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Abstract

Millimeter-radius liquid shells arc acoustically levitated in an ultrasonic field. Capillary

waves are observed onthe shells. At low energies (minimal acoustic amplitude, thick shell) a
resonance is observed between the symmetric and antisymmetric thin film oscillation modes. At
high energies (high acoustic pressure, thin she]]) the shell becomes fully covered with higll-
‘ amplitude waves. Temporalspectraof scattered light fromthe shell in this regime exhibit a

power-law decay indicative of turbulence. [PACS:43.25.4y,47.55.132,47.35.41,47.27 .-i)
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Faraday wave turbulence on a spherical liquid shel

Introduction
Capillary waves are often observed on the surface of acoustically levitated drops, bubbles
and shells [1]. The source of these capillary waves is a matter of some debate. Recent
investigations [3] show that the onset of such waves in certain sitvations is threshold-dependent
and occurs at (or near, see below) half the driving frequency. In these situations, the waves are
not directly forced, rather they are parametrically excited by the forced low-amplitude oscillation
of the interface in a dircction normal to the surface at or near the acoustic field frequency.
Thus, the fundamental energy-transfer mechanism is essentially the same as in the classical
Faraday experiment [2], in which a container of liquid undergoces »eriodic translation oscillations
along the gravity vector axis. The free surface of such a container of liquid is thus caused to
vibrate periodically normal to ts plane, and above a certain amplitude threshold capillary waves
"appear at half the driving frequency.
When we acoustically levitate a large shell (i.e. whose radius R is much larger than the
capillary wavelength A, given by the dispersion relation
w? = yk3p (D
where @ is the frequency and k the wavenumber 27 / Ac, and yand p arc the fluid interfacial
tension and density) capillary waves can appear in patches or on the whole surface of an
otherwise quiescent shape. A unique feature of our system is that it is self-contained, boundary-
free and contact-free: energy pumped into the system nonlocally by the acoustic field can be
exchanged by nonlincar wave interactions on the shell, and can be damped by bulk viscosity and
surface effects, but it is unaffecied by contact with boundaries. There are no constraints on wave
propagation on the shell except those self-selected by a resonance condition. The hmiting
wavenumber distribution reaches a steady-state characterized by the nonlinear wave interaction

and the encrgy in the system.
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In this Letter we. wish to report some measurements we have made on the dynamics of
Jarge liquid shells, The liquid shells wc observe in our lab are nearly spherical, have radii of the
order of millimeters, anda fluid layer with thickness 4 of the. order of tens to hundreds of
microns. “I’ he shells are filled with and surrounded by air, and are positioned and manipulated by
an external acoustic ficld as described below.

Description of the measurements and techniques

Figure 1 shows three successive images of an acoustically levitated shell in air. The
acoustic field pressure amplitude P, and frequency f, arc about160 dB (re 20 1Pa) and 20 k11z,
respectively. The shell is formed from a solution containing pure. water ant] a few drops of
Kodak Photoflo™, a compound surfactant|4]. When measured via pendant drop tensiometry
methods, the solution yields an equilibrium surface tension of 31dyn/cm, witha surface
relaxation time of the order of asecond [5]. The bulk viscosity and density remain virtualy
unchanged from the values for pure water.  An approximate] y 1 mm diameter droplet of solut ion
isinjected with air to form 3 to 8 mm diameter shells. Capillary waves arise cm the shell as the
shell evaporates ant] gets thinner in a constant acoustic. pressure.

Spectral and amplit udc information are. obtained via laser scattering. Jor Fig. 2 and 3 an
expanded, collimated, 3 mW He-Ne beam of 2cm diameter is incident on the shell. A positive
lensis placed roughly one focallength from the shell in the forward scat tering direction along the
optical axis. A slop is placed at the. focal point behind the lens, blocking out the z.troth order
Fourier component. A 6mm diameter active. area photodiode placed immediately after the stop
gathers the light scattered into higher orders without discriminating between spatial frequency
components. For Fig. 4, almW He-Ne beam is focussed onto a 90 micron diameter spot on the
shell. The Doppler shift of the backscattered light from the surface of the shell is measured, and
the resultant normal velocity component is obtained. The velocity information is then converted
to a surface normal displacement amplitude. Spatiotemporal information is obtained from video
with stroboscopic illumination and varying magnification factors.

Resultsand analysis
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Higure 1 and Fig. 2 represent the events occurring in a typical shell lifetime. A typical
experiment begins with the insertion of a thick shell into the acoustic field, where it is trapped at
a pressure node of the acoustic standing wave. l‘or 2-3 mm diameter shells, stable levitation is
achieved at pressure levels below the. onset of detectable capillary wave action [6], as shown in
Fig. 1a. The shell appears to the naked eye (and to magnified video) as a nearly transparent,
smooth surface, with pooling of excess liquid at the bottom of the she]] ducto gravity. The
spatia FIT'inkig. 1 arepresents the non-oscillating background. The optical scattering spectrum
(Figure 2, the spectra upto 100" seconds) has a dominant peak at 20.2 kHz, indicating that the
shell interface is indeed moving periodically at the acoustic frequency atalow amplitude of
about 500" nm peak. The other dominant peak in the low- amplitude/short-time regime is the
fundamental shape mode frequency near 100 Hz.

As the she]] thins, an abrupt transition occurs, as shown in Fig. |b. Regular but
dislocated patterns of waves with a single dominant wavelength (about 116 pmat20kHlz)

* appear intermittentl y over the surface of the she]]. Discrete peaks at ky =k, = ().()54 pm-lappear
in the. wavenumber space, reflecting the observation that a single wavenumber is being excited.
However, two distinct peaks in the optical scatteri ng spectrum appear (Fig. 2, the shaded peaks in
t he spectrum at 120 seconds through 270 seconds). The frequency separa t ion bet ween t he peaks
varies with she]] thickness as much as a few hundred Hz. Nonlinear sum and difference pinks
sometimes also appcar.

Another abrupt transition from the dual-peaked behavior takes place as the shell thins
below about 20 microns thickness (or if the pressure is increased substantially). 1ull isotropic
coverage of the surface by aturbulent ‘sea’ of capillary waves is observed as shown in Fig. 1 c.
The spectrum of wavenumbers becomes broadband from (.03 <1kl<0.13 pm™. The waves are
so violent that, near the end of the shell’s lifetime, microdroplets are ejected from the shell. This
state. is accompanied by the apparent climination of gravity -induced pooling at the bottom, and
an increased sphericity of the shellasa whole. Theoptical scattering spectrum becomes

broadband in less than a second (Fig. 2, beginning at 2.80 seconds). Spectra taken during this
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phase show two characteristic features: 1) a power-law decay of the spectrum from 2ktiz 1o
20kNz; and 2) a persistence of a broad pcak initially seenat 335 seconds, and marked by the ‘X’
at 1 5kllz at 375 seconds. ‘I’his isaccompanicd by the apparent disappearance of the lower
(squeezing mode of the film) peak.
Discussion
A. Dualpeak spectra -- symmetric and anfisymmetric wave resonance
A free liquid surface, when vibrated periodically andnormalto its surface. plane, will
exhibit Faraday waves with half the driving frequency when the Excitation overcomes the
damping [2, 1 7]. Lincar theory would predict a critical amplitude a. of 2vk,/w,, where v is the
bulk viscosity and ko is the onset wavenumber;  Yor water, theory yields ag =900 nm, while a
measurement just above the onset of mcasurable capillary wave action gives 1300 nmat the
driving frequency, in fair agreement.
For 4 shell levitated in an acoustic standing wave in air there are two surfaces bounding
‘ the liquid, If h >> 4., then (above the threshold forcing amplitude) pure capillary waves on
both surfaces would be excited, with a frequency of m,/2 anda wavelength given by (1). Ash
- A the flow fields of each surface wave motion begin to interact, and energy must be divided
between two possible modes of the shell wall -- symmetric (squeezing) ant] asymmetric
(undulating) [7]. Assuming that the wavenumber remains constant (which measurements
confirm), the frequencies for the new modes ., (symmetric) and @. (antisymmetric) are No
longer degenerate, and split about @,/2. Above. the threshold for Faraday waves, it can be shown
that @, and @. are nearly symmetric about ,/2, and satisfy the resonance, condition = @, +
0). postulated by Danilovand Mironov for a thin membrane in an acoustic ficld [8]. The
capillary wave dispersion relation (1) now splitsinto:

¥

K Y okl
w? = - tanh(3), o? = A coth(1) (2),

where at least nitially the restoring force is still surface tension, and the waves are both capillary

waves.
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Figure 3 plots the normalized symmectric and antisymmetric wave mode frequencies as a
function of the size parameter. When resonance obtains, Ikl is constant and equal to k, = ().054
pm-l, and the separation of the two peaks is a function of thickness. Our measurements agree
with theory in the range 1 < kh 2 2, while the deviation at &/ = 0.51s probably due to the fact that
our dispersion relations (2) are not valid in this thin regime.

B. Broadband spect ra -- wave 1 urbulence

Figure 4 shows the results of spectra taken from 17 different shells for fully developed,
violent capillary waves covering the entire outer surface as in Tiglc. Surface normal
displacement power in nm’is plotied on a Jog scale in dB. The solidline is a best fit to al the
spectra in the decay regime. A power-]Jaw is thus deduced for the power spectrum S(w) o o
:3.5840.02, or very closely @185, py,c sealing exponent is insensitive to small variations in shell
size, driving frequency, acoustic pressure, and materia surface tension and surface viscosity.

The idea of wave interactions leading to weak and strong turbulence is not new |9]. What

“we believe is applicable to our situation is some form of resonant or near-resonant three-wave
mixing: kj -t k2 = k3,074 =m; being simultancously satisfied. Dispersion relations of the
form (1) and (2) support such kinematic conditions [11]. Within this category there exist many
theoretical predictions for power-law decay of wave spectra[9,1 0].

Turbulence requires that inertial nonlinearitics dominate lincar damping in the temporal
domain; wave turbulence further requires a broadband wavenumber spectrum, i.e. that nonlinear
interactions dominate increased damping at higher wavenumbers than the onset wavenumber in
the spatial domain. It is clear that the. mcasurements reported here satisfy both requirements. 1t
is much less certain how (or if) energy is distributed between the two available wave modes. To
address this question we consider the damping of such modes.

Pure capillary waves satisfying (1) have a damping (at constant frequency) 6 < VA2, The
symmetric 'squeeze' mode damping is &, e i3k4/v [ Vrijin 14]; the asymmetric ‘bend’ mode has a
damping é. o vk? [Joosten in 14]. ‘J bus, while the bend mode is clamped at essentially the same

rate as pure capillary waves, the squecze mode possesses a factor k2 greater damping, At a

§
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thickness of 2.() microns, the damping ratio 8,/ 8. is- 25 for the onset wavenumber &, = ().054
um-1,and for Sk, it is 625. Thus it is possible that we are observing only the bend mode in the
turbulent regime.
Wec can constructively compare our results to those obtained with pure capillary waves on
ap] ane surface in the standard 1 araday experiment. Gollub and Ramshankar report a frequenc y
decay exponent of 3.7 4 0.2 for a vertically forced 8 ecm square cell of n-butyl alcohol [ 12] driven
with frequencies cm the. order of 1 00 I 1z. Wright etal.| 12] report afrequency decay exponent of
2.9 for avertically forced 17 x 19 cm rectangular cell containing water and 1pm polystyrene
spheres. Since both authors use intensity fluctuations at a point to infer amplitude fluctuations in
their frequency measurements, the difference could be due to the inherent nonlinearity of the
scattered intensity. Wright et al. additionally report a directly measured wavenumber spectrum
with a power-law decay of k-4-0. Whether the difference between these. and our results is a fluid
effect, a boundary effect, dispersion-related or due to the method of measurement remains to be
" seen.
1) Viscoelasticity and 1 he dispersion relation
in experimentation with other fluids, it becomes apparent that the surface viscoelasticity
duc to the added surfactant may be instrumental in allowing the shellto remain extant during the
rather high-amplitude (typically1() - 1 ()() microns peak rms amplitude normal to the surface)
wave motion in the turbulent regime. The inhibition of thinning well-knc~wn in soap films allows
the study of our shells in 1g, where drainage in water and low-viscosity silicone oil lead to
breakup of the shell. This leads to the question of whether we night begin to sec mixing of the
capillary and elastic wave modes at these frequencies, which would cause a deviation of the
effective dispersion away from the capillary relations (1) or (2) 15]. We have. obtained sporadic
capillary waves onshells of pure silicone oil (Irinh 1990 in| 11, and present investigation), but
we have as yet no quantitative data on pure liquids. The agreement of data with theory exhibited

in Figure 3 indicates that elastic waves arc not primarily observed in the dual-peaked regime. To
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test for the presence of the elastic mode in the turbulent regime wouldrequire looking for a
deviation of the ratio of the frequency spectrum to the wavenumber spectrum, since that ratio IS
determined by the dispersionrelat icm. Wrightet a. report that ratio to be within 209% of dw /7 dk
from (1) for their experiments with pure water.

In summary we have reported here the unique observations of wave resonance and
turbulence in a contact-free continuous system. in contrast with hydrodynamic (vortex)
turbulence, experiments exhibiting wave turbulence. are very few [ 11,16]. To our knowledge,
wave turbulence. has never been observed or predicted for waves on athin film. 1t is interesting
that turbulence appears atall in such a relatively highly damped system. Many issues remain
unexplored: primary among these is the nature of the dispersion relation in the turbulent regime

[ 13], and in particular the effect of viscoelasticity introduced by surfactants.

“ The rescarch described in this paper was carried out a the Jet Propulsion Laboratory, California
Institute of Technology, under contract with the National Aeronautics and Space Administration.
Wc gratefully acknowledge the assistance of M. Barsoum in the acquisition of some of the
spectra, A, Biswas for the laser vibrometer measurements, and thank J. Gollub for comments on

an carly version of this paper.
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Figure Captions
Figure 1 Series of three images of a Smm diameter shell driven at 20.2 kilz and their
gpatial }I1"s for @) a thick shell with no capillary waves; b) the onset of capillary wave action;
and ¢) fully developed turbulent capillary waves. All three images share the same axes, andthe
units arc mm. All three FI¥T's share the same axes, and the units are pm-l. The scales for ky and
k, differ by afactor of 4/3 due to the use of video imaging,
Figure 2: 27 measured spectra from the light-scattering experiment cm a single shell as it
evolves from thick to thin and bursts. The log of the power spectrumof scattered light into
higher Fourier spatial orders was measured as a function of time ({Nyquist =100k 17.). The data
were segmented into 16 ms lengths, and atemporal FIT was performed. The horizontal axis in
the plotisthe frequency from () to 25 kllz. Thelogarithmic height axis is the spectral power.
The depth axisistime. The displayed spectra are cinch RMS averages of 20 power spectra. The
time between each displayed averaged spectrum is 20 seconds for the first 12, 10 seconds for the
"next lo, and 5 seconds for the last 6. The changing time scale is denoted by breaks in the axis.
Figure 3: The dispersion relation (2) for symmetric and antisymmetric waves versus the
product of the wavenumber and the thickness. ‘T'heoretical results for @, , ., and their sum are
plotted as continuous lines, the thick line is the sum wy + @.. The dotted line atw/ w, =1
indicates the. resonance condition @, = @44 @.. Experimental observations for w, (triangles),
o. (upside-clmvn triangles) and their sum (closed circles) are aso plotied for f, = 20.2 ktlz and &,
=0.054 um-1. The corresponding film thickness for fixed &, is shown on the upper x axis.
Figure 4: The scaling range of measured spectra. The power spectrum S(f) plotted is the
average of 30 instantaneous spectra for displacement measured by integrating the. velocity
inferred from the Doppler-shifted backscatiered light from a 90 micron beam spot of 1 1e-Ne light
incident cm the shell surface. The displacement amplitudes were calibrated in nanometers,then
the log of the power in nm?2 was converted to dB. The driving frequency is 22.189 k11z, and the

shell diameter is 3.5 mm. The solid line is the best-fit power-law, with an exponent of 3.583-

0-02.
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