]. rough wall angled below, .

The formation of internal shear bands is hysteretic Figure 7 shows the spontaneous onset of the shear band in
[14,26], and their absence at accelerations abbyes pos-  Fig. 6(b) from the initial state in Fig. @&). Deformation of
sible (even likely in confined systemsA shear band can the bottom edge began at the right wall of the contafifrég.
arise ‘“‘spontaneously,” or be induced. For example, intro-7(a)]. This deformation grew and propagated towards the
ducing an ersatz vertical boundary into the interior of the bedcenter of the container at a constant velocity of about 1
with a thin rod or air jet can form a shear band that persistsnm/cycle[Figs. Ab)—7(d)]. Figure 8 shows the amplitude of
even after the perturbation is removed. Internal shear bandbee deformationAh, as a function of timgin units of the
also arise above small protuberances on the bottom surfageriod of the driving vibratiorT). The origin of the time axis
of the container. Once formed, they persist as the acceleras arbitrary. As shown in the inset of Fig. 8, we define the
tion is lowered, although we have not observed shear bandsmplitude as the difference in height between the maximum
below I, . and the minimum of the bottom edge of the bed at a fixed

Figures §a) and &b) show the bottom edge of a 10-mm- phase of the motion; in Fig. 8 it was measured at the same
high layer of poppy seeds before and after the formation ophase as the dashed curves in Fig. 7. The amplitude grew
an internal shear band. The container in Fig. 1 was preparedster than linearly with time, but the limited range of data
with smooth, vertical side walls and vibratedIat8.4 and  prevents a more precise description of the functional form.
f=25 Hz. The bed motion was recorded at 1000 frames/s The curvature of the bottom edge of a vibrated bed around
using a Kodak Ektapro High Speed Video System and theman internal shear band is localized to the region of shear.
analyzed frame by frame. Figure 6 shows the bottom edge dfigure 9 shows a single shear band produced under condi-
the bed at two times separated by one vibration period. Theéons identical to those of Fig.(B) but in a container more
vertical axis is the height above the container bottom and théhan twice as wide. Large regions of the bed are flat. The
horizontal axis the distance from the container center. Thelotted lines are fits to
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FIG. 7. (a) Onset of an internal shear band in the bed pictured in
0 Fig. 6(@). The curves are not an average, as they are a transient
-20 0 20 state. Subsequent images takéh 4, (c) 8, and(d) 12 vibration
X (mm) periods later show the progression of the instability towards the

center of the container. The final, steady state of the shear boundary
FIG. 6. Bottom edge of 10-mm-high layer of poppy seedsis shown in Fig. &).

shaken al’=8.4 andf =25 Hz and imaged at two times separated
by one shaking period. Each curve is an average over three con-
secutive cycles of the motion. The circular arrows above the datevard and subsequently collide with the walls at a point
show the time averaged flow in the bed) The minima(-—-) and  iaper than that where they started. The outer layer is pushed
maX|mum_(—) of period dOUbI'.ng in the absence of a shear band‘upwards and the middle portion continues its slide down-
The container was prepared with smooth waltig.The same bed as wards. This motion is consistent with the broad upward flow

in (@) after the formation of an internal shear barid. A single . . .
shear band in a container with rough walls. With the exception o'above the side walls observed in Figs. 2 and 3. The depen-

the wall friction, the system parameters were identical to those indence of the_ tran3|t|0n_angle on the Wal_l f”(_;tlon is also sug-
(a) and (b). gested by this mechanism. Roll orientation is the outcome of

a competition between the shear and ratchet mechanisms.
Shear flow is favored by increasing wall friction, &g must
hoctant (X—Xg)/Xc], 1 ; o . '

Mi( 0)/%c] @ increase with increasing roughness. At angtesa,, where

Wherexo is the position of the center of the shear bmdse the ratchet mechanism dominates, flow velocities are inde-
to x=0), andx, the length scale of the curvature. For both

curves,x,~8 mm, as compared to a container width of 125 6
mm. N
Ay
: AhI"; 44}
= 4= ARV 4 |
V. DISCUSSION g ‘ , t
= 0 20
One proposed origin of granular convection is the net 3 2L * ) }
downward shear that vertical walls impart to the material ¢
within [21]. This has been shown explicitly in computer ’
simulations[21], and is consistent with experimental obser- oLtt? i f{'
vations[9]. Shear depends upon three factors: wall friction, 0 10 20 30
an effective pressure forcing particles against the side bound- fime (units of vibration periods T)
aries, and a velocity difference between the bed and the
walls. Changing the angle of the walls, so that0, dimin- FIG. 8. Amplitude of the deformation of the bottom edge of the

ishes the efficacy of this shear: particles moving upwardsjprated bedAh, as a function of time during the onset of the shear
relative to the walls need not be in constant contact with th@yand shown in Fig. 7. Time is shown in units Bfthe period of the
rough surface, even as they expand outward. driving vibration; the origin of the time axis is arbitrary. The am-

High speed video reveals a ratcheting motionaata,  plitude was measured at the same phase of motion as the dashed
that leads to roll reversal. The particles lift off of the con- curves in Fig. 7. The inset showsh for the dashed curve in Fig.
tainer floor during the upswing of the vibration, expand out-7(d).



6022 JAMES B. KNIGHT 55

10 : : , : and thus the average potential energy of the system should
remain constant. It is interesting to note, though, that each of
the profiles in Fig. &) averages independently to this same
value. Through the onset of a shear band, the system evolves
from alternating between a high and a low potential energy
state at the peak of its motion to maintaining the same aver-
ol . . . , age value. The barrier to this transition is the energy dissi-
60 -30 0 30 60 pated at the shear band. This suggests that the onset accel-
X (mm) eration for shear bandsnd their attendant convection rglls

) should increase with bed height and number, which has been
FIG. 9. Bottom edge of a 10-mm-high layer of poppy seedsgpserved experimentalfi7].
shaken al’=8.4 andf=25 Hz in a thin rectangular container 125

mm wide. The plate separation is 13 mm. Figure 5 is an average
over six vibration periods at times separated by one period of the
applied vibration. The phase of the observation coincides with the
minimum of the container motion and the maximum separation be-
tween the particles and the container. The dotted lines are fits to Eq.

height (mm)
w

VI. CONCLUSIONS

@. In the absence of internal shear bands, particle motion at
o ) the container walls during granular convection depends upon
pendent of wall friction(Fig. 5). the external boundaries. Convection in a container with

Recent experiments by Aoketal. [17] describe an qugh, vertical walls is driven by downward shear at the
acceleration-dependent roll reversal in containers Wwith,,ndaries: particles flow upward in the center and down-
smooth, vertical walls. A careful evaluation of their results,y5q along the walls. Canting the side walls outward intro-
suggests _that the transition they are in fact observmg is thguces a ratchet mechanism that opposes this downward
onset of internal shear bands. The onset acceleration they,ear. Above a transition angte , flow reverses: particles
report is gonsistent vv.it.h period doubling as is the hysteresig,ove upward along the walls and downward in the center.
reported in the transitiof26]. Furthermore, the images of This convection differs not only in its sense of rotation but
the flow included in Ref[17] reveal deformations in the g0 in its structure. In contrast to the thin stream of particles
bottom of the vibrated bed consistent with internal sheagpseryved moving down beside a rough vertical wall, all of
bands. _ _ the particles in the triangular wedge above the angled side

_Shear arises at a vertical wall as a consequence of thga|is move upward. The transition angle increases with the
difference in velocity between the airborne particle bed angoyghness of the wall friction while remaining independent
the container. This is precisely the interaction that occurgst the vibration acceleration. If the vibrated bed collides with
between two neighboring regions of the bed at an internalhe container lid, however, roll reversal can occur at angles
shear band. Each region serves as a rough vertical wall fQgss thana. .
the other, resulting in net flow down at the shear band. This Internalcshear bands can form when the bed is vibrated
identification of a shear band as an internal rough wall isyith sufficient acceleration to induce a period doubling tran-
supported by several features of the data. Flow is alwaysition in the bed motion. Flow at a shear band is always
down at a shear band, as it is at a rough, vertical externgjownward, and in this sense the internal shear bands func-
wall. The curvature of the bed boundary is localized to thejon effectively as rough, vertical walls placed within the
region around the shear band, and does not appear to beyfyterial. The downward flow at the shear bands competes
global deformation of the interfacig. 9). Finally, an in- it the shear imposed by the external boundaries to deter-
ternal shear band can simply reverse the flow in a containghine the overall flow pattern. This can lead to upward flow
with smooth wall§Fig. 6b)], but not in one with walls made  gyen at vertical walls if the wall friction is significantly less

rough by a layer of particleffFig. 6(c)]. In this last case the than the interparticle friction.
interparticle friction mediating the shear at the shear band is

comparable to the wall friction, neither boundary condition
prevails, and the resulting pattern spawns two additional rolls
to satisfy both condition$Fig. 6(c)]. We interpret this last
situation as a competition between the downward flow in-
duced by the node and that induced by the side walls. ACKNOWLEDGMENTS
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