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Rotating spirals in a Faraday experiment
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We report experiments and model simulations of patterns of parametrically excited capillary ripples in a
large aspect-ratio cell with thin horizontal layer of viscous fluid subjected to sinusoidal vertical oscillations.
We found stable rotating spirals with different topological charges in the parameter range where steady straight
rolls were observed previously. Formation of multiarmed spirals via dislocations approaching a target core was
observed. The direction of the spiral rotation depends on its chirality and is always consistent with wave
propagation towards the core. Wave drift towards the spiral core is associated with the shear flow which is
generated near the walls by rapidly decaying viscous surface We#E363-651X96)02911-X

PACS numbds): 47.54+r, 47.35+i

Capillary ripples parametrically excited by an oscillating restore its wave number by eliminating a roll which is near
gravity field (Faraday experimeritl]) is a very convenient the core of the spiralor targe}, after which the process
and popular wave system for understanding of many patterrepeats. This mechanism is somewhat similar to the mecha-
formation phenomena, including tempofa] and spatiotem- nism of generating traveling axisymmetric rolls in small
poral chaog3,4], formation of crystallind4—6] and quasi- aspect-ratio systeril7] and rotating spiral§18] in large
crystalline surface pattern$5,7], and defect dynamics aspect-ratio Rayleigh-Brrd convection in Boussinesq fluid.
[8—10. In both cases a driving force for roll motion is the wave

In this paper we report results of experimental and nunumber frustration because the boundary selects the wave
merical study of stationary rotating spirals, targets, and denumber differing from the wave number selected by the core
fects in a large aspect-ratio systefil’=(diameter)/ Of a spiral or target. In our case, the boundary serves as a
(height)=30]. One aspect of wave patterns in Faraday exPhase source, near-wall shear flow “squeezes” waves in the
periment that distinguishes them from patterns in other wav®ulk by sending in additional waves, and therefore frustrates
systemgautocatalytic chemical reactiof$1,12, Rayleigh- the wave number which is selected by the parametric insta-
Benard convection in binary fluid$.3,14, neuronlike media bility at a given pumping frequency. The qualitative features
[15]) is that they are composed of pairs of counterpropagatof the process do not depend on the form of the cavity—we
ing waves. In systems with reflection symmetry, they haveobserved spiral rotation and target contraction in both round
equal frequencieshalf of the fundamental frequencyand  and square cells.
opposite wave vectors. The sum of the phases of these waves The scheme of the experiment is described in detail in
is conserved in the whole space and is equal to the phase b¥0l. Measurements were performed in a round cell 16 cm in
the homogeneous oscillating pumping field. Therefore thé&liameter and in a square cell with side 11 cm. General sur-
only “allowed” patterns of capillary ripples appear to be vey of various patterns was carried out in either a mixture of
standing waves or superposition of several standing waveglycerol and water or silicon oils with different viscosities
Various patterns of this type were observed in Faraday exdfrom v=0.05cnf/sec tov=2.0cnf/seq. The depth of the
periment in different parameter regiop-6]. Nevertheless, layer varied between 0.3 and 1 cm, the pumping frequency
our present findings demonstrate the unexpected phenoriaried from 10 to 180 Hz. Detailed studies of spirals and
enon: under certain conditions, patterns of slowly driftingtargets were performed using silicon oil with viscosity
standing waves arise, such as rotating spirals and contracting= 1.0cnf/sec, densityp=0.97g/cnd, and surface tension
targets. These patterns appear within a parameter rang@efficiento=20.5 dyn/cm(all of the data are given for the
where plane standing waves are stationary. Independent ¢g¢mperature of 20 °C The depth of the liquid layer was
the chirality of the spiral, waves always drift towards the h=0.5 cm, and the wavelength of the patterns is0.85 cm
core. We argue that the mechanism of this slow drift is as{pumping frequency,=56 Hz). For small enough viscosity
sociated with small near-wall shear flow which near the surand largen\ 1 square patterns are obsenj&, for smaller
face is always directed away from the wall. It is induced byh\ ~! hexagons appedsee alsg6]). For largehx~* and
a surface wave at the fundamental frequency excited by the, depending on initial conditions, either standing plane
oscillating meniscu$l16]. This high-frequency wave decays waves or targets and spirals could be observed. The cross-
rapidly off the wall and transforms its momentum into the over from squares to stripes due to increasing viscosity of
shear flow. This flow is observed even below the threshold ofluid was also observed by Daudstal. [19], however, they
parametrical instability. The shear flow is localized near thedid not observe targets and spirals.
walls of the cell, however, it affects the bulk of the cell by As we mentioned earlier, whereas plane standing waves
sending additional “rolls” and therefore moving the wave are completely stationarynodes and antinodes do not
number away from its selected value at a given frequencynove), standing waves forming targets and spirals drift
(“wave-vector frustration’). The frustrated pattern tries to slowly toward the core. The speed of the drift depends
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FIG. 1. Velocity of wave drifmeasured by node displacement
as a function of magnitude of vertical acceleration for two different ¢
profiles of side walls. Inset: Sketches of the vertical profiles of the(
side wall and the structure of the shear flow.

