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Aero-acoustic levitation: A method for containerless liquid-phase 
processing at high temperatures 

J. K. Richard Weber,a) D. Scott Hampton, Dennis FL Merkley, Charles A. Rey, 
Mark M. Zatarski, and Paul C. Nordinea) 
Intersonics, Inc., 3453 Commercial Avenue, Northbrook, Illinois 60062 

(Received 30 June 1993; accepted for publication 1 November 1993) 

A method for containerless ‘liquid-phase processing was developed which has practical 
application in process and property research on virtually any material which is involatile at the 
melting point. It combines aerodynamic and acoustic forces to support and position the levitated 
material. The design provides forced convection control of the thermal boundary in the gas 
surrounding beam-heated specimens, which stabilizes the acoustic forces and allows acoustic 
positioning necessary to stabilize the aerodynamic levitation forces on molten materials. Beam 
heating and melting at very high temperatures was achieved. Experiments were conducted on 
specimens with diameters in the range 0.25-0.4 cm, of density up to 9 g/cm3, at temperatures 
up to 2700 K, and in oxygen, air, or argon atmospheres. Unique liquid-phase processing results 
included deep undercooling of aluminum oxide, glass formation at exceptionally small cooling 
rates, complete melting and undercooling of YBa,Cu30, superconductor materials, direct 
formation of the YBa&&O, from the liquid phase, and the vaporization of volatile constituents 
from a low-liquefaction point glass to form a refractory, high melting material..The application 
of rapid containerless batch processing operations to materials synthesis is discussed. 

I. INTRODUCTION 

Containerless experimental methods”’ provide access 
to unique environments in the study and processing of mol- 
ten materials at high temperatures. They achieve freedom 
from contamination due to reaction with containers and 
allow bulk purification by vaporization or gasification pro- 
cesses. Undercooling of the liquid is facilitated, typically to 
about 80% of the melting temperature, so that properties 
and processes can be investigated under conditions far 
from equilibrium. Good mechanical and optical access can 
be obtained with freely levitated specimens, and novel ex- 
periments to measure material properties and develop new 
processing operations become possible. In combination, 
these qualities of containerless experiments create a whole 
new way of investigating and processing materials at high 
temperatures. 

In practice, containerless experiments are constrained 
by the properties of the material of interest. Electromag- 
netic levitation and heating3-l2 has been used with metallic 
substances to melt,4 purify,5 undercool liquids,” make 
glasses’ and single crystals,’ and measure properties such 
as surface tension,’ mixing” and fusion” enthalpies, liquid 
heat capacity,“F’2 and optical properties of clean liquid 
metal surfaces.’ However, a versatile method for contain- 
erless experiments on molten dielectric materials has not 
been available. 

Dielectric materials have been levitated by methods 
which employ acoustic,t3-‘* electrostatic,‘g-23 or aerody- 
namic forces’4-29 to support and position specimen mate- 
rials, which were heated and melted in either a furnace or 
by beam-heating methods. Acoustic levitation is possible 

“Present address: Containerless Research, Inc., 910 University Place, 
Evanston, IL 60201-3149. 

on solids but the acoustic intensities required to levitate 
higher density materials result in large surface oscillations 
leading to fragmentation of liquid drops. This problem did 
not develop in the low gravity environment of space where 
smaller acoustic intensities were used for levitation posi- 
tioning of glass forming melts in a furnace at temperatures 
up to 1500 0c.30 Gas jet levitation provides large forces 
capable of levitating beam-heated solids, but becomes un- 
stable when the levitated material melts. Aerodynamic lev- 
itation of 2-5 mm diameter specimens in conical nozzles 
has been used with liquid aluminum and uranium which 
were electromagnetically heated,24 and with laser beam- 
heated oxide materials.28 Gas-film levitation” has been de- 
veloped for application to larger masses of material that 
are heated, melted, and supported out of contact with a 
shaped porous container through which gas flows. Electro- 
static levitation has been applied to position small particles 
of dielectric materials and study their transient’ behavior 
upon rapid heating with a laser beam,U122 which resulted in 
levitation instabilities. More recently, stable, long-term 
electrostatic levitation and arc-lamp beam heating and 
melting of zirconium in a high vacuum system was 
reported.23 

This paper describes a new, hybrid method for con- 
tainerless experiments, called aero-acoustic levitation 
(AAL), which can be used to levitate, heat, and melt any 
involatile material. The AAL method uses aerodynamic 
and acoustic forces in combination to make each work 
better that it would alone. A gas jet flow is used to produce 
aerodynamic forces to support the levitated specimens. 
When the specimens are beam heated, the gas flow results 
in a stable and thin thermal boundary layer and eliminates 
natural convection instabilities that would interfere with 
control of the acoustic forces. The specimen position, ro- 
tation, and shape are controlled by these acoustic forces so 
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FIG. 1. Schematic of the aero-acoustic levitator. A, levitated specimen; B, 
gas flow tube and heater; C, translation stage; 0, flow control system; E, 
acoustic transducers (three axis); F, diode laser specimen illuminator (3 
axis); G, specimen position detector (3 axis); H, video camera; J, vacuum 
chuck; K, laser beam heating. 

that the aerodynamic forces and levitation remain stable 
when the specimen melts. 

The AAL device is described and its uses illustrated by 
experiments conducted on dielectric materials of sample 
diameters in the range 0.25-0.4 cm and density up to 9 
g/cm3 that were cw CO2 laser beam heated and melted at 
temperatures up to 2700 K and processed in oxygen, air, or 
argon atmospheres. The method provided excellent optical 
and mechanical access to the levitated specimens. 

II. EXPERIMENTAL 

A. Method 

A schematic illustration of the aero-acoustic levitator 
is presented in Fig. 1. The device combined a three-axis, 
opposed-transducer, nonresonant acoustic positioner with 
an aerodynamic levitator comprised of a hot vertical gas 
jet. The acoustic positioner created an array of nodes in 
which specimens may be located and the gas jet levitator 
provided the lift force to support a specimen in the vicinity 
of one of the nodes. Position detection and control devices 
were used to stabilize levitation of the specimens. A cw 
CO2 laser beam was split and focused onto opposite sides 
of the levitated specimen for heating and melting experi- 
ments. Video cameras with automatic irises were used to 
observe and record specimen motions in the horizontal 
plane and an automatic optical pyrometer measured and 
recorded the specimen temperature. A vacuum chuck 
mounted on a linear translator was used for specimen in- 
sertion and retrieval. 

The acoustic positioner had three pairs of acoustic 
transducers on orthogonal axes perpendicular to the faces 
of a cube with a diagonal parallel to the vertical gas jet. 
The acoustic transducers created an array of higher- and 
lower-pressure regions, or nodes, capable of levitating solid 
and low-density liquid specimens. The gas jet levitator pro- 

vided lift forces sufficient to support a dense specimen in 
the vicinity of one acoustic node. Specimen position was 
sensed by diode laser shadowing onto three position detec- 
tors on axes perpendicular to the three acoustic axes. The 
position detector signals were used to control the acoustic 
node positions to help keep the specimen’ position constant. 
Tangential forces on the specimen could be produced 
acoustically and were controlled to reduce specimen rota- 
tion prior to melting. The acoustic forces also reduced 
shape oscillations in levitated liquid drops. These capabil- 
ities allowed laser beam heating and melting of freely sus- 
pended materials and stable, long-term levitation of the 
molten drops. Levitation of laser beam-heated liquid drops 
was not stable with the acoustic or gas jet levitator oper- 
ated alone. 

The acoustic field was nonresonant, i.e., it was created 
by the direct output of the transducers and did not employ 
a tuned cavity in which a standing wave is created as in 
resonant acoustic levitators.‘“16 The acoustic node posi- 
tions were insensitive to the location of small objects within 
the field such as the vacuum chuck used for specimen in- 
sertion and retrieval. 

The acoustic transducers were tuned to resonate at 
- 22 kHz, which is nominally above the audible frequency 
range. They were made from solid aluminum alloy, driven. 
at the same frequency by piezoelectric transducers, shaped 
to match impedance with air at a thin, flared peripheral 
section, and cooled by forced convection. Back reflections 
of incoming sound waves were reduced by sound absorbing 
material placed in the central 4.4-cm-diam sections of the 
7.+m-diam transducer surfaces. Node locations were con- 
trolled by adjusting the phase difference between opposed 
transducers on each acoustic axis and specimen rotation 
was controlled with the phase differences between sets of 
transducers on different axes. 

Levitation occurred in a gas flow (jet) formed by a 
0.229 *0.003 cm inside diameter by 20-cm-long mullite 
tube mounted vertically onto a three-axis translation stage. 
The tube was wrapped with a Nichrome wire heating ele- 
ment and thermal insulation to heat the levitation gas flow 
to temperatures up to”400 “C. 

The nominal position at which specimens were levi- 
tated was 2.5 cm above the gas flow tube in the horizontal 
plane of the laser beams used for heating and melting. 
Alignment in this plane was achieved by translating the gas 
jet apparatus and adjusting the gas flow rate which was 
manually controlled during the experiments. 

Maximum levitation stability occurred when the 
acoustic forces were controlled to locate the specimen at 
the same position that the gas jet would support it in the 
absence of acoustic positioning. The smallest position and 
velocity fluctuations in specimen pos$ipn were then ob- 
served. The feedback control system for acoustic position- 
ing was designed to achieve this position’ by adjusting the 
phase difference between opposed transducers in response 
to velocity of the specimen along each of the acoustic axes. 
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FIG. 2. Schematic of the position detector system A, levitated specimen; 
B, diode laser specimen illuminator (3 axis); C, specimen position detec- 
tor (3 axis); D, apertures; E, lens; F, spectral filter. 

B. Specimen position detection and control 

Preliminary experiments were conducted by using po- 
sition sensitive detectors onto which the specimens were 
imaged using emitted or reflected light. This method 
worked well for materials which emitted or reflected light 
uniformly but materials which illuminated the detectors 
unevenly due to surface property variations could not be 
precisely positioned. Background radiation and the large 
dynamic range required with this method were further 
problems and position detection with reflected light did not 
work well at lower temperatures for glass materials or on 
oscillating liquid drops. 

The method of laser shadow imaging was developed to 
obtain position detection independent of the levitated ob- 
ject’s surface properties. The design is illustrated in Fig. 2. 
Modulated laser beams were used with spectral, spatial, 
and electronic filtering to discriminate against light emitted 
by the levitated specimen. The diode lasers operated at a 
wavelength of 780 nm and the beams were apodized to 
produce - 1 mW power and nearly uniform intensity over 
a 1 cm square region that surrounded the specimen. Spec- 
tral filtering was accomplished with a 700 nm infrared 
cut-on filter and the - 1060 nm limit for the silicon detec- 
tars. A lens imaged the specimen onto the position sensi- 
tive detectors through an aperture (spatial filter) which 
passed the laser light collected by the lens while rejecting 
most of the incandescent radiation. 

The spatial titer discriminated against laser light scat- 
tered by refractive index variations in the vicinity of hot 
specimens. Increased noise in the positioning signals and 
decreased specimen stability was observed when fhe spatial 
filter was removed. 

Negative feedback control of the acoustic node posi- 
tions was applied in response to the time derivative of spec- 
imen position. This placed the average acoustic node posi- 
tion on the jet axis where radial velocity fluctuations were 
symmetrical. 

The feedback control system was sensitive to the 
higher velocities produced by small, higher-frequency po- 
sition fluctuations and insensitive to the lower velocity ax- 
ial position changes induced by heating and melting. This 
limited the rate at which the acoustic node position 
changed in the axial direction in response to changes in the 
aerodynamic levitation force as the specimens were heated 
and melted. Manual control of the gas flows were sufficient 
to maintain the specimen at a fixed axial position. 

C. Gas flow control 

The gas flow rate was proportional to and measured by 
the pressure upstream of a metering orifice operated in 

,C(I p I 
-Ff=+ D 

FIG. 3. Schematic of laser beam-heating system. A, levitated specimen; B, 
cw CO1 laser beam; C, laser beam shutter; D, ZnSe lens of 50 cm focal 
length; E, Z&e lens of -20 cm focal length; F, laser beam splitter; G, 
mirrors; H, &mballed mirrors; 1, beam stops. 

critical flow. This pressure was controlled manually by a 
needle valve between the metering orifice and an air, oxy- 
gen, argqn, or helium supply at -4 bar pressure. 

At a constant gas flow rate, the aerodynamic lift force 
decreased with the specimen temperature and increased 
with the shape changes that occurred when a specimen was 
first melted. These changes in the levitation force produced 
slow changes in the levitation height which were compen- 
sated for by changing the gas flow rate. Resolidification of 
the melt produced a solid of the same shape. Changes in 
the gas flow rate were not necessary when the specimen 
was quickly melted again. 

D. Beam heating 

Preliminary experiments were conducted with three 
arc lamps and three reflectors for six-sided beam heating of 
the levitated specimens. This method was applied in com- 
bination with specimen position detection and control via 
light emitted or reflected from the specimens. Levitation 
and melting of materials was achieved with this approach. 
However, the maximum temperature was limited to 
- 2000 “C, the reflected light interfered with temperature 
measurements by optical pyrometry, and the heating ap- 
paratus interfered with optical and mechanical access to 
the specimens. Therefore, the method of cw CO2 laser 
heating described below was developed. 

Figure 3 illustrates the cw CO2 laser heating appara- 
tus. The heating laser beam was provided by a Photon 
Sources Model 300 laser located in the adjoining room. 
The incoming beam passed through a telescope with ZnSe 
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lenses and was then split into two beams that were steered 
onto opposite sides of the specimen. The incident beams 
were separated by an angle of - 170” in the horizontal 
plane. Beam stops were provided to collect the laser energy 
that passed the levitated specimen. Operator controls were 
provided to vary the incident laser power from - 80 to 270 
W, to continuously change the incident beam size with a 
motor-driven lens translator, and to operate a laser beam 
shutter. The intensity ratio for the two incident beams was 
-1.5. Some experiments used a retroreflector in place of 
one of the beam stops to increase the uniformity of heating. 
The retroreflector also increased the maximum tempera- 
ture that could be achieved. 

E. Instrumentation 

Video images of the specimen were acquired by two 
CCD cameras sighting orthogonal views of the levitated 
specimen in the horizontal plane, on axes that were at 
-45” to the heating laser beam axes. The video cameras 
had automatic irises, automatic electronic gain control 
(AGC), and gamma-response circuitry [for selection of 
linear or nonlinear, compressed response), which provided 
the high dynamic range needed for imaging over the large 
range of light intensity emitted by the specimens. A video 
recorder, multiplexer, and printer were provided to contin- 
uously record images of the specimen and to print selected 
images. 

An optical pyrometer was developed for recording 
temperatures at high rates. It used a silicon detector, op- 
erated at a wavelength of 650 nm, and measured the tem- 
perature of a 1-mm-diam spot on the levitated specimens. 
The lowest temperature range was - lCUO-1900 “C. Neu- 
tral density filters extended the measurement range to 
higher temperatures. The pyrometer was calibrated against 
a NIST-traceable disappearing filament pyrometer using a 
tungsten strip lamp. 

A laboratory computer was provided to acquire tem- 
perature data. It allowed temperature measurements at 
rates up to 1 kHz, for use in rapid cooling and heating 
experiments. The computer was interfaced to insert date, 
time, temperature, experimental identification, and other 
information on the video record which were updated at a 
frequency of 1 Hz. 

F. Procedures 

The materials processing experiments were conducted 
using air, oxygen, or argon as the levitation gas. The pro- 
cedures were as follows. 

The acoustic positioner was set to provide forces suf- 
ficient to acoustically levitate materials of density - 1 
g/cm3. An approximately spherical specimen was inserted 
into the gas jet with the vacuum chuck and levitated. The 
acoustic intensity was adjusted and the feedback parame- 
ters on the position sensing control system were set to 
provide sufficient restoring force and control to stabilize 
the levitated specimen. Fine adjustments to the gas flow 
were then made to center the specimen image at the correct 
location on the video display and position it at the correct 

position for laser heating. This procedure reproducibly lo- 
cated the specimen within about *0.05 of its radius from 
the design position, which was maintained during heating 
and melting by further changes in the gas flow rate. 

Specimen rotation was reduced by manually adjusting 
the phase differences between the three sets of opposed 
acoustic transducers. This was more easily accomplished 
for imperfect spheres than for spheres. If the specimens 
were spheres, it was necessary to first heat them carefully 
to obtain a small shape change due to partial melting and 
resolidification, so that rotation could be controlled. 

After rotation was sufficiently reduced, the specimens 
‘were rapidly melted by increasing the laser power or inten- 
sity. Liquefaction was easily accomplished with aluminum 
oxide which melts congruently. Experience was necessary 
to determine the correct laser intensity changes for incon- 
gruently melting materials like the ceramic superconductor 
which exhibited an - 250 “C melting range. 

Rotation about horizontal axes ceased when slowly ro- 
tating specimens were melted, and an internal circulation 
of fluid developed as a result of the levitation gas flow over 
the liquid surface. The fluid circulation, and rotation of the 
liquid drop about the vertical axis, could be suppressed or 
enhanced by adjusting the phase differences between the 
acoustic transducers. 

Superheating, undercooling, and other processing op- 
erations were conducted on the molten drops. Video 
records of the experiments were obtained, which included 
specimen position and motions, commentary, the date, 
time, and experimental identifier. Temperature measure- 
ments were also recorded on the video tape for most of the 
experiments. The acoustic positioning control parameters, 
laser power, flow rates, and levitation height above the ilow 
tube were also recorded. 

Separate experiments were conducted to investigate 
levitation and positioning phenomena. Levitation height 
was measured versus the levitation gas temperature, spec- 
imen temperature, gas flow rate, and for different materials 
and gases. Levitation gas flow rates were also measured 
versus the acoustic intensity for different specimen temper- 
atures. The acoustic forces were characterized by measur- 
ing the minimum acoustic intensity required to levitate 
different density materials, and by measuring the average 
acoustic intensity provided by single transducers with a 
calibrated Brtiel and Kjser Type 4138 condenser micro- 
phone. The temperature of the gas jet was measured with a 
thermocouple versus distance from the flow tube, to deter- 
mine rates of jet mixing with the ambient air. 

0. Materials and processing experiments 

Results in which five different materials were processed 
at high temperatures will be presented to illustrate the per- 
formance of the apparatus under a range of processing 
conditions. The materials processed at high temperatures 
and the experiments performed on them are described be- 
low. Melting points and densities of the materials, and 
specimen diameters are given in Table I. 

Ahminum oxide. Spherical aluminum oxide specimens 
of 0.3 18 cm diameter were levitated, laser beam heated and 
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TABLE I. Properties of processed materials. 

Specimen material 

Aluminum oxide 
Ceramic superconductor 
Calcia-gallia-silica 
“Black glass” 
Inconel 

Melting point Density Diameters 
(K) (g/cm’) (cm) 
2327 4.0 0.3, 0.4 

1270-1520 5.5 0.25, 0.3 
-1820 4.5 0.30-0.35 
-1200 2.6 0.3 
-1600 8.9 0.3 

melted, and the liquid was superheated to temperatures up 
to 2700 K. Rapid temperature versus time measurements 
were obtained when the liquid was cooled by blocking the 
laser beam. The increase in temperature (recalescence) 
which occurred upon spontaneous crystallization of the 
undercooled melt was recorded. The solid specimens 
formed from the liquid had the same shape as the liquid 
drops. 

I 

Ceramic superconductors. Approximately spherical 
samples of the YBa,Cu,O,-X superconductor material 
composition were first annealed at 1000 “C and then were 
rapidly heated and melted at temperatures up to 1800 “C. 
The melts were cooled by blocking the laser beam to ob- 
serve undercooling and recalescence. 

Calcia-gallia-silica glass. Oxide mixtures of composi- 
tion 41.2CaO * 52SGa,O, .6.3SiO,, mol % plus 0, 0.001, 
or 0.005 wt % platinum were heated, melted, and held at a 
temperature - 1900 “C for several minutes. The melts were 
cooled under containerless conditions by slowly decreasing 
the heating laser beam intensity. The recovered materials 
were visually examined for evidence of crystallization. 

‘Black glass. ” Glass samples of composition 69.7SiO,, 
15.2NaZ0, 3.4Ca0, 1.3B,O,, 3.2Ba0, 6.4MnO,, 0.8K,O, 
wt % was levitated, melted, and heated slowly to about 
2300 K, 1100 “C above the liquefaction temperature. Evap- 
oration of volatile components led to a large mass loss and 
decrease in the specimen size which required changes in 
the gas flow to maintain levitation. 

Inconel. Inconel was heated and partially melted using 
an argon gas jet to levitate the specimen. Mixing of ambi- 
ent air into the argon jet resulted in rapid oxidation of the 
specimen at the melting point and the experiment was ter- 
minated before melting was complete. 

III. RESULTS 

This section presents new results that were obtained to 
characterize levitator performance illustrate its use for 
liquid-phase processing. Detailed results of several liquid- 
phase processing investigations on aluminum oxide,31 
calcia-gallia glass formation,32 and YBa,Cu,O, 
materials33’34 are presented elsewhere. 

A. Levitation 

Acoustic positioning. Arrays of polystyrene specimens 
(typical density of 0.1 g/cm3) and water drops were levi- 
tated in the acoustic nodes produced by the three-axis lev- 
itator. The distance between levitated specimens was 
-0.79 cm, half the acoustic wavelength in air. The entire 
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array could be translated within the region intercepted by 
the sound fields of the 7-cm-diam transducers, by changing 
the phase differences between opposed transducer pairs. 
Rotation of acoustically levitated specimens was also ob- 
tained, by controlling the phase differences between sets of 
opposed transducers. This rotation was observed by mo- 
tion of the surface features on irregular solid objects. Cen- 
trifugal shape distortions occurred for rotating liquid 
drops. In separate experiments, vertical positioning was 
demonstrated over a distance of - 15 cm between a single 
pair of opposed transducers. Levitation was not possible 
within the near field ( -3 cm) of the transducer surfaces. 
Levitation and positioning along a horizontal line was also 
possible for low-density polystyrene specimens with two 
horizontally mounted transducers. 

Figure 4 presents calibration data for the acoustic po- 
sitioning system. It presents (i) the average acoustic inten- 
sity from single transducers measured in the center of the 
acoustic field, and (ii) the maximum density of materials 
that could be levitated as a function of the control param- 
eter on the acoustic driver which determined the intensity 
level. The levitation data were obtained on specimens of 
density from 1.0 g/cm3 (water) to 3.8 g/cm3 (96% dense 
aluminum oxide). Specimen diameters were -0.30 cm. 

Acoustically levitated water drops developed severe os- 
cillations leading to loss of material when the acoustic in- 
tensity was increased to the levels required to levitate high- 
density solids. This occurred at sound pressure levels 
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TABLE II. Aerodynamic levