
R. Glynn 11011 and I{ugene  11. Trinh

(Llct Propulsion l.(iborotoryj California lnslilulc of Technology, } ‘a.vmiena,  CA 91109)

Abstract

Millimeter-radius liquid shells arc acoustically levitated in an ultrasonic fic]d, CapillaIy

waves are observed on I}M shells. At low cne.rgies (minimal acoustic ampli~udc,  thick shell)  a

msonancc is observed betwe.cn the symnmric  and antisynmctric  thin film oscillation modes.  At

high energies (high acoustic pressure, thin she.]]) the shell bmomcs  fully covered with higll-

‘ amplitude waves. ‘J’enlpora] spcclra  of scattered light frcm Ihc shcl] in this regime exhibit a

power-law decay  indicative of turbulence. [I)ACS: 43.25.+ y,4’7.55.1>z,,47  .35.+ i,47.27.-i]
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In this I.etter  we. wish to report some mcasurememts we have xmde on the dynfimics  of

large liquid shells, The liquid shells wc observe in our lab arc nearly sphcricti],  have radii c)f the

cmicr of millimeters, tind a fluid layer with thickness h of the. order of tens to i~undrcds of

microns. “l’he shells  me filled with and surrounded by air, and are positioned and manipu]a[cd  by

tin external acoustic field as described below.

lkscriplion of the measurements and (dniques

Figure 1 shows three successive images of an acoustically lcvi[ated shell in air. ‘1’~lc

acoustic field pressure amplitude 1’{, and fre.qucncy ~{, arc about 160 dll (]c 20 p]%) and 20 k] Iz,,

rcspcxtivcly. “]’hc shell is formed frcm] a solution containing pure. wa~cr  ant] a few drops of

Kodak  J’}mtoflo’l’M,  a compound surfactant  [4]. When measured via pendant drop tensiometry

mcthocls, the solution yields an equilibrium surfidce  tension of 31 dyn/cnl,  v’ith a surface

relaxation time of the order of a sec.cmd [5]. 3’l]c bulk viscosity and density remain virtually

unchanged from the values for pure water. An approximate] y 1 mm cliamctcr droplet of solut ion

is i]ljcctccl  with air to form 3 tc) 8 mm dianmtcr  shells. Capillary v’avcs arise cm the shell as the

shell evaporates ant] ~cts thinner in a constant  acoustic. pressure.

Spectral  and amplit udc information are. obtained via laser scattering.  J /or ];ig. 2 ~lld ~, all

expanded, collimated, 3 II)W lle-Ne  beam of 2cm diameter is incident on the shell. A pc)sitive

lens is placed  roughly one focal  length from the shell in the forwa?d  scat tering direction along the

optical axis. A slop is placec]  at the. focal point behind the lens, blocking out the z.troth order

limricr component. A (imm diameter active. area photodiodc  p]ticcd immcdi~tely  after the stop

gathers the light scat~clcd into higher orders wilhcmt discriminating bctwcm  spatial frcqucmcy

components. IJor l~ig. 4, a 1 INW } Ic-Nc  beam is focusscd  onto a 90 micron diameter spot on the

shell. ‘J’hc I)opp]er shift of the backscat(cred  light from the. surfme of the shell is measured, and

the resultant normal velocity component is obtained. “1’hc velocity information is then converled

to a surfidcc normal displacement amp]itudc,  Spatiolcmpora]  information is obtaincc]  from video

~t’itl~ stroboscopic illumination and varying magnification f~ctors.

Results and  analysis
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}~jgwt  1 and Fig. 2 represent the events occurring in a typical shell lifetime. A typical

expcrimcnl begins wi[h lhe insertion of a thick shell into I}JC acoustic  fie]d, where it is trapped al

a pressure node  of the acoustic standing wave. lkm 2-3 mm diame.tcr shells, stable lcvitatic)n is

achieved at pressure lC.VCIS below the. onset  of detectable capillary wave action [6], as shown in

I~ig. 1a. “J’hc shell appetirs to the nakcct eye (and to magnified video) as a nearly transparent,

smooth surfi~ce,  with pcmling  of excess liquid  at the bottom  of the she]] duc to gravity. ‘J’he

spatial }T’J’ in l~ig. 1 a rcprcscnts the non-oscillating background. “J’he C)ptica]  scat[e.ring sJxctrmn

(J;igure 2, the spectra up to 100” seconds) has a dominant JJcak at 20.2 k] 17., indicating th:it the

shc]l interface is indeed moving pcriodicxlly at the acoustic frequency at a low timp]itudc  of

about  500” 11111 ]wik. ‘J’hc other dominant  peak in the low’- aI~~]~lit~l(]c/sl~ol”l-tilllc.  regime is the

fundamental shape mode frequency near 100 Ilz.

As the she]] thins, an i3bIWJ)t transition occurs, as shown in ];ig, lb. Regular  but

dislocated patterns of waves with a single dominant wavelength (about 116 pm at 20 klIz,)

“ appear intmnittcnt]  y over the smfacc of the she]]. IIiscretc peaks a[ kx = kz, L ().()54 lln~- I appear

in the. wavenumber space, reflecting the, c~bservation  that a single  wavmumbcr  is being excited,

} ]OwCVC1, tWO distinct pcaks  in thC OptiCa]  SCat[el;  llg spcctrL1lll  aJJJJcar  (J~ig.  2, the ShaC]Cd pcaks  in

t hc sJJcctrunl at 12(I seconds through 270 sec.cmds).  ‘J’he frequency separd t ion bet weem t hc peaks

varies with she]] thickness as much as a fcw hundred  ]Jz, Nonlinear sum and difference pinks

sometimes also apJ)car.

Another abrllJJt transition from the dua]-J)eaked  bchavim takes J)]ace  as the shell thins

bclmv about 20 microns thickness (or if the pressure is increased substantially). I (u]] isotropic

coverage of the. surp~ce  by a turbulent ‘sea’ of caJ]illary waves is observed as shown in Fig. 1 c.

‘J’hc sJmctrunl of wavcnumbers becomes broac]banc]  from ().()3 < Ikl < ().1 ~ pm- ]. “I”he Wraves are

m violcmt  that, near the end of the shell’s lifetime, nlicrodrop]e.ts  are ejected from the s}lell.  ~’his

state. is accompanied by the apparent climinaticm  of gravity -inducecl  pcmling  at the bc~t[om, and

an increased sJlhcricity  of the shcl] as a w}101c.

broadband in less than a second (Fig. 2, beginning

“1’hc oJ~tical  scattering sJ~ectrunl  becomes

at 2.80 seconds). Spectra taken  during this

4
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phase show two characteristic features: 1 ) a pcnvcr-law decay of the sptxmwm  from 2k}17,  10

X)kllz.; and 2) a persistence of a broad peak initially seen at 335 seccmds, find markecl by the ‘x’

a( 1 Skllz  at 375 Scmn(ts. ‘l’his is acxompanic.c]  by the apparent clisappcarance  c)f the lower

(squcming mode of the film) peak.

l)iscussion

A. lhIal peak spectra -- symmetric and antisymmdric wave resonance

A free liquid surface, when vibrated periodically and ncn’mal to its surface. plane, will

exhibit ~:araday  waves with ha!{ the driving frequency when the Excitation ovem)ms the

damping [2, 1 7]. 1 .incar thecmy wou]cl predict a critical amplitude (1C of 2vk0/@J, where v is the

bulk viscosity and /c. is the Cmse.t  wavcnumbcx”; };or wfilcr, thmry  yields ac = 900 nm, while a

mcasurcmcnt  just nbovc  the onset of mcasumb]c capillary wave action gives 13(K) nm at the

driving frequency, in fair agtecmcnt.

lkm a shell levitated in m acoustic standing  wave in tiir there are two SW-PNXS bounding

‘ the liquid, If h >> AC, then (above the thresho]d  forcing amplitude) pure capillary waves c)n

both surfaces wou](i be excited, with a frequency of 0(,/2 and a wavelength given by (1). As h

--~ & the flow fields of each surface wave motion begin to interact, and cmrgy  must bc divided

between IWCJ possible modes of the shell wall -- symmelric  (squcez,ing)  ant] asymmetric

(undulating) [7]. Assuming that the wavcnumbcr  remains constant (which measurements

confirm), the frequencies for the new modes to+ (symme(ric) and co. (a~)tis)~t~~~~)ettic)  are no

longer dcgmerate,  and split about 0.)a/2.  Above. the threshold for Faradtiy  waves, it mn be shown

that (0+ and (0. tile nearly symmclric  about mc,/2, and satisfy the resonance, condition O.){, = fo+ +

o). postulated by Danilov and Mironov fcm a thin membrtinc  in an acoustic field [8]. “1’hc

chpillary  wave dispersion relation (1 ) now splits into:
‘yP yld(1); = --- tan}+)), (0? = -

P
cot h(y)

P
(2),

where at least

waves.

nitial]y  the restoring form is still surfi~cc  tension, :ind the wttvcs arc both capillary
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I;jgLlre  3~~lots t}]c~lor1~lttlize.cl  symmcu-icanct  alltjs~~~~~]l]ctric  v’ave~l~ode freqtlerlcies  asa

function of the size parameter. When rcsonancc  obtains, Ikl is constant and equal to k. = ().054

pm-l, and Ihc separation of the two peaks is a function of thickness. our measurements agree

with theory inthcrangc  1 Sk}z22,  w’l]ilc  tl)e. dc\’iation  at kh=O.5  is J)r-ol>[lbly  cltletc)ttlc  fact that

our disJJcrsion relations (2) m-e not valid in this thin regime.

B. Broadband sped ra -- wave 1 urblllcnce

l;jgure 4 shows the rcsu]ts  of spectra taken from 17 cliffe.rent shells for fully developed,

violent capillary waves covering  the entire  outer surface as in l:igl c.

displacement J)ower in nm2 is p]otlcd on a Jog scale in d)]. ‘1’he solid line is a

Surfidcts  normal

best fit to all the

spectra in the decay regime. A power-]aw is Ihus deduced fc)r the power spectrum S(co) LX o)

-5’.5M 0.02, or ~~]y C]ose]y (,) -1$/-$. “1’he.  sctiling exponent is insensitive to small variations in shell

si~,c, drivjng  frequency, acoustic pressure, and material surfiice tension and surF~cc  viscosity.

‘1’he idea of wave, interactions leading to weak and strong turbulence js not new 19]. What

‘ we bc]icvc is applicable to our situation is some form of resonant c)r near-resonant three-wave

m i x i n g :  AI -t AZ == k~,  (J)] + (~ = fo? king simultancous]y  satisfied. IJispcrsion rclaticms 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 ()].

‘J’urbulence requires that inertial non]inearitics dominate linear  damping in the ttmporal

domain; wfJvc  w-bulctm  further requires a broadband wavenulnbcr sJ3cctrum,  i.e. that nonlinear

interactions dominate increased damping at higher wavcnumbcrs than the onset wavcnumber in

the spatial clomain. It is clear thal the. mc.asurcmcnts  rqmrtcd  here satisfy both requirements. 11

is much less certain how (c)r if) energy is distributed bctwmn the two available ~’avc moclcs. “l’c)

tddrcss  this question wc consider the danlping  of suc}~ moclcs.

Pure capillary waves satisfying (1) have.  a damping (at constant frequmcy)  6C = w@. “1’he

symmetric ‘squeem’ mode damping is 3+ ~ h~L4/v [\~xij in 14]; the asymmetric ‘bend’ mode has a

damping 6- oc vkz [.loostcn in 14]. ‘J’bus, while, the bc.nd mode. is clamped at esscntial]y  the same

rate as pure capillary waves, the sqt]cc.z,e mode possesses a fiic{or k2 greater damping, At a

6
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thickness d’ 2.() microns, the damping ratic)  &+ / & is - 25 fcm I}]C c)nsct  WaVC1lUlllbC1”  k. = ().054

pm-],  and for Sk. it is 625. ‘1’hus it is possible thnt we arc c)bscrving c)n]y lhe bcncl  mc)ctc in the

turbulent rc~imc.

Wc can constructively compare our results to those obtained with pure capillary waves on

a p] anc snrF~cc in the standard I ‘araclay experiment. Gclllub  ancl Ramshankar report a fre.quem y

clccay exponent of 3.7 i 0.2 fc)r a vertically fcw.c.cl  8 cm square, cell of n- butyl alcohol [ 12] driven

with frcque.ncics  cm the. order of 1 (N I lY.. Wright  et al. I 12] rc])cwl  a frequency clccay  expcment  c)f

2.9 fc~r a vcr(ically fcmccl 17 x 19 cm rcxtangt]lar  cell containing water and 1pm ~Jc)lystyrcne

sl~hcres. Since bc)lh aut}lcws  usc inlensity  fluctuations at a point tc) infer anlplittdc  fluctuations in

their frequency measurements, the difference could bc due to the inherent nonlinearity of the

scfittcred intensity. Wright ct al. additicmally  rcpc)r[  a directly mcasurcct  wavcmumber  spectrum

with a pc)wcr-]aw decay of k “.6. Whether the difference between these. aTld our results is a fluid

effect, a boundary effect, clispcrsion-rcltitcd  CM CILIC to the. nmhod  of mctisurcme.nt  remains to be
.

seen.

1) \7iscodasticity and 1 he dispersion rcIlat ion

in cxpcrimcntation with other fluids, it bccmmcs aJq~arcnt  that the smfi~ce  viscc~elasticity

duc to the added surfi~ctant  may bc instrumental in allowing the she]] to remain cxlant  cluring the

rather high-tinlplitudc  (tyJ~ically  1 () - 1 ()() microns J~cak IINS amplitude normal tc) the surp~ce.)

wave motion in the tmbulcnt regime. ‘l’he inhibiticm c)f thinning well-knc~wn in scmp films allcws

lhc study of our shells in 1 g, where. drtiinagc  in waler and ]ow-viscosity  silicc)nc c)il lead to

breakup of the shell. This leads 10 the questicm of whether we

capillary and elastic wave modes at these frequencies, which

effective clislwrsion away from the caJ)illary relations (1) or (2)

night begin tc) sec mixing of the

woulcl cause,  a clcviaticm  of the

15J. We have. obtained sporadic

capillary waves on shells of pure si]iccmc  oil (’J’rinh 1990 in [ 11, and present investigation), but

we. h:ivc as yet no quantitative data C)I1 pure liquids. “1’he  agreement c)f data with theory exhibited

in l:igure  3 indicates that elastic waves arc nol Jwimarily observed in the cJutil-J~cakeci  regime. ‘Jo
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ES( fox the presence of the elastic mocle in the turbulent regime would  require  looking for a

dcvialion  of the ratio of the frequency spectrum 10 the wavmumber  spcctrmn, since that ratio is

de.termincct  by the clispcrsion relat icm. Wri@t ct al. rcporl that ralio to bc within 20% of [lCI.) j (/k

from (1) for their expcrinxmts  with pure water.

In summary we have reported  here the unique  observations of wave rcscmancc. and

turbulence in a contact-free continuous system. in contrast with hydrodynamic (vortex)

turbulc.nce,  experiments exhibiting wave turbulence. are very few [ 11,16]. To c)ur knowledge,

wave turbulence. has never  been obscrvcxt  o] prc.dictc,d  for waves on a thin film. 1[ is interesting

Ihat lmbulcncc  appears at all in such a relatively highly dampc.d  systcm. h4any issues remain

uncxplcucd:  primary among  these is the nature. of the dispersion rclaticm in the, turblllent  regime

[ 13], and in particular the effect of viscoclasticity  introduccc] by surfactants.

“ ‘1’hc lcscarch dcscribccl  in this paper was carried out at the. .lct }’mpulsicm  l-tiboratory,  ~alifcmlia

lnstitutc  of “J’echnc)]ogy,  under  contract with the National Aeronautics and Space Adlllil~istr:itiOII.

W C gratefully acknowledge the. assistance of h4. Barscmm  in the accluisition  of some of the

spc.clra,  A. lliswas  for the. laser ViblC)lllCtel  measurements, and thank J. ~]o]]ub fCH’ cxmmlcnts on

an early version of this paper.
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l~iga w Captions

];igarc 1: Series of three images of a 5mm diameter shell driven at 20.2 kI17 and their

spatial ~~i~l”s for a) a thick she.tl  with m capillary waves; b) the. onset of capillary wave action;

and c) fully developed turbu]ent  capillary waves. All lhrcc images sham the same axes, ancl IIIC

units arc mm. All three l:l:l”s share the same axes, and the units am pm-l. ‘1’hc scales for kx :ind

kz, cliffcr  by a factor of 4/3 due to the usc of video imaging,

IJigarc 2: 27 measured spectra from the light-scattering experiment cm a single shell as it

CVC)IVCS  from thick to thin and bursts. ‘I”hc log of the power spcc(rum  c)f scattered light in~o

higher Iiouricr spatial orders was measured as a function of time (fNyqLliS, =- 1 (N k~ 17.). ‘1’hc clata

we.rc segmented into 16 ms ltmglhs,  ancl a tcmpoml  1:1:1’  was pcrformcct. ‘J’hc horizontal  axis in

the plot is lhc frequency from () to 25 k] 17. ‘J’he logarithmic height axis is the spectral power.

“J’hc depth axis is time. ‘1’he clisplaycd spectra are cinch RMS averages of 20 power spccm.  ‘Jlle

time between each displayed averagccl spectrum is 20 seconds for the first 12, 10 seconds for the
.
next lo, and 5 seconds for the last 6. ‘J’he changing time scale is clcnotccl  by breaks in the axis.

};igjure  3: “1’hc dispcrsicm  relation (2) for symmetric and antisymmetric  waves versus the

product of the wavenambcr  and the thickness. ‘J’hmretical  rcsu]ts for co+., 0)., and their sum are

plot(e.d as C.ontinuo[ls  lines,  the, thick line. is the sum 0+ + (0-. ‘J’hc dotted line at 0)/ wc, = 1

indicates the. resonance ccmclition (Da = [L)+ -1 0-. l{xpcrimcnlal  obscrvaticms  for co+ (triang]cs),

m (upside-clmvn triangles) and their sum (closed circles) arc also plottec] forja = 20.2 kl17. and LO

= 0.054 pm-l.  “J’hc corresponding film thickness for fixed kc, is shown on the upper x axis.

};igurc 4: ‘J’he scaling range of mcasurccl  spectra. ‘J’hc power spectrum S(f) plotted is the

average of 30 instantaneous spce.tra for displace.mcmt  measured by integrating the. vc.locity

inferred from the Doppler-shiftec] backscat[crccl  light from a 90 micron beam spot of 1 lc-Ne light

incident cm the shell surfi~ce.  “J’hc dis})laccment  amplitudes were calibrated in nanomcte.rs,  Ihcn

the log of the power in nn12 was converted to d]]. ‘J’he drjving  frequency is 22.189 kllz,  and the

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

().()2.
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