c)

) ) o FIG. 2. Series of snapshots of Faraday ripples in laboratory
strongly on the magnitude of vertical oscillations, as showngyperiment:(a—a target with four dislocationéwo positive and
in Fig. 1. On the other hand, wave drift phase velocity de+wo negative; (b)—one dislocation is attracted to the target core,
pends sensitively on the profile of the side walls of the cell.spiral is formed;(c)—all dislocations have been attracted to the
The drift velocity is maximal for a straight vertical wall, and center and annihilated, perfect target reappedgid(b), and(c) are
is reduced for an oblique wall and a wall with a step. Weseparated by 2.0 setl)—asymptotic state of another experiment
hypothesize that the wave drift is related to a shear flowwhere a three-armed spiral was formed and rotated for a long time
produced near the wall by rapidly decaying surface waves gbne period of a standing wave corresponds to two white and two
the fundamental frequency, generated by an oscillating medark stripes on the photos due to time averaging
niscus. This shear flow is indeed observed even in the sub- . . :
critical regime when the parametrical instability was absentfSplral IS :ﬂrmﬁd Wﬂen one of”the dtheCtS. 'i al_ready at the
Near the threshold, the magnitude of velocity of the sheaFenter while the others are still on the perip E'IF}?] zc(zlb)l]
flow was ~0.5 mm/sec. The vertical structure of the flow and later Fig. 2c)] a target is restored when all the disloca-

near the wall is sketched in the insets to Fig. 1. Clearly théions anni_hilate at the center. In another experiment,.a two-
average mass transport through any azimuthal cross secti med spiral was formed and persisted for a long tifig.

of the cell must be zero in stationary conditions and therefor: d\)/ill.e have investigated numerically phenomena described
off-wall flow near the surface is compensated by a reverse 9 y P

flow near the bottom. However, since waves are IocaIizeé‘;)r?]\é?e\;v't(r:'?)tcvehirgﬁ (ijselinet?ou daL:I:en dfg; %ﬁowgplex order pa-
near the surface, the near-surface part of the flow is mor& yAr, '

essential for wave drift than the near-bottom part. Both con- E(r, )= (r t)exmwot)+ﬁr texp(—iwgt). (1)
tracting targets and rotating multiarmed spirals persisted for ’
a long time(a few hourg in the cavity. Here &(r,t) is instantaneous deviation of the fluid surface,

Multiarmed spirals with different values of topological (r,t) is the slowly varying in time amplitude of the para-
charge emerge as a result of dislocations interacting with theetrically excited capillary patterns ¢ is the forcing fre-
background target pattern. Dislocation pairs can be easilguency, and the bar refers to the complex conjugate. With
produced by perturbing rolls at the periphery of the targetthis choice of the complex order parameter, we eliminate fast
One dislocation of the pair quickly disappears at the walltemporal oscillations, but retain the spatial structure of pat-
and another moves towards the center along some curvedrns unconstrained, which enables us to study different geo-
trajectory(see Fig. 2 Which dislocation moves to the wall, metrical configurations of capillary ripples within the frame-
and which to the center, depends on details of initial perturwork of one model equation.
bation, and varied from event to event, so spirals of different The model equation, which incorporates basic features of
chirality could be produced. The velocity of the defect in- parametrical instability, dispersion of surface capillary
creases as it approaches the core. This phenomenon is qualiaves, viscous dissipation, and nonlinearity can be written in
tatively similar to the interaction of dislocations with targets the following form:
in convective patterns at low Prandl numtjgn,13. When
we introduce the several defects on the target we observed g5y  — ) ) . 2
stable multiarmed spirals with topological charge ranging - =i1v¥—»V y—(L+ia)|yl*y+ic(Vi+ko)y
from 1 to 7. In Fig. 2 the evolution of a target with four
dislocations(two positive and two negatiyeis shown. A —(u-V)i. 2
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Hereyis a forcing magnitudex is the dispersion parameter, dial velocity as a function of; the qualitative behavior of
and u is the velocity of the shear flow weighted with the patterns is not sensitive to the particular choice of the profile.
surface wave vertical mode distribution. Linear terms in this In computer simulations we also observed spiral forma-
equation can be derived from the dispersion relation for caption via dislocation motion to the core of a target. When
illary waves under parametric excitation, expanded neaseveral dislocations are placed on the target, they all are
w=wy,k=Kky. The dispersion relation for free capillary attracted to the center, and a multiarmed spiral is formed
waves in nondimensional form reads’=k®, therefore with the topological charge equal to a sum of topological
ko= w2, k=3wy/4k3. The nonlinear term cannot be de- charges of dislocations. Several snapshots of dislocation mo-
rived rigorously, as in other Swift-Hohenberg type models,tion are shown in Fig. 4. Dislocation motion is independent
and has been added hocto account for stabilization of the of wave propagation: dislocation usually moves faster than
parametric instability. The imaginary part of nonlinear coef-rolls and is attracted to the core even when shear flow is
ficient & describes nonlinear frequency shifee alsq21]).  absent and a target is stationary.

The last term in the right-hand side of E8) describes shear The mechanism of dislocation motion can be elucidated
flow transport near the walls of the cavity. using the phase approximation for E@) with a=0. Far

Equation(2) with periodic boundary conditions was stud- from the cores of target and dislocation, the complex order
ied numerically using a pseudospectral split-step methogarameter can be written in the form
with 256X 256 collocation points, domain sizk=200, and . . :
integration time step 0.0g. To simulate waves in a cir- Y(FD=[A(r)+da, Jexplikor +ig,)+i[A(r)+da_]
cular cavity, we ramped linear dissipation outside the Xexp(—ikor+i¢g_), (4)
circle of radius ry=86, ie., v=pyr<rp, and
v=wo[1+k(r—rg)],r>rq, wherek varied between 0.5 and
1.0.

For y>pu trivial state y=0 is unstable with respect to
perturbations with wave numbers ndgr Numerical simu-
lations show that at the nonlinear stage, these perturbations
give rise to various cellular patterns, including plane waves,
targets, and spirals. Without the shear flow tera=Q),
these patterns remain stationary even when nonlinear coeffi-
cients in(2) are complex. Nonlinear frequency shifx only
leads to deviation of the selected wave number floak,.

[In systems with ordinarynonparametric pattern-forming
instabilities any nonpotential effect leads to wave propaga-
tion.] However, when near-wall shear flow is introduced in
(2), targets and spirals begin to drift slowly toward the cen-
ter.

We assumed that the flow had radial direction and was
azimuthally symmetricu=u(r)r. We used the following
profile for flow velocityu(r):

u(r)=ueexp &(r—ro)] 3

and measured rolls velocity for differedtandu,. Note that

¢>1," so the shear flow is absent in the bulk, still rolls are g 4, Snapshots of multiarmed spiral formation in numerical

moving throughout the integration domain. The results ofsimuylation. A target with two dislocations on periphery was taken

velocity calculations are presented in Fig. 3. We observe thas initial condition, parameters of the models are given in the cap-
the phase velocity of rolls grows linearly witly as should  tion to Fig. 3;(a) t=10; (b) t=100; (c) t=200; (d) t=300. Spiral

be expected. We also tried different stepwise profiles of rarotation is obvious from comparison ¢) and (d).
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whereA(r)=+y— ykoz— kko/r? with the accuracyO(r —2). ences a Peach-Koehler type force directed perpendicular to
Substitution of(4) into (2) and eliminating the amplitude the curved rolls which is inversely proportional to the dis-
perturbation Sa. in the first approximation yields two tance from the center. This force leads to dislocation gliding

coupled phase equations towards the core of a target. The same effect takes place for
5 dislocation in parametrically excited standing waves.
9P+ = — ysin(, + b )+ Kk 9p+ . Py n l ‘7¢+) In summary, we investigated pattern formation in a Fara-
at Y - - o gr oz oo ) day experiment in a large aspect-ratio container. In the pa-

(5 rameter range corresponding to standing straight rolls, we
2 10 discovered multiarmed rotating spiral waves. Spirals were
—+ = ) formed from a target pattern after a dislocation pair was cre-
ar ror ated near the side wall. One of the dislocations quickly dis-
(6)  appears on the wall, and another moves towards the center,
and eventually a single-armed spiral is formed. If several
dislocations are produced, a multiarmed spiral appears. Spi-
ral rotation is caused by a near-wall shear flow directed to-
wards the center of the cell. This shear flow is produced by
decaying surface capillary waves at the fundamental fre-
quency which are generated by oscillating meniscus. The
near-wall shear flow provides wave-vector frustration in the
IA sz(z) 2A v IA bulk, which in turn drive_s t_he waves towards the center. We
—( )_2_4-_ —. (7)  reproduced this scenario in numerical simulations with our
are - roar phenomenological model E¢R) which describes parametri-
cally excited waves in rotationally invariant system.

i _ i
= vsing T d) ko —+ v

In the limit of strong parametric coupling of counterpropa-
gating waves, the sum of phasés= ¢, + ¢_ is small and
follows adiabatically slow variations of phase difference
A=¢,—¢_ far from the cores of the target and disloca-
tions. This allows one to eliminat® and obtain one equa-
tion for A,

gt | 2y v
Although this equation is not exactly variational, for strong
parametric coupling it becomes variational with potential We acknowledge support from the U.S. Department of
F[A]=vfAZrdr. In this limit it is equivalent to the varia- Energy (Grants No. DE-FG03-95ER14516 and No. DE-
tional phase equation for large scale phase perturbations 6iG03-96ER14592 International Science Foundation
target patterns deduced from the Swift-Hohenberg equatiofGrants No. NOU 000 and No. NOU 30&nd Russian Fun-
(see[22]). In [22] it was shown that a dislocation experi- damental Research Foundati@@rant No. 06-05-64551
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