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ABSTRACT

An acoustic positioning system is described that is adaptable to a range of
processing chambers and furnace systems. Operation at temperatures
exceeding 1000°C is demonstrated in experiments involving the levitation of
liquid and solid glass materials up to several ounces in weight. The system
consists of a singie source of sound taat is beamed at a reflecting surface
placed a distance away. Stable levitation is achieved at a succession of dis-
crete epergy minima contained throughout the volume beiween the reflector

and the sound source. Several specimens can be handled at one time. Metal
discs up to 3 inches in diameter can be levitated, solid spheres of dense mate-
rial up te 0.75 inches diameter, and liquids can be freely suspended in l.g in
the form of near-spherical droplets up to 0.25 inch diameter, or flattened liquid
discs up to 0.6 inches diameter. Larger specimens may be handled by increasing
the size of the sound source or by reducing the sound frequency. Shaping of the
freely suspended liquid drops is accomplished by adjustirg the sound pressure.
The system appe..rs free of significant instabilities - constraining forces on

the specimen are measured to be about 15% of the force needed to overcome
gravity. Electrical power for terrestrial position control is about 100 to 150
watts. Chamber dimensions may be of the order of several inches to several
feet. Capillary injection methods are described for introducing liquid materials

‘intc the position control system, forming critical size droplets without signifi-

cant material loss. Solid specimens are injected by acoustic lift-off of the
specimen from a fine wire mesh screen placed close to the desired levitation
point (energy well); the wire mesh screen is substantially transparent to the
sound. Powder specimens are injected by acoustic lift-off of the powder from
a wire screen - the sound field agglomerates ‘ne powder into a powder ball
that positions itself within the nearest energy weil.” Experimental results are
presented for the supercooling of organic materials and for water. Benzo-
phenone is shown to be supercooled by 10% of the melting point temperature.
Estimates are presented on the increase in nucleation rate caused by the
sound field. Drop tower equipment and a high/low temperature acoustic .
levitator is fully readied for drop tests. The drop tower equipment is com-
plete and is described in this report.
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ACOUSTIC FIELD POSITIONING FOR
CONTAINERLESS PROCESSING

FINAL REPORT

NASA Contract No. NAS8-30471

SUMMARY REPORT

The non-contact positioning of materials in a space processing chamber
is accumplished using a new type of acoustic levitator. Liquid and solid mate-
rials are positioned using a single source of sound. Fine control of position
may be obtained by motion of an acoustical reflector. Electrical power required
is usually less than 100 watts. The system operates satisfactorily at h,_a and
low temperatures and is adaptable as an "add-on" feature to existing space
experiments. Containerless melting and solidification can be performed and
a freely suspended liquid can be shaped to the contour of the sound field. Experi-
ments are described in which aluminum, glass and plastic materials are melted
and solidified in the containerless state. The system has applications to
containerless crystal growth, melting and related processes. Considerable
advances in the utility of the system would result using thermal imaging
techniques for heating the specimens. Also, for the research rocket consicd-
erable advantages would obtain using the transparent furnace; i.e., a quartz
furnace embodying a gold plated heat reflecting surface.

TECHNICAL REPORT

1. Introduction

Manufacturing processes undertaken in an orbital space station may be
seriously effected by drift of the material being processed. Control of the
position of the material is generally desirable. The objective of this paper
is to describe a new type of acoustic position control system that can be
adapted to existing space processing chambers with minimum modifications
to the chambers. The acoustic system to be described departs from existing
systems in that only one sound source is used. The single sound source is
used to excite tha chamber volume into normal modes of vibration. Whenever
there is a region in the experiment chamber at which the acoustic potential
energy is a minimum, the specimen will be urged towards this region and
remain freely suspended, if the acoustic forces are strong enough. Liquid and
snlid materials can be freely suspended by this method, up to several ounces in
weight under l-g. The shapes nf the levitated materials can be spherical or ‘
disc-shaped. The spherical bodies are limited in size to about one half wave-
length of sound (1.7 cm diameter for a 10kHgz levitator). Flat blanks of material
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can be considerably larger than the half wavelength criterion and still
remain stably levitated. Specimens can, under certain conditions, be spun
on an axis for degassing purposes, without touching the specimen. The
shape of a liquid specimen can also be made to conform to the shape of the
localized acoustic field. The system has been operated in a range of con-
figurations of experiment chambers including rectangular ard cylindrical
experiments units.

