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Spiral patterns in oscillated granular layers
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Cell-filling spiral patterns are observed in a vertically oscillated layer of granular material when the oscil-
lation amplitude is suddenly increased from below the onset of pattern formation into the region where stripe
patterns appear for quasistatic increases in amplitude. These spirals are transients and decay to stripe patterns
with defects. A transient spiral defect chaos state is also observed. We describe the behavior of the spirals, and
the way in which they form and decay. Our results are compared with those for similar spiral patterns in
Rayleigh-Beard convection in fluids.
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I. INTRODUCTION [3], and by Thomaet al.[4] in a three-dimensional system.
Umbanhowar, Melo, and Swinney carried out a detailed
Granular materials appear simple: they consist of a largstudy of the patterns which formed in a vertically vibrated
number of particles that interact solely through contactayer of bronze spherd$,9,12,16. Their experimental sys-
forces. While the physics of a single inelastic collision be-tem[10], a modified version of which is used in the present
tween two particles is conceptually straightforward, the col-work, consisted of an evacuated cell containing a layer of
lective dynamics of many particles, driven away from equi-granular material that was oscillated vertically by an electro-
librium and undergoing many inelastic collisions, is magnetic shaker. The relevant experimental parameters are
surprisingly rich and in many cases strongly nonintuitive. Athe amplitude of the sinusoidal acceleratidnmeasured in
variety of interesting phenomena occurring in granular maunits of g, the acceleration due to gravity, the frequency of
terials has been studied recently, including convective flowyibrationf, andN, the depth of the granular layer in units of
in granular layers, heaping instabilities, force chains, andhe particle diameted. For lowT’, the granular layer simply
front propagatiori1,2]. moves up and down with the bottom plate of the cell. When
One of the most interesting types of collective behaviorl’ becomes greater than 1, however, the layer leaves the bot-
seen in granular materials is the pattern formation that resulttom plate for a portion of its cycle. The energy imparted to
when a layer of granular material is oscillated vertically the layer by the bottom plate is dissipated in numerous col-
[3-16). Patterns of stripes, squares, and hexagons are olisions between particles, and between particles and the bot-
served, depending on the frequency and amplitude of thtéom plate. The layer becomes somewhat dispersed while in
oscillation[6]. Localized structures called oscillons are alsofree fall, but overall it remains flat with uniform thickness.
observed[9]. The patterns seen in experiments have beef\s I' is increased throughi’'.~2.8, there is a subcritical
reproduced in event-driven molecular-dynamics simulationdifurcation at which a pattern of “hills” and “valleys” ap-
of the oscillated granular systeft3,14,17. pears in the layer. For lovy the layer develops a pattern of
A variety of theoretical models of granular pattern forma-squares, while for highet stripes apped6,16]. WhenI" is
tion have been introduced that capture the dynamics of ththen decreased, the pattern vanishes at a valué lofwer
system to a greater or lesser degr#8—24. This instability  thanI'.. The crossover from squares to stripes occur§ at
in an oscillating granular layer is analogous in many ways to~0.35/(g/Nd)*2 [13]. These patterns are subharmonic, that
the Faraday instability of an oscillated liquid layer, and anis, the repeat time of the patterns is twice the period of the
analysis similar to that for the Faraday instability has beerdriving. The stripe or square patterns remain stable up to
performed for the oscillated granular layer, using equations=4, at which point they lose stability to a hexagonal pattern.
derived from the kinetic theory of inelastic sphef&s,26. Period-2 flat layers and period-4 stripes and squares are ob-
Experiments and simulations have shown that the instabiliserved at highel". In the present paper we will be working
ties of stripe patterns in vertically oscillated granular materi-in the region in which period-2 stripe patterns occur; the
als are the same as those seen in fluid systems, suggestipgttern formation “phase diagram” as a whole is discussed
that a continuum description analogous to the Navier-Stokem Refs.[6,16].
equation of fluid dynamics can be applied to vibrated granu- In this paper we present experimental results on spiral
lar layers[14]. patterns that form in a vertically oscillated granular layer in a
Pattern formation in vibrated granular materials was ob+ange of driving amplitudes and frequencies. Large cell-
served by Fauveet al. in a quasi-two-dimensional system filling spirals, isolated smaller spirals, and a state of spiral
defect chao$27] are all observed, depending on the experi-
mental parameters. The existence of spiral patterns in vi-
*Email address: jdebruyn@physics.mun.ca brated granular layers has been noted briefly elsewhere
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[10,12. Here we present a systematic survey of the range odited to a pressure of 0.1 Torr to eliminate the effects of air
parameters over which the spiral patterns exist, and discusirag. All cells were cylindrical with an aluminum bottom
their dynamics in some detail. Similar spiral patterns haveplate. The cell sidewall and top lid were made of Plexiglas.
been studied in Rayleigh-Bard convection in fluids; Ref. |n two of the cells the Plexiglas sidewall was coated with a
[28] is a recent review. Target and spiral patterns have alsgroprietary antistatic coatin§30]. Without the coating, a
been observed in experiments on the Faraday instaf#®y  monolayer of grains tended to stick to the sidewall up to a
~ The remainder of this paper is organized as follows. Secfey grain diameters above the surface of the layer. This
tion I contains a description of our experlmental setup an%onolayer on the sidewall was not present in the cells with
techniques. Our results are presented in Sec. Il and are digyistatic coating. The presence of these grains had a signifi-
cussed in Sec. IV. Section V is a brief conclusion. cant effect on the dynamics of the patterns, as discussed
below. The cell used for most of the work reported here had
a flat bottom plate and a diameter of 14.6 cm. We also used
Our experimenta| apparatus is similar to that used in prea cell with antistatic walls and a flat bottom plate 13.9cmin
vious work [6,9,10,12,14,1pF It is shown schematically in diameter. Another cell had a bottom plate which was flat out
Fig. 1. The cell containing the granular layer was shakerio a diameter of 10.0 cm, then sloped upwards to the sidewall
vertically by an electromagnetic shaker. Considerable efforvith a 2° “beach;” the total cell diameter was 14.7 cm. The
was taken to ensure that the cell was driven accurately vefourth cell had antistatic walls and a steeper beach; its base
tically, and to eliminate vibrations transmitted to the cell was flat to a diameter of 10.7 cm then sloped up at an angle
assembly by other than the shaker shaft. The shaker wa¥ 10° to a total diameter of 16.5 cm. The cells with a beach
mounted inside a housing which was filled with bags of leadwere used to reduce the effect of the sidewall on the orien-
shot. This housing was supported by leveling screws restintption of the patterns. Finally, a cell with an inverted beach
on an aluminum plate, which in turn sat on a granite slabhad the same dimensions as the cell with the 10° beach, but
resting on the laboratory floor. The shaker was driven by avith the opposite slope, so that the layer was deeper at the
sinusoidal voltage at a frequenéyproduced by a function perimeter of the cell than in the center.
generator and amplified by a power amplifier. The shaker The granular material consisted of spherical bronze par-
drove a hardened steel shaft which was connected by a fleficles sieved between 150 and 18@n in diameter; we thus
ible coupling to a square cross-section air bearing, which watake the particle diametetto be 165um. Apart from siev-
used to minimize lateral and rotational motion of the driveing, the particles were used as received from the supplier
shaft. The housing of the air bearing was mounted via levelf31]. The depth of the granular layer was determined from
ing screws on an air-supported vibration-isolation tablethe volume of particles making up the layer and the cell
through which a hole had been drilled to allow passage of thgeometry.
drive column. A rigid aluminum baseplate was mounted on The patterns that formed in the granular layer were im-
top of the air bearing, and the cell itself was bolted to thisaged using a digital video camera mounted above the cell. A
plate. An accelerometer mounted on the bottom of the celling of LEDs encircling the cell slightly above the level of
was monitored by a computer and used to measyré¢he the granular layer was strobed &P to illuminate the pat-
amplitude of the acceleration. terns. As a result, higher regions of the granular layer were
Several different sample cells were used. All were evacuilluminated and appear bright, while lower regions are in

Il. EXPERIMENT
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shadow and appear dark. The phase of the strobe relative to (a) (b)
the drive signal could be adjusted and was normally set to
give maximum visual contrast. The digital images were
stored on a personal computer and eventually written to CD-
ROM for storage and later analysis.

Ill. RESULTS

A. Cell-filling spirals and targets ©
1. General properties

In the frequency range of interest in this work, a subcriti-
cal bifurcation to a stripe pattern occurs whens increased
slowly throughl'. . The stripes are straight at onset, bul’as
is increased further in a cell with no beach, the stripes tend to
orient perpendicular to the cell wall. In a circular cell this
boundary condition forces the stripes to become curved. This
leads to the presence of sidewall foci and bowed patterns, FIG. 2. Examples of cell filling spiral and target patter(a.A
consisting of two or more sidewall foci with curved stripes target patternN=17.5, f =32 Hz, andl'=2.94. (b) A one-armed,
which are generally perpendicular to the sidewall. In cellsright-handed spiralN=19.0, f=29 Hz, andl'=2.84. (c) A three-
with a beach, the perpendicular orientation at the boundary iarmed, left-handed spirall=15.4, f=32 Hz, andl'=3.15. (d)
less pronounced, but in both cases curvature of the stripe® 11-armed, left-handed spirtd=6.7, f=35 Hz, andl'=2.66.
causes spatial variations in the pattern wave number. Thig)—(c) were in a circular cell andd) was recorded in the cell with
can lead to local instabilities in the pattern, resulting in thethe 2° beach.
appearance of defects and time depend¢hdg As a result
the steady-state pattern in this regime is predominantly At higher f we observed spiral defect chaos — complex
stripelike, but with defects and a continual time dependenceaime-dependent patterns containing several small spirals co-

In the experiments reported her,was increased in a existing with stripelike regiong12]. This state, which is
sudden jump from below to above onset. The values of similar to that observed in Rayleigh-Bard convection
given below are in all cases the final values attained after thg27,2g is discussed briefly in Sec. Il B below.
jump. In many cases, this jump simply resulted in a stripe  As shown in Fig. 2, both right- and left-handed spirals
pattern with many defects, which annealed over time to avere observed(For a right-handed spiral, moving along a
pattern similar to those obtained for a quasistatic increase afpiral arm in the counterclockwise sense takes one to the
I', as described above. In a range of frequencies and lay@bre of the spira). 59% of the spirals that formed after a
depths, however, large cell-filling spiral or target patterns
developed. Examples are shown in Fig. 2. In cells with no

beach, these large spirals were observed in layers of depth a0l :\"“\--_,——;\\ hexagons
N=15.4, 17.5, and 19.0, but not in runs with=13.1 or ' it
smaller. The results in the cells with a beach are somewhat o x . .
different and will be discussed below. Lox i i x y
The range of existence of the cell-filling spirals is shown . Coxx x x x
for N=15.4 by the triangles in Fig. 3. Very close p we 3.5r S bl x . x ]
saw no spirals of any kind. Starting a few percent abBye ' R o x x x
however, there was a range bandI" within which large g § A % g x X x :
spirals formed. For this particular depth, large spirals were : a § ? ﬁ % X x 3 x
seen between 29 and 35 Hz, and were most prevalent at 31 3.0} 4 © A% x X 2
and 32 Hz. Large spirals did not appear in every run per- : s . ¥ X
formed within their range of existence; often stripe patterns | ______ B TN ' :
with defects formed instead, as described above and illus- flat laver el
trated in Fig. 4. Typically, spirals formed more often at fre- o5l . Lo . . A
quencies near the middle of their existence range, and were 28 3 32 34 36 38 4 4
frequency (Hz)

less common at other frequencies. In a somewhat larger

range of bothl" andf, not shown in Fig. 3, we observed g 3 A diagram showing the range of existence of spiral
cases in which the pattern near the edge of the cell initiallyyatterns foN=15.4 layers. The lower and upper dashed lines in-
had the circular symmetry of the cell, as in FigbJrbelow, gicate the onset of the stripe patternfatand the transition from

but never developed into a cell-filling spiral. We also sawstripes to hexagons, respectively. The triangles are points at which
small, isolated spirals within a mainly stripelike pattern overcell-filling spirals were observed, and the crosses indicate the spiral
a much larger range, fdr all the way up to the transition to defect chaos state. Dots indicate other points at which observations
hexagons. were made.
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FIG. 4. An example of the type of pattern seen wHhénis
increased slowly through onset, or a sufficiently long time after a FIG. 5. Histogram of the probabilit{?(n) for the formation of
jump in I'. This pattern is time dependent, but its predominantlyn-armed spirals following a jump if'. A total of 154 cell-filling
stripelike character and the presence of sidewall foci and other despirals were observed at three layer deptNs=(15.417.5,19.0)
fects are robust features. Hexe=13.1, f =35 Hz, andl’=3.30. for a range of values df andf.

jump in T' were left handed and 41% were right handed. A Somewhat less clean, but more typical, example of the
Spirals with from zero armé.e., target patternsup to nine formation of a spiral patte_rn is shown in Fig. 7. Starting from
arms were seen in the cells with no beach, and a short-live@l flat featureless layei, is increased from below to 17%
spiral with 11 arms, shown in Fig.(@, was observed in a above onset. An imperfect .C|rcular ring near the cell wall can
cell with a beach. In some cases the number of arms chang&§ Seen in Fig. (b), but a disordered pattern simultaneously
as defects moved through the pattern. Normally the spirafl€velops in the center of the cell. The pattern close to the
arms extended all the way to the cell wékcept in the cells yvall retains its approximate circular symmetry as the pattern
with a beach, as discussed bejowut occasionally an arm I the interior of the cell gradually anneals_ and gventually
was observed to end at a dislocation defect in the cell inte@dOPts the same symmetry. The end result is a spiral pattern.
rior. Figure 5 shows the relative probabilities for the forma- 1NiS process is substantially slower than that shown in Fig.
tion of n-armed spirals after a jump ifi, for runs in the 6, as indicated in the figure captions. If the pattern close to
flat-bottomed cells(Note that these data are only for runs the cell wall develops too many defects or strays too far from
that resulted in the formation of spiralData for all three ~ Circular symmetry the spiral pattern will not form, and in-
values ofN and many different values df andf are com- Stéad a stripe pattern with defects results.

bined in this figure. Only one spiral with>4 was seen in
these runs. One-armed spirals were most common, account-
ing for approximately half of all spirals observed at each In the cell with antistatic coating on the wall, the cell-
depth. No spirals witm>2 were observed in the deepest filling spirals rotated uniformly. In the uncoated cell rotation
layer studied N=19.0), but otherwise the distribution af

was not strongly dependent dwover the limited range in

which the large spirals were observed. (a)

3. Dynamics

2. Spiral formation

Large spirals typically formed in one of two ways. Figure
6 shows the formation of a target pattern following a jump in
I' from below to about 3.5% above onset. WhEnis in-
creased above onset, a ring forms around the perimeter of th (g
cell. This develops into a pattern of concentric rings as the
pattern quickly propagates into the center of the cell from the
edge. In the case shown, the end result was a defect-fre
target. A similar process can lead to the formation of
n-armed spirals if one or more defects form in the ring pat-
tern as it develops. The circular cell boundary clearly plays ;
an essential role in this process. The stripe nearest the wall £ 6. A time sequence of images illustrating the formation of
orients parallel to the boundary, in contrast to the tendency target pattern after a jump i from below onset to 2.94. The
towards perpendicular orientation observed whens in-  pattern develops first at the cell wall and propagates in to the center.
creased slowly. Interestingly, in a few runs, a target pattermhe remnants of a pattern left over from a previous run can be seen
formed first in the center of the cell, then propagated outwardaintly in (a). The elapsed time betwedn) and (f) is 6.42 s.N
to the walls. =17.5 andf =32 Hz.
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FIG. 9. A time sequence of images showing one period of the
core dynamics of a three-armed spiralNat 15.4, f =32 Hz, and
I'=3.15. The times of the images a@ 0 s, (b) 1.83 s,(c) 2.20 s,

FIG. 7. A time sequence of images showing the formation of a(d) 2.89 s,(e) 3.58 s,(f) 5.47 s, andg) 6.17 s.
spiral pattern after a jump il from below onset to 3.35. In this

case a disordered pattern appears throughout the cell, with a nearly Interesting dvnami rred in th ; f th iral
circular ring at the wall. The pattern in the interior of the cell eresting dynamics occurre € cores of the spira

anneals to form a spiral. The time elapsed betwegrand (f) is patterns. Examples are shown in F_lgs. 9 and 10. Figure 9
39.1 s. HereN=15.4f =32 Hz. shows the core of a three-armed spiral. The three bound de-

fects that form the spiral core interact, and the “bridge”

was also observed, but in this case the spirals often becani@iNing two of the three arms in Fig.(& decays, then reap-
pinned, apparently by the layer of particles adhering to thd€ars between another pair of arms. This behavior repeats
cell wall due to static. As a result the rotation was not uni-With @ period that varied somewhat, but on average was
form in these cells and in many cases was not present at aff-1=1.6 s, much faster than the rotation period of the spiral
Figure 8 is a sequence of images showing the rotation of §Self. The core of a four-armed spiral is shown in Fig. 10. In
one-armed spiral in the coated cell. Like all spirals in cellsthiS case the period of the core dynamics was more uniform;
with no beach, this one rotated in the direction that “woundit Was 4.8-0.5 s over the course of this run, but appeared to
it up.” This spiral was particularly long-lived and survived P&come larger and more erratic as the core drifted off-center
intact for 720 s(or 21000 oscillations of the platdefore  (see below Similar dynamics were observed in the cores of
eventually drifting off center and being destroyed by the pro-SPirals with differentn. The core dynamics illustrated in
cesses described below. Its rotation period was approxfigs: 9 and 10 is the same as that observed in cell-filling
mately 160 s. spirals in Rayleigh-Beard convectiofi32—34, as discussed

Typical spirals survived much shorter times, usually les$€loW. o .

than one rotation period. As a result it was not possible to 1€ core of a target pattern also exhibits interesting dy-
study the rotation rate as a function of the experimental pab@mics, as illustrated in Fig. 11. The phase of the pattern at
rameters. In general, the spiral core and the outer tips of th&1€ core changes continuously, and the core of the target
arms rotate at similar rates as long as the core is close to tfimits circular rings which propagate outwards. A similar
center of the cell. The motion of the core is a combination offOCeSS is also seen in Rayleighriaed convectiod35]. In
rotation and translatiotisee Sec. Il A4, and as the core OUr €xperiments this process is slow when the target core is
translates off center, its rotation rate increases. Meanwhild!€@r the center of the cell — the period is approximately 60
the rotation rate of the outer defect at the cell wall can reS in Fig. 11 — but as the core drifts off center as described
main steady, decrease slowly, or simply go to zero, depend-

ing on the presence or absence of nearby wavelength
changing instabilities of the pattern. As a result, the rotation N ‘ N ‘
rate of the spiral is a complicated function of both time and ‘
position in the cell.

| NI NI N=d | N=A7

N N N N
[
|
[\ J [\ J [\ [\

FIG. 8. A time sequence of images showing the rotation of a
one-armed spiral. The elapsed time is 139 s, slightly less than one FIG. 10. A time sequence of images showing one period of the
rotation period. Note the rotation of the spiral core as well as that atore dynamics of a four-armed spiral ldt=15.4, f=31 Hz, and
the cell wall. The spiral rotates in the direction which winds it up. I'=3.23. The times of the images a® 0 s, (b) 1.10 s,(c) 1.82 s,
HereN=19.0, f=29 Hz, andl’'=2.84. (d) 2.14 s,(e) 2.86 s,(f) 3.64 s,(g) 4.35 s, andh) 4.68 s.
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FIG. 11. Time sequence showing dynamics in the center of a
target. The times of the images de& 0 s, (b) 15.8 s,(c) 31.1 s,(d)
41.5 s,(e) 51.3 s,(f) 61.11 s,(g) 73.3 s, andh) 81.5 s.N=19.0,
f=29 Hz, andl'=2.63. FIG. 13. A time sequence of pictures showing the drift off cen-

ter and breakup of a target: crossrolls form at the walls where the
below the period decreases by a factor of three. In one rutocal wavelength is large. The times of the images @e€0 s, (b)
the opposite behavior was observed; that is, circular ringd02 s,(c) 126 s,(d) 132 s,(e) 138 s, and(f) 143 s.N=19.0, f
propagated in towards the core of the target where they were29 Hz, andl'=2.63.
absorbed.

Instabilities of granular stripe patterns have been disiength of the pattern becomes spatially nonuniform, which
cussed in Refl14]. Local skew-varicose and crossroll insta- eventually leads to the development of local instabilities as
bilities play an important role in the time dependence ofthe wavelength is forced outside of the range in which stripes
these patterns. Crossrolls in particular are important in there stabld 14,36. Examples of this are shown in Figs. 13
breakup of spiral patterns, as discussed below. We have alsmd 14. Figure 13 shows a target pattern. The center of the
observed the oscillatory instability at low frequencies in deegarget drifts towards the wall at the bottom left of the figure.
layers. Figure 12 shows an example of an oscillatory instaThe stripes become compressed at the wall at the bottom left
bility observed on a spiral pattern in a flat-bottomed circularand are destroyed by the process illustrated in Fig. 15 and
cell. The same instability has been observed on straighdescribed below. The wavelength of the pattern increases
stripes under similar conditiorjsee Fig. 7a) of Ref.[12]]. where stripes end at the cell wall as well as on the upstream

side of the core. Crossroll instabilities can occur at either of
4. Breakup these locations when the local wavelength becomes too

All of the cell-filling spirals were ultimately unstable in 12rge. In Figs. 1&) and 13e) crossrolls have appeared

the range of experimental parameters we studied. They typiynere stripes meet the cell walls, as well as at the upper

cally survived for 1 or 2 min before breaking up. As 1 min right, where the wavelength has been stretched by the drift of

corresponds to roughly 2000 oscillations of the plate, otn€ pattern. These regions become disordered, and in the
1000 periods of the subharmonic pattern, these lifetimes arePace of a few seconds the disorder spreads into the rest of

in fact quite long in terms of the characteristic time scale on
which energy is injected into the system. (a) (b (C
The breakup of the spiral pattern starts with the core of
the spiral slowly drifting off center. As a result, the wave-
(e@ (}-\"

FIG. 14. A time sequence of pictures showing the drift off cen-
ter and breakup of a spiral: crossrolls form in the interior of the
spiral pattern on the “upstream” side, again where wavelength is

FIG. 12. A one-armed spiral showing an oscillatory instability. large. The times of the images a@® O s, (b) 4.2 s,(c) 8.5 s,(d)
This image was taken in a flat-bottomed cell with=25, f 10.7 s,(e) 12.7 s, and(f) 14.7 s.N=19.0, f=28 Hz, andI’
=22 Hz, andl’'=3.30. =2.79.
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FIG. 15. Time sequence of pictures showing the local destruc- time (s) 10
tion of a stripe at the wall. The times of the images @e0 s, (b)
7.3 s,(c) 8.1 s,(d) 10.1 s,(e) 12.1 s,(f) 14.0 s.N=175, f FIG. 16. The mean wave number of the pattern as a function of
=31 Hz, andl’=3.45. time for a run withN=17.5, [ =3.15, andf=31 Hz. Time is

plotted on a logarithmic scale for display purposes;0 corre-
the pattern. In Fig. 13) the center of the original target has sponds to the time at which was suddenly increased from below
run into the wall and turned into a sidewall focus. Whatonset. The five inset images show the central region of the pattern at
remains is a disordered stripe pattern with no sign of thehe data points indicated by large circles.
original circular symmetry remaining. This process is very

similar to that shown in Fig. 21 of Ref35] for Rayleigh-  seryeq at small times is that found by our algorithm for the
Benard convection. Figure 14 shows a similar scenario, bufa¢reless granular layer. The pattern starts at the cell wall
with crossrc_)lls developing in th(_a interior of the pattern on they g propagates inwards as illustrated in Fig. 6, and as it does
upstream side of the core in Fig. (L These crossrolls an- g4 the calculated value ¢k) decreases steadily. During this
neal to form two dislocation de_fects, whm_h distort the spiraliime the granular layer is partly patterned and partly flat, and
pattern and eventually lead to its destruction both at the wall o \,51,e of(k) we calculate is not characteristic of the

and in the core, as seen in Fig.(4 In all cases the end ayem jtself. However, the pattern fills the cell at approxi-
result of t_he_ breakup is a tlmg-dependent stripe pattern wit ately the time of the first inset image shown in Fig. 16
defects similar to that shown in Fig. 4. (which shows the central region of a circular geind be-

As the core of a granular spiral drifts off center, the out-\, 4 this time(k) is in fact the mean wave number of the
ermost arm downstream of the core gets pushed closer to the, e * After the pattern fills the cellk) continues to de-
wall. When_liche arm dgets too closr? to the walll, ﬁn Installo'I'tycrease steadily as high-spatial-frequency features smooth
oceurs, as | ustrate. In F'g.' 15. The portion of t € spiral ar, ;¢ By the time of the second inset image in Fig. 16t at
closest to the wall distorf$=ig. 1b)] and moves right up to =1.3 s, the pattern is essentially a spiral with several de-

':jhe} WtaIItLFig. 150)], Whtefre a pairhofthdefects f?jrm. Thﬁse LFCtS' From the second to the third insé¢&(6.0 s) the de-
etects then move apart from each other around the cell Wag, o 5q of(k) continues, but more slowly. The topology of

[Figs. 18d) and 1%e)]. This process appears to be due to ap, :
: . . . e pattern changes little but the pattern becomes sharper and
local Eckhaus instability37] involving the cell wall. One Iesspnoisy. Just gefore the fourthpinseltat38.1 s, the finpal

i?elgielg g'smégﬁtebg !soeC:ril{) aggr;hzrli?qca::g;\)lﬁgg;gfl)s "N defects anneal out and we are left with a target pattern. At
Tvoicall ’ this process re eayts sevperal fci]mes as the irf;\l Cort_his point the wave number of the pattern is at its minimum.
ypically P P P A the fourth inset this target has started to drift off center, as

drifts towards the wall. described above. This drift is accompanied byiraareasein
(k). In the last insett(= 259 s), the target pattern has broken
up completely and we are left with a stripe pattern with de-
The pattern wave numbés changes as the spirals form fects. The mean wave number of the final stripe pattern is
and evolve in the manner described above. As in Ref], roughly 10% higher than that of the target pattern which
we determined the local wave number using the method inpreceded it.
troduced in Ref[36]. An image of the central region of the  The evolution of(k) described above and shown in Fig.
pattern is band-pass filtered around the fundamental spatidb is typical of that observed in several runs. Much the same
frequency andk is determined as a function of position by behavior was observed independent of whether a spiral pat-
taking derivatives of the filtered ima¢&6]. The wave num- tern formed or not, although it was not possible to identify a
ber was then spatially averaged. The spatially averaged wawnsistent functional form for the time dependencelof
number(k) from one run is shown in Fig. 16. In this par- [38] from our data. In particular, the final increase in wave
ticular run,I" was increased suddenly from below onset tonumber also occurred in runs where no spiral pattern formed.
I'=3.15 at timet=0. The high wave numbetk)~6 ob-  This increase appears to be associated with the formation of

5. Wave number evolution
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FIG. 17. A snapshot of the spiral defect chaos state in a flat-
bottomed cell aN=15.4, f =40 Hz, andl’=3.13. This pattern is
time dependent and eventually evolves to a stripe pattern with de
fects as in Fig. 4. k

7R\ 2\

FIG. 18. A time sequence of images showing the rotation of a
two-armed spiral in the cell with the 2° beach. H&te 6.7 in the
center of the cellf=35 Hz, andl'=2.81. Image(a) shows the
entire cell at time 0 s(b)—(d) show the core of the spiral at times
9.8, 19.5, and 29.3 s. The spiral does not extend all the way to the
B. Spiral defect chaos cell wall because of the beach. Note that the spiral rotates in the

o ) ) unwinding direction, in contrast to the case in the flat-bottomed cell
As shown in Fig. 3, a spiral defect chaos state is observeghown in Fig. 8.

for frequencies higher than those for which cell-filling spirals

occur. In this region the pattern that develops after a jump in , )
I' consists of several small spirals along with stripelike re-Of @ms on a time scale of a few seconds. In the cell with the

gions and other defects. These patterns are time dependefite€Per (10°) beach, large spirals were seen at a depth of
As with the cellfilling spirals discussed above, the spiralN=17.5 forf from 22 Hz to 35 Hz, and &= 11 forf in the
defect chaos is a transient and the patterns eventually evolv@nge 30—35 Hz, but none were observedMor 7.
to a stripe pattern with defects. The lifetimes of spirals in the cells with the 2° and 10°

A snapshot of the spiral defect chaos state is shown ifféaches were on the order of only 10 s, substantially shorter
Fig. 17. This figure shows several small sidewall foci arouncthan in the flat-bottomed cells. The spirals decayed by mov-
the perimeter of the cell, and a collection of six small zero-ing off-center towards the cell walls, and then evolving to a
and one-armed spirals in the interior. Most of the small spidisordered stripe pattern. Typically, however, a new large
rals seen in this state had either zero or one arm, but thepiral would thenspontaneouslyreform and the process
number of spirals and their handedness varied from run t@vould repeat. In the cell with the inverted beach, stripes

focus defects at the cell sidew§H8], which evidently select
a higher wave number than that preferred in their absence.

run. always formed perpendicular to the sidewall and cell-filling
spirals were not observed.
C. Cells with a beach A two-armed spiral in the cell with the 2° beach is shown

] ] __in Fig. 18. Examination of the core of this spiral in Fig.
The beach geometry used in some experiments modifieglg ) _1gd) shows that it rotates in thenwindingsense, that
th_e boundary conditions at the ce_II perimeter. For sufﬂmentlyis, in the opposite direction to those in the flat-bottomed
thm layers, the patterns formed in the center of the cell ?‘”‘iells. This reverse rotation was always observed in the cells
did not extend all the way to the cell wall. For layers with \ith a peach. In the flat-bottomed cell the rotation of the
N=2 at the edge, the patterns filled the entire cell, but th%piral was accompanied by the motion of the ends of the
tendency for the stripes to orient perpendicular to the Wa”%piral arms around the cell perimeter, as in Fig. 8, but here
was reduced by the beach, particularly for the thinner layerspe spiral arms do not reach the cell wall. The outer regions
In the cell with the shallow(2°) beach, no large spirals of the spiral appear not to change over the rotation period of
were seen for the values bfwhich produced large spirals in  the spiral shown in Fig. 18; in particular, the arm which dies

observed in this cell with thinner layers. An example of acontinues to do so, independent of the orientation of the spi-
spiral with 11 arms observed witN=6.7 in the center of 3] core.

this cell is shown in Fig. @). In this case the layer is only

1.8 particles deep at the cell wall and the pattern does not fill IV. DISCUSSION

the cell. This spiral lasted in the form shown for only about

10 s. Crossrolls continually developed over much of its core, We observe large spirals developing wHérns increased
as can be seen in Fig(d}, and led to changes in the number suddenly from below to abové, . For flat-bottomed circular
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cells, spirals appear in deep layeld%£13), in a region varies depending on experimental conditions. Under some
where stripes are the stable pattern wiheis increased qua- conditions, the core of the target continues to drift off center,
sistatically. These cell-filling spirals are simply stripes thateventually reaching the wall. Under other conditions, the
are wound up, and whether stripes or spirals are observetbre periodically emits traveling convection ro[85]. The
depends strongly on the effect of the boundary conditions atistortion of the pattern due to the drift of the target core can
the cell wall. lead to local wave number changing instabilities, which can
Smaller spirals within a larger stripelike pattern form in restabilize the corg44,45. In other cases, a periodic oscil-
the same frequency range over essentially the whole range @dtion of the position of the core is observggB].
I, all the way up to the transition to hexagons. Although we have not observed stable target patterns, we
For all experimental conditions we have studied, the cellhave seen in the granular system some similarities to target
filling spirals are transients. They form either by propagationpatterns in convection. In particular, the first stage in the
of a circularly symmetric pattern in from the sidewall or by decay of an initially symmetric target pattern is the drifting
the annealing of the disordered central region of the pattergf center of the core, as in Fig. 13. The emission of traveling
in the presence of a circularly symmetric pattern at the celkyipes from the target core was also observed, as shown in
wall. During this stage of the pattern"s evolution, its Meangig 11. We also observed the absorbtion of stripes by the
wave numbexk) decreases, approaching a constant value as e 1o our knowledge this process has not been observed in

the_ltljefects ?nﬂeakl). ;[he s?lials_riurvwe fofr tﬁf ord_erl %r?o%onvection experiments. In convection the drift of the core
oscillations of the bottom plate. The core of the spira ,enand the emission of stripes are both accompanied by a large
drifts slowly off center, leading to distortions of the pattern’s

wave number field and eventually to the disruption of thes_ca!e mean flow in the fluid Iay¢85,46,4_8, presumably a
pattern by the crossroll instability in regions where the IocalSlmllalr large scale granular flow occurs in th.? granular Sys-
pattern wavelength is large. Once the spiral symmetry is distem. We do not see the target pattern restablhzmg_ as a result
rupted, the pattern fairly quickly evolves to a time-dependenPf Wave number adjustments away from the core; in our case
stripe or bowed pattern with defects, similar to those obJocal instabilities tend to destroy the circular symmetry of the
tained in quasistatic experiments. The mean wave numbdiattern. _ _ o
(k) increases during this process as sidewall foci form and Cell-filling spirals withn>0 have been studied in con-
the pattern becomes stripelike. vection experiments by several group?7,32,33,39,4D
In the cells with a beach, large spirals were observed iff\gain it is found that large spirals develop in the presence of
thinner layers, for which the boundary conditions allowedsidewall forcing, and are stable at law The spirals rotate in
the stripes to orient parallel to the sidewall. These spiralshe winding-up direction, and tha spiral arms end an
were also transients, but in this case spirals would break umlislocation defects in the interior of the cell; outside of these
then spontaneously reform, in contrast to what happens idefects the pattern consists of concentric rf#8,33,39,4Q
the flat-bottomed cells. Above a certain value of the spiral core moves off center.
Cell-filling spirals and target patterns have been observedhis drift causes local variations in the wave number of the
in experiments on the Faraday instability with high-viscositypattern, and eventually the pattern becomes unstable to the
fluids [29]. They formed whenl” was increased suddenly skew varicose instability where it is most compressed. This
through the pattern onset, as in the present case, and perdisads to the appearance of defects which migrate through the
for the duration of the experiment. pattern, leading eventually to a spiral pattern with a different
Similar large spirals have also been observed in Rayleighn, a bowed pattern, or spiral defect chaos. Large spirals in
Benard convection experimentg28,32,33,39—-4L In  convection have been studied theoretically by several groups
Rayleigh-Baard convection the flow pattern is driven by a [49-51].
temperature difference applied across a fluid layer. Spiral or There are both similarities and differences between the
target patterns are observed in circular cells in the presendsehavior of large spirals in the granular system and those
of thermal forcing by the cell sidewal[85,42. Static side- observed in Rayleigh-Beard convection. In the absence of
wall forcing can occur as a result of lateral temperature grapinning at the walls, the granular spirals in the flat-bottomed
dients near the walls, while transient forcing occurs when theells rotate in the winding-up sense. In the cells with a beach,
temperature difference is suddenly changed. Convection rollsowever, they rotate in the opposite sense. In convection, the
align perpendicular to the sidewalls in the absence of sidespiral arms end at defects in the interior of the cell, but in the
wall forcing, and the effect of the forcing is to cause the rollsgranular case the arms almost always ended at the cell wall.
to align parallel to the walls. In both cases the breakup of a spiral starts with its core
Target patternsi(=0 spiralg in convection have been moving off-center and distorting the wave number field of
studied experimentally by Hat al.[35], as well as by sev- the pattern. In convection, the skew varicose instability de-
eral other group$32,33,43—4& In the presence of well- velops where the wave number is large. In the granular case,
characterized static sidewall forcing, Hat al. [35] found in contrast, we usually observe the crossroll instability in
that target patterns were stable at onset and up to a certaiagions where the local wave number is too small, as well as
value of the reduced control parameter,Above that value the wall-mediated instability shown in Fig. 15.
of €, the targets become unstable to the so-called focus in- The fast dynamics observed in the spiral cores in our ex-
stability [45,47], which causes the core of the target to drift periments and in convection appears to be the same. For
off center. Beyond this instability the behavior of the targetexample, our Figs. 9 and 10 can be compared directly with
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Figs. 9 and 11 of Ref{32]. Core dynamics in large spirals (Fig. 17) is very similar in appearance to that studied in
has been studied theoretically in RE52], and simulations Rayleigh-Baard convectior27,28,51,54—5p Spiral defect
done for the convection systef28] suggest that the core chaos exists over a large rangefoindI" in our granular
dynamics in that case results from a mean flow in the spirasystem, but is always a transient that anneals to a stripe pat-
core which couples the tips of the spiral arms. tern with defects as in Fig. @L2]. A similar transient spiral-

In convection, spirals are stabilized by sidewall forcing, defect chaos state has been observed in convection experi-
and sidewall forcing must also play a role in the granularments in a fluid with Prandtl number~4 [57], while for
case. The role of the forcing, as in convection, is to orient thédower values ofo this state was stable in convectipa7],
stripes parallel to the cell wall, and so impose the circularand for highers it does not appedi54].
geometry of the cell on the pattern formation process. This |n convection, the Prandtl numbert which is the ratio of
was illustrated in Figs. 6 and 7. In the granular system, howthe fluid’s viscosity to its thermal diffusivity, plays a key role
ever, the sidewall forcing in the flat-bottomed cells appearsy the formation of spiral patterns, since it is easier for mean
to be transient and the spirals eventually decay to patterns ifloys to produce curvature in the convection pattern in fluids
which stripes preferenﬂall_y orlent_perpend|cu_lar to the side<ith small o-. Coupling between mean flows and curvature
wall. In this case, thétransient forcing mechanism is strong occurs in other systems as wéB0]. It has been demon-

enough to produce spiral_s onIy.in deep _Iayer_s.. In the Ce""Qétrated in simulation$14] that mean flows couple to the
with a beach, the forcing is continuous, since it is caused b attern in oscillated granular layers in the same way as in

the slope of the cell bottom plate, and produces spirals i . . .

. . : . luids. The existence of large spirals, the observed tendency
thinner layers. The fact that large spirals continuously die ou Il spirals to f tside of th in which
and reform in the cells with a beach suggests that althoug  safl spirais to form even outside of the range in whic

cell-filling spirals are observed, and the fact that curved

the forcing is not transient in this case, it is not strong~"~. X X . q
enough to completely stabilize that spirals. stripes and sidewall foci are common in steady-state patterns,

The source of forcing in our experiments is probably a@ll suggest that the coupling between mean flows and the
radially oriented convective flow of the granular material Pattern is relatively strong in the range of experimental pa-
near the side wall. In the cells with a beach, such a flowameters that we have studied.
arises due to the cell bottom geometry, with a radial length
scale determined by the length of the beach. Since this pro-
cess depends only on the cell geometry, it will be continuous V. CONCLUSIONS
as long as the cell is oscillating. In the flat-bottomed cells, . , ) i
the convection is driven by friction between the granular W€ have observed large, cellfilling spirals in vertically
particles and the sidewall — particles next to the sidewalescillated granular Iayers_,. 'I_'hese trar_15|ent pattern_s exist over
experience a drag force different from those in the bulk of2 range of parameters within the region where stripe patterns
the layer. This effect is strongest when the amplitude of théire stable. The formation of large spirals depends strongly on
oscillation is suddenly changed, then dies out as the particld§e boundary conditions at the cell sidewall. In cells with a
near the wall adjust. The radial extent of this flow is deter-beach(for which the depth decreases with radial position in a
mined by the appropriate length scale for dissipation withinfing near the cell wall unstable spirals that rotate in the
the layer. unwinding sense form and decay continuously. In flat-

Knight et al. have studied convection driven by sidewall bottomed cells, spirals form after a jumplinfrom below to
friction in vertically-shaken granular systenj§3]. They above onset. They rotate in the winding-up sense and decay
found that the direction of flow at the sidewalls depended orover time to stripe patterns with defects. Stripes normally
the wall geometry as well as on the friction coefficient. In orient perpendicular to the cell wall in the granular system,
particular, in a container with a vertical cylindrical wall they but spirals form when the boundary conditions at the cell
observed downflow next to the wall and upflow in the cellwall are modified by convective flow of the granular mate-
center, while in a conical cell — with a wall slope analogousrial, driven by the bottom plate geometry in the case of cells
to that of the cell bottom in our cells with a beach — they with a beach, or by friction at the wall for the flat-bottomed
observed upflow at the wall and downflow in the center.cells.

Downflow at sidewalls with friction has also been observed Although some differences have been noted above, the
in numerical simulations. properties and dynamics of these large spirals are generally

The fact that spirals rotate in the winding-up sense instrikingly similar to those seen in Rayleigh4B&d convec-
flat-bottomed cells but in the unwinding sense in cells with ation experiments. The role of sidewall forcing is also the
beach suggests that the convective flows near the boundarisame. Such similar behavior in such physically different sys-
may be in the opposite directions in the two cases. Directems illustrates the universality of the pattern formation pro-
observation, however, indicates that in both the flat-bottomedess.
cells and in the cell with the 10° beach there is a flow of Patterns with strong curvature, spiral defect chaos, and the
particles radially outwards along the top surface of theoscillatory instability are all observed at low Prandtl number
granular layer. Thus while this radial flow certainly affects in fluid convection, where coupling between curvature in the
the boundary conditions of the layer and influences the forpattern and mean flows is strong. Our observations suggest
mation of spirals, the details remain unclear. that a similar coupling plays an important role in the dynam-

The spiral defect chaos state observed at high frequenciéss of our granular system.
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