Experiments have been conducted, and will be described later, in
which the effect of the levitator sound field on a supercooled liquid has been
determined. The indications are that the sound erergy coupled into the speci- .
men must exceed the cavitation threshold in the liquid. The cavitation thres-
hold is several orders of magnitude larger than the sound levels that can
r-.\sonably be expected to be coupled into the specimens. The indications
are that the levitator sound field will not disturb the material processes.
This point is given greater credence when the levitator is operated under
thic low-g conditions pertinent to space processing. The acoustic field
strengths can be reduced greatly and thereby further reduce the effects of
these fields upon the material being processed. ‘

Several position control systems for space manufacturing have already
received study and development by other invesligators. The triaxial system
developed at the Jet Propulsion Laboratory utilizes three low frequency sound
sources and relies upon the opposing action of the acoustic radiation pressure
in three crossed sound beams for positioning the object. The electromagnetic
position control system, a version of which has been developed at the General
Electric Laboratories, utilizes three field coils. The electromagnetic system
has the unique advantage of operating in a vacuum but is limited in use to
electrically conducting materials. -

Later sections of this report show the acoustic system readied for
drop tower testing.



PRINCIPLE OF OPFRATION

A simplified version of the levitator is shown in Figure 1. The
sound source consists of a plane circular piston that radiates a beam of
sound toward a parallel reflecting surface placed a distance n A/4 away,
where A is the sound wavelength in the levitator atmosphere and n is any
integer. A standing wave is established between the sound source and
reflector as hown by the pressure profile Figure 2. A body introduced
into the soun. field will move towards planes of minimum potential energy,
corresponding to the planes of minimum sound pressure drawn in Figure 2.

The levitated material is constrained in the sideways direc*ion by
the near field pressure of the sound source. Three typical near field
pressure profiles are drawn in Figure 2 for successive planes normal to
the axis of the levitator. These pressure profiles are obtained by the
methods described in Reference 1 and are for a piston radiator 4 sound
wavelengths in diameter corresponding to a sound source 7.5 cm diameter
resonated in air at 20kHz. The positions of stable levitation correspond
to the regions where the pressure is minimized in the combined standing
wave field and the near field. These regions are indicated by the small
circles in Figure 2, The near field pressure distribution is circularly
symmetric about the levitator axis so that stable levitation is obtained
anywhere in a series of successive circular zones spreading outward from
the levitator axis, each levitation zone being parallel, and closely neigh-
boring the minimum pressure planes.
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For the lavita'nr o operate satisfackovily, the makesial heing
lavitaied should nok bHo so large as ko oserlap sweies:ieo oo aiailna.
Tae diametesr of a spherae, fotr eaxamplr, should nol asoead oar Al of a srand

e

warelangth in the gas atmasphere, ol wnswise peassuozs will kel By canzel. o
The limiting sphere size fox stabla lavitaiion in a 1 W'z air-£illed }
lavitabkyr at voom Geaperatare is 1.7 ca Jdiamotex. #lak Hlaaks of mateivial |
~an »a lavikated lazyer thaa the sphece. A specimen blank will come o ’
aquilimrim with Ehe plane of the blanik parcallel ko, Hbul lisplamwel a saall 5

distanz: from a minimun pressurce plane. The bHlank Ehizkness {(mea el in

a directinn normal to the Hlan=23 of minimum piassuce) shoald aobt exceel ae
hal€ war2langilr limit allndad o earlies. flowavaeir, tbha Taterxal dimansiones
maz oxeeed a half wazoelangla axd at: limited by the radial  lisicrvzes bHebwoeon
the pressure txoughs in the near field. Wor eganplz, a dise approximatoly

5.5 om diameter could he lavitatwed al the miaimu pressuve plane aa', Figuie .
2. This distanze of 5.5 om covresponds ko the Jdistance betwoen the ou’er ;
pressure troughs in the nea: field, ak this plane. The estinats OF ma i .

blank diametesr are modified by the reflaction of sound From the Slank iks. 1E.
The sound reflacizion From izhe hlank will enhante tha standi wy wase botwean
tne blank and the sound souvee but Lend o saeas thn near fielid.: The 3ide-
ways restorving foruze:s arma reducad so tha: lavitakion of tin-blik may e
less stabla. ’

An acnousikia standiag wave is shown in Figuse 3, measaced alony 2hoe
axis of an experimental mneleation tube. The nuel2ation bubo was 7.5 oa
in diametexr and 3D om in length, driven ak osue end by a 7.4 om dianchoc '
piston radiator oscillating akt 20kiz.

The fa: end of the metal kube was closed by a =lose fitking cirealar
reflector Liak could be moved precisaly alang he tube a La. Taen DO s
of Figuee 3 shows the incmease in soundd pressize and the cocwespondiag
increas2 in the yradienk of khe sound peessurs as the gas colamn L5 Bied by
adjusting the posiktion of the reflechor. Matimun sound pressure ampliktude
is obtained when the sepazakinn distance bahwaen the source and tanr rell-chor ,
is n A /4. The compblately uantuned condilion, separation el to n L /2, ’
(the lowey carve of Wiguwe 3V, resulks in a weduckion in The zound poosace
and hence ia the lavikation forve. The cedueal gisadicoais of sourd pire
in Ehe untuned coadition would cesult in a Yoagaec Lime Lo 2wsboce the Lawi-
tated body. Plastic spheras inserted into the thnel arl excibed hibe reached

3 3il0e

theiv eqailibrian positinas clase to the pliites of miaiamm presswse.  The
small open ciceles in the upper cuvve of Figure 3 show the obseived Llevitation
poinks. '

The magnitude of the souwd radiakion Focze oa a ssnill sphein: ira
plane standing wave i3 givean in Refacence 2 by the equation:

Fo=TIRE (kR) |V N ) 1.

where : :
R radius of sphere
k in f A Eor w gasz ahmosphes
("- density of the gas

e
-
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vy = acousktic particle velocity

ip ' < . (N : .
¥ lh (L = 5/ for solid or liquid bhudies suspended in a yas

l =

- w , s )

" ¢ ;

The minimun potential energy exists at kne velocity aatinodal planas

as described ia Referance 2 ab which planes the sound prassurze is a minimua.

A s01id sphere 0.4 em o vading would expeszionee a vasdiakion foice of
appeoximately 1300 dvnes when placed at a velociky anizinordn in a 20kilz plann
standiig wavre, in which the radiated sound inkensiiby of Lan sonmee wass Le/an®
( 150 db sound proassure level) and the staidiyg warze gaia was threefold. At
this acoustic Field streagtn, the 0.4 cm radins sphere could weijgh apopeoxi-
mately 1.8 grans and remain lavitated on eavtth. Thisz corcesponds to a density :
of about 7 for ihe sphewve. Siice higher sound intensilies ac: available, .E
the dense elemeaiis evidently can ba lavitated ' wrestially, if desired. i

Sound absorpkisn in khe levikakor jas nmeduces the distanes abk which
a bhody can be levitated. For example, the pressuze tooavghis in the standing
wave shown in Figuwe 3 are coasidecably less pronounced as one moves awy
Exrom tae sound source.

he absorption of a low inteasity plane ammoniz sound wave is yiven
in References 2 and 3 by the ecuation:

il DE
I = I, & 2

where

I is the souad iatensity
2 is the distance measured in a direckion notmal ko the wavelvonk
A_ 1s the akttenuakion constaat

The atkenuation constant is given by Lhe eguation:

e 1'5 L. . \ 3.
p:L - Q- ‘ ) T "I ) J l
i
whenre -‘

() is the xegular Exeqpency !
is the shear viscosity coefficiont ol the gas

\\“r is the compressinnal viscosity conflicient

' is the densily of the modiun

L is the velocily of sound

C,l_ specific heals

Cl‘
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It is seen khat Ehe atbenuatinn coeflicieni waztins as B sgpeam of
thn wave freguoncy. Thus, apercatisn of the lavikabkiy: a% thn lowaes ulkoasionic
frequencies resulks i1 a gireater distance at which the objoct caa bo lovitaked.
Also, the absorpiinn given by eguatinon 2 holds only {or distances close to
the source as mentinned in Referunce 2, »n 30. ALt quoeater distances than ona
wavelength from the source the absorption is considerably yrceater than that
given by equation 2. The increase in absorption a%t the fuudanaakal fredguency
depends upon ihe waze anpliktude and mayz be an oclew of aajgnikade lacger than
that owvedicted by equakion 2. The curves shown in Figicn: 3 can bo usedl as
a guide ko indicate the ahsovpkion lnsses in a 20kis lavikator aad bhe
absouvptinon in lower frequoency systems can be scaled from Ehese curves.

ACOUSTIC CAVITY ENERGY WELL LEVL'LATIR

The lavitator described i1 khe pracading seckinn represents a 1undbed
version of the more geheral eneryr will l2vitai e i1 which resonances ac:
develiped throwjhont: the entire three dimensions of the experiment chanbnr.
In this sense, the axperimeni: chambew is viownd as an anymstic casiky thai
can he excited i a range of high and low oavrder wdes - the nocmal modes of
vibration. Tyvical acoustic cavities ame represented by experimental
furnace tubes or the intecine volume of a muZfle fusnam:, all of which
volwnes are adaptable directly to cnexyy well lavikation throayh vocaal moale
excitation.

The nomnal modas of vibrakion of a veckanjular cnclosuce asy given
by the following equakions obtained Erom Refexenves 4 and 5:

/ \ ¢ ! - s
l; £ s (2.11" R ct. v ‘.1_ \{'3 8 O y
- » 3 LA R L. i b .
Ay ""1'\ 2. > 'L'i ;’ 'l-.

whale

= zound proessuLa
= gound velocilhy in the yas
sound wavalengih

‘}_,l.")"d
]
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A rectasgulas: Ld\"""” is show“ in Pigmne: 4 anciked ia noeaal woade

My53+ The dimeasions of the cavziky awn :.,__ = 8 cus, ! (= 8 g wikh

ne =2, n,= 2 aw n, = 8, I'ov an azous tical signal a’ Erecpuenzsy 205z,
injected i'ﬁl‘o the f:ha:nl)n‘r.', the diskance -L, iz calzulaked Lo be 7 cag
obtained from cquation 5., 'These dimensions may be tyvical of a snall spacs

processing chamber.

K

Tae normal wode corresponding b any particular sob of valies of
Nigr “y and n, can be produced by starting a plane sound wave ia ke dirvection
given by the direction cosines U7 fed 48 Ao 60 S0 wliene 0 100 Hﬁﬂp;-
and la2tiing the ware veflaci unkil ic bo-"nmu; a 1t.a'1r.h,-1q wWasre Thirs, tan "
sound genecaton use:d to produce lavitation in a cavity “h“"almﬂnl chianbe:s
should be ingerted at an angle givein by the Jdirechiion cosiies. T tais is
not effeckted, the resultant wave in the cxperiment chambor will not bo
peiriodic and will not correspond to a nomwal mode (See Rafeience 4, 3.390).

The sound pres-ure isobavs foe Lhwr cavity shown in Piguer 4, are
platted i1 Figuee 5 €fov the X-Y plans ak 2 = 0. Nobte Ethai whoxe ane four
pressure minima and coaseyuently four lavitation points in the X-¥Y plane
at 2 = 0.

The isobass shown in Fiqure 5 arz repca'ad parindi~ally as oae woves
along the 2 axis. Since thaere are 8 half wavelangbhs in the 72 Jd%ceckion
(a, = d), there are consequently 32 distinct levikation vegion:; in Ehe easiiy.
However, the depth of each enewnyy Lirough will e governesd by Lhe absoacpkion
of soundd. The ehnrgy Lroughs heair o the souad source will be stoonger thaa i
those a distance awayrs.

Various examplns of acousktic cavity levitatoes ame given in Ehe noih
section.

APPARATUS

The sound source used Ehroughout: kas investijakions is show in the
photograph Figure 6. The source consists of a aylindar of magnesiin-alaainwa
alloy about: 7.5 cm in diamater and of length egqual =o a one half sound
wavalength in the allony. The vibrator is swwporied by a flanye ak the
midsection ~ a displacement. node - and excikation of khe vibraber is provided
by inducing eddy curcenks in a mekal Enbe tuzned iategrally wikth the base of
the vibrator. A full descripiion of an early vexsion of this vibrator is
given in Refereace 1.

A mu%fle furnace shown in Pigure 7 is adaplaod Zor use with Ehe sound
source., This is ancoaplished by removiag a fivebrick from khe andesside
A tha famace and placiyg the front end of tha sound souree o Ehak ik LS
centered in the firebrick hole, poinking vertically upwasrls. A Lixed
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rn.flm‘.t:ul:,.cori:s"i.stlng of a flat sla' of stainlazs skeel is supoocten W'i.f‘.:l.i.."l
the furnaze at a distaace equal ko 4 half wavelongbhs of sound Seoam the
vihrator sursfaze and parallal o ik. To rolice im'._nti.nq nE W vinveatos 3
. by the furmace hea', a saries of nasallal, 200 mesh, stainlass stenl sirve
mesh soreens asa placed immediakasly above Lha vibrator i1 a »lane xarvall=al
: to the vibrakor surfane. The wire mash sereens inkeoduce veity small ‘
absoxption of the sound wave, but effechively conluct away the hea® thas i
obthenwise might impaic the perforwaice of Lhe vibrator. A dekailnd des-
cription of acoustical trvansmission tarough wive mesh sciaons is given in
Refaience 6.

An axpeosimental fumane module, suikabla £5 ditop Lowert and fockot
experiments, is shown in Pigave 8, eqiuipnel with e acowstic levilaton,

fovr levikakting specimeas of chalzoyenide glass. The fwmaea opevabtes ain
AN0VC, alt which ktemperaiure solid specimens caa Ye levikated and melted.
Tie furnace aodulz consists of a Fused gquartz tube measuring 7.3 on

dianeter by 153 cms in laagkth, outside of which are plazed bLwo alckal-cheoainnm
[ heatiay elamenks. The Eop end of the gmartz Lube is c¢losed by a wefmactocy
cap through which an inert gas can be passad by meaax: of an inlek fabe,  An
adjustable metal veflactor is provideld iaside the quastz abe Eo!inereass
the levitatinn forues.

PERIORMANCE GVALUAT LON

The stabiliky of the acoustic eneryy well lavitabion process eaa bn
gaged from the three photographs shown i1 Figuwa 2. The appes phokoy.sdaph
shows Eie lavibakor (Crergency 20Kki4z) mountad inside a dxop Bowse cage il
poiaking vestizally upwards. A specimen caa be secih lavitated apoIoxgimately
halfway Yohwaon the uppei suzface of the vibraior and khe vaflecioc,  The
cunean photograph in Figure 9 shows the specimnn rmeaataing lavitaked whien
the entire assembly is rotatad through 99, The low2r photoyraph shows

. “he system pointing vesri:ically downwrn:ods. Tan systam is skable and iadepen-
dent of the direction of Ekha souud beam. We s conclude that the enestyy
wells ave closad. [n Ehe ceater photagraph of Figuce 9, the leavilkatad
specimen is shown palled by gvaviky to a position slightly below the posikion
ociginally ocunpiad in the upper photoyraph., The daflackion of Lin speTinen
provides the means to measure the "sideways" restocing Zocees i the lovi-
takor. 1In the instance ciked, the latera) resbtocing Sorues ate abouis 19% ofF
the lavitation forces in the directinn .of the main sound beain.

-

The phokograph:; shown in Figures 13 awd L1 deawaskrate levikakinn
0f liquid and solid materials. The loavitator frequensy was 20KkHz and the
elackrical power input: inte the vibeator was aporoximatoely 85 watis Ehvoughoul, ,
The lef: photoyraph in Figure 1) shows a lavitaked waker dioplat weasucing i
adproximakely 0.4 o in length. A considerabla idegfea of Flakboning is
obsenved. The flakikening resulks from Ehe sownl vadiation Tosoe.  The diplac
shape is governed by the suviace tonsion ol the water and chn shape an | oshoeuy™n
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of the acoustie easiyvy wiell in whidh it vesides. Ry delibecately shaping
the enecyy well, the liquid eoald, in principle, be fosmed o a lasired shade
withnut contanting sucfaces. Tae iyt phobtograph in Figure 1) shows a solid
alumimm sphere levitated, while the lowsae pantsraph in Piguve 11 shows a
lavikatad brass :lisc wmeasuring about 5 cm Jdiameber by 9.5 ma Lhick.  Tovi-
tation of ke disc is obtained without a sepavate raflacta:r since tDhe dise -
acts as its own reflécknc. ‘era, graviky is ncedad to retain the sperinea

in position. Tor space apolications, a separate raflaciar woulid be mxpuisad.’

"The upper Jhwbograph i1 Figure 11 shows five spheres simulkansouslr lovitated
in the standiny wave a3 indicated in Figure 3. A ot

-

Position coakiol i1 the levitabor ts effcctad by =zimply moviwy alkhox
the vaflacitor or the souad geunerabssz, The specimesn will follow the motiom
of the surface that is moved.

Acoustic ".ift-off" of a specimen from e~wire mesh scizen is shown
in Figuwre 12. The specimen will LLE: €oom Cthe position ¢f b spoon inl bhe
lower phobngraph to the pozition of the specimen in the upper phota.

L

APPLICATIONG

Pree Saspension ilelting

Low Uamperature containerless melting is dewasirated i the sogannce
of pioiwjraphs ian Figure 13. A picoelastic material, meiking woint 8022,
is iatroduced in khe levitator and is shown i1 he Lo 1aft-hand phobtojlari.
Paiiial wmeltiag ol the matacial, obtaiied by meawys of apavis lamp, is
shown in the bop right-nand Dhotoyraph. It is observed Lhat Lhe matavial
has taken an approximabely sphevical fooa. 1As the viscosiby of tna makeiia:
reduces with increasing tempevature, the spheve flaiktaas (lowes: Init-haad
photograph) and €inally the material is compressal By the sound vibicaiion
forres to a flatitened disc-like shape. The sphovical foima could be wetained
by reduciang the iaknnsity of the soumd Field. In low geavity, oot etaple,
the 'sound Fficlds could he reduced ‘in propociion Lo hw reduciion i fhe
gravity field. Consequently, liktle distociion ol a sphexritsal body siwald
rasult from the assustin lavikation. A penalty, houaver, is the iraveasing
time to vestoce the body to equilibrium, whea “he sound Iields ave xaduced.

High temperatue: containerless welting of abmiv and glass is showa
in Figures 14 and 15, respectively, underxtaikan ia the wmaTile funrase lavikator
desceibed ia the provious szection. The top phntogoaph in Figuce 14 shows an
irvegular, sol!ld, al-minun dall, intcoduced inko the fumase. Tan
sound vibrvatnr 13 dirvacied wpwareds Bhicoagn the botion of the (areace as dos-
crived pravinusly. The £lak plakte, siktuated widway Hebweea Shn Hotios awvl
top of the furnace, is kthe raflector. Furnase tompesiture, measucad a4
distanze of 7 &3 o the wead of the specimen, wias WXL AT aa alaped
time 0f 47 sevonds a photogcaph was kakoen, shown af Bhe Dobioa o0 Sigase 1.
At tlis point, the alumirum had welted and was approcimately sphorical in Eorm. -



Figuea 13 shows two pPhatogra; us of coatainerions gliss mellinga » Bach
Shoboyraph was taken 37 geconds apaci,  In tha Eop, plobogieash a 5lass s,
1 ma in dianstey, was insovbtod inko the Fwrmce aned LowiBated.
sikuated towa:ls the top right-hanl side of the plaiare.  Tan boiion
photograph show: Lhe glass dise melked o foca a phess of wolzea glass
that remained stably levitaked., The furnace tompecabitze was 8009 ror Lhisg
seilence of pholbnyraphs, EBlackeical powszr Lnto She lavikabine wis 200 walls.
Small random aokions of khe lavitated sphere werr obsovvarl.  Those maadom
motiony waice mostly caiused by drafts enteriag the opun fronis dovw 97 kha
[uriane,

They dline i

Liquid Lrjeut:ion

Injection of lirmids inko the levzikabne may preesonbt a problom if Lho
ligiad is not injested into an enerxyy well and if too mash 1iguild is insocil
at: any one tine. Tmproper lirgquid injeckison rasulks in breait-up of Ehe licuidl
diroplel and coazeguent fouling of Lo apmvimaai chan™iz, A methorl of Liepie
injeacltion consists of dekaching the JQiroplok fvom Che ond of a eapillaxy tabn,
The weijght of Lhe lascgest dv)yp Ehak cai hang Trom Lhe and of a knbha 97 caeling
a, is my = Lvay o 4. whorn V is Eha sneiacs beasd v anl 0 i Ehe aogle
o€ coatact with the tube. By chieosiig a bihe of diaartes ealaalvenl Goaa
tiils equakion the siza of Lhe drop can be obtainl, thal: Lha lavieatas will
accept without lirmid beaat=up. This is demoastieated by the btuo photogeaphs
shown in Figure 16. The top phobograph shows a wabne dooplel growing at
Lhe end of a capillavy Lubn Ehat is inzeinbed inko tha lositakosr, Az the dmop
giows, LE will kEend Lo mooe in the sound finld, Mm% ooinadr abibesine] iy Ll
capillary tube. The capillarcy tube is new wogod amizi L an ey, well i
Eoind wheve the Aroplai weasmhes e libeiam - ol shows oo Soadeae s te tlakn,
Aftor a fow soconds the drvoplak will debach whan LB ceachiag oo ihean aill
remain lavitated. Tae rdetethiad dimplai s shown in e hotiom pic ' o
in Figure 15. Undar low gravibty a slighe gas overproesaaon i B capillasy
tuve should suffice to eject the liguid froa khe eapillaicy Labe.

Livgui 1 Shaping

Lovitaked lisjguids may be shanad by inereasing oo deceoonsiiag tho
sound pressum: o, alkeramkively, by shaplag the asonstins eneoyy well ia
which £ha lavitation takes place. A seqguence of phokographs of a lovitate
wvazer drop i3 shown in Figuze 17. The photogzaphs wee s easn taken at a
di.Ffavent sound pressure lavel. Ik can be scon Bhak Bha dewop peogisiisely
Elattens as tha sound pressure is inceeasad.

EFFECT O TIE LEVETATOR SOUND PAELDS
ON “FL2 PROCESHENG O MATERIALS

A secies of experimenks wo s conduckad o indicaly tiwe efieck, if any,
of the lavitator sound Field on the makasial meing processed. From e
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viewpoink of classical amouskics, the mismakech in acoustical impelane:
betwaen the levitator yas in which the sound Field propagates aad kie material :

lavitated, is considerable, and the eneryy Lreaasfec shionld be exlranaly simall,
For examl_:le, the arcoustical Lnpadance of ailr is 42 g5 units and thad of waker
1.5 x 107 ¢y uniks. Tae impadance mismatch is ahoulz 3500 Lo 1 gesulbing ia
an anexryy transfer vaiio equal to the =uare of this vatin, ox about 1,2 x W7
s 1. Howaves, obier disturbances could avise in a lavitaad material s as
surface ox volume tesonances that may inexeass tha enavyy Lransfes fxom itho
sound field.

To check the sensikiv: y of a waierial procias bo Bhe lavitasw sound
field, the following experiments were conducted. A droplat of betisuphe wne
(MoP. 470C), measuving 4 mm diamcker, was lovitabsd and allowaed o supeccool
in the lavitaktor while freely suspended. IE was observed thakt Lhe diziplat
supercoolad by 15% of the melting point temperabnre wikhoul any indicakinn
of crystallization. Ducing khe cooling proces:s tae WP was views] contiane
ously under a microscope usiig a polarized light source to indicate any
tendency of the liguid to solidify. :

o

In the second experiment, it was decided £ irvadiate a supaicoonlad
ligmid by coupling sound inko the liguid by dirveclk Lwwosion of an ultra-
sonic transducer. The anoustic enerxyy transfer is high, in this cohdi:zion,
such that 5) to 60% of the sound aneryy genecrated ia the teansdecec is
propagated into the liquidl. The experimental apparvakns is showa in Ehae
top photograph nf Figure 18. ‘Tae metal cylindrical sktub of the acoustic
transducer cAan he seon immecsed in the liguid (bensopaenonn) ia Lhe Zowee
yroud of the photoagraph. At the botkan right side a small acoastic v
can be scen which is usad to detect the sound Ciald.  This probe is connactod
to a qarvow wand _lackeical filter that can be swibtchod iak» e clrcuit and
used to suppress the direct azoustic signal raeeived froa the Lransducoc,

The liquid was supercooled, as shown by thne botbtom cucve of the supercooling
curves plothed ii Figuve 19. Al a temperatuze of 30,07C th~ transducoc was
exciked ak the incveasing voltagaes labellnd on Ehe cusva. AL a Sreansdusen
quive voltage of 220 volks, acouskic cavitation was risually 2bsesved i
khe liquid benzophenone, whaersupon Ehe liquid crystallized at a high rate,
shown bv a ~hary increas? i1 temperatire of the liguid - the lowex cucve in
Figure 19 - and shown by the erystallizabkion evident in the photogiaphs in
Figure 18, Just prior ko the ineeption of crystallization, the wosustic
peobe indizabnd a anise signabare shown by tie oscilloscope traces in the
photographs. fThe noise signatnre was chasactervistic ol sonis cavzitaiion
(3ee References 1, 7 to 1l). Priowv to tha incaption of caviktation Faa
acsustic iakensity in the liquid was substantial, andBrn the acoustiz ,
probe readiny, was calculaked o exened 0.1 wakh/ome, At I 0,1 wabll/m®
acoustic vadiation lavel, no effach on the erystallization provess coul:d

be obzewved as shown La Figuze 13.  Me avidence appeavs bty indicate Lhat
the sound fields musk rceach the cavikaktion lavel for these [ields to efiock
crystallization of the matasial. A exeeption womll be Sa a apesific L=
stance in which a dalibevate attampt was mad o0 couple Ehe gas-botn sound

REPRODUCIBILITY
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" - contributed substantially to the experiments and the design of the hardware.

f.’
;
!
1

<nergy to the material, for purposes of acoustic mixing of the material,
homogenization or other acoustic processing factors. Ir this event, the
sound {requency could be adjusted to resonate the material and increase
the energy coupling. These factors consadered fnrther in the Appemhx.

DROP TOWER ArPARATUS

Two configurations of equipment have been set-up, ready for drop tower
testing. The first system is designed exclusively for use at room tempera-
ture. The system is that shown variously in figures 9 and 12. T%e second
system fabricated is for use at high temperatures - tempe{aturs to 1000 °c.

This high temperature system is shown in Figure 21. In this figure we show

the basic furnace module (also suitable in its present form for the reseavch
rocket) that is mounted in the standird drop tower framework chown in figures
9 and 12, for the drop tower tests. Alternately, we have designed the higher
temperature diJp tower system to use a quartz tube furnace, electrical resis-
tance heated as shown in figure 8. About 15 minutes preheating time is
required to preheat the drop tower furnmaces. The samples are positioned
by means of wire mesh screens and lift-off of the specimen is obtained using
the acoustic positioning applied just prior to the start of the drop. Sequencing
oi the camera is carried out using the standard drop tower cage equipment. )
We have fabricated a separate drop tower cage - one for the room tempera-
ture levels and one for the lngh temperature tests. In this way drop tower
.cperating time is conserved.

oy Popmoee

A prtaes g b
" .

oo

CONCLUSIONS

The acoustic energy well levitator is capable of levitating and positioning
liquids, and solid dense materials of sizes useful in space processing experi-
ments. The method can be scaled to a full scale space manufacturing process.
The virtue of simplicity is retained in the Jevitator, wkile operating in high
temperature environments exceeding 1000 C. A gas atmosphere is necessary -
to conduct the sound, but the gas pressure can be reduced at the cost of reducing P
the levitation forces. Containerless shaping of materials can be accomplished, o
though precise shaping would require careful design of the experiment chamber
to form the energy wells to the proper shape. Precise positioning can be obtained i
by moving a ~eflecting surface or by moving the sound source. By this means, - - -~
a specimen can be translated from a hot region to a cold region. The energy :
well levitator is adaptable to a range of space experiments. Strip materiale; o
flat blanks and discs are particularly easily haudled. '

e Ay 214
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APUUHDIX

Mechanisms Of aemustic Cavitation And Bffeck
On _Crystallization

— .

e s me—--

We have concludad carlier that cavitaiiion loavels of sound evidenkly
are necessary to iaduca nuaelzakion and crystallizabion of a saneiniuolad
licuid, We digcess at this point bo esalnaka how these cavitation-relatad
effects can accar and what their significance may be.

Cavitation processes stach whan a bhubbla ox otheir tmelzait enbess a
soomd Field. A bubbla travped i1 a somd Tield will begin “o gow - a
process known as rectified aiffusion. If the lncalized sound ilatensity is
low, the bubble will coatinue to oscillaia. The ubble may yrow LH cesonaik
size ot cualasce with other Lubblas and becwwmr visinle bo Ehe nakad eye.
Gaseous cavitation such as this gives rise to a line specicuin of acouustic
noise that may be measured with a hroad hand ashrustic probe, as nentinned
earlier. Presswre and variicla selocities in the gaseous cavitation skate
do not much exceed EKiwse in the incident sounwd field. As such, gasaedus
cazitation generally is found to play ~»nly a minov vol2 in changing the
properties of licuids. This fact is brouynt ont ia a mulkiplicity of
refecences of which Referencis 7 to 11 hare been selachaed. Uigh sound
intensities, usually of the oxler of 0.3 ca® or greater yive xise to
vaporous caviaiions. Vaporous cavitatina arvises as follows: Bubbles of
a size such that their resonant freguency is higher than the iacidenkt sond
frequency behave nonlinearly as shown in Refereace 7. Thaese hubblas giow
a% about the vectified diffusion growth rabs, bui: at a ccitical size, the
buhblza collapses with axticens violence generating localized shock waves thak
farther nucleate the liquid that suvcounds the ociginal void. Tempoeratures
in the collapsing void may be extreme, and may oaxcend 101 joyrees Xelvin.
Tae acoustic noise shows a ooatinuoas speciinun and this spesitcuwn caa be
used as a "lahel" for the existence of vaporous cavitation in a liquid.
Vaporous cavitahion is the principle mechaiism whereby sound caa induce
fundamental changes in a liquid such as, for example, increasing Ehwe
nuclzakion rakes of a liquid.

The evidence from the photoygraphs ia Fijure 18, showing tihie effect
of divect sound irradiation of supercool2d benzophennne, is recoasidered in
the lijht of these considerations. The top laft-hand photograph shows the
condition with no sound wadiakion - “he oscilloscope trace shows no vectizal
deflection indicatiag thak no sound is being received at Lhe acoustic puie.

The bHokton l2ft-hand photograpgh shows a small veriical Swacs prdiaced
by 0.1 w/cm® sound radiation at 20kNz of the liruid. This trace is found ©o
be a noise signal consistiag of a line spectrum and corvesponds to Ehe gaseous
cavitakion, as a'luded ko ecarzlier. Vaporous caviktatina is incopted very
suddenly ak a slightly higher sound lavel as secn viswally in the &np wight-
hand photograph taken 100 milliseconds lakec. Tae vapoious caritation is
identified by the skveamers emanating Zeom ihe bothom faze of the braasduees and
moving in a curved path to the right of the picbare. Tae osci.Llnscume Erace
shows the charagteristic jump in the acoustic noise lavel due to the ad-lition
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of the contianous nnise - further 11:mtifying the exiskenca of vapovous
cavitation. Almost instantly with the staxt of vaporous vavritainion, we have
the starci of nucleation ani crystallizakion in the li-pid as shown ia e
bottom rijht photograph. A faw saconds aSker this pizhuce was baken khae
whola conta'nec of super=iolad benzophanone had solidified. Wote thaik bhe
oscilloscope trace has disappeared even though the sound ramains on.  This
is becaunse the crysktals of benzophenone absordh the souni and praeveat the
sound from reaching the acoustic probe.

thall the vapycoas caviktakion
canse arystallization aad

As discussed eavliag, it is very improbabla
that thesa lavels nf sound eneryy can be coupled Zrom the levitatoe to a
fally suspended liguid.

The evidence fron this eiperimenk is
threshold mist be exkceeded for the sound ko
nuclzation of the macerial,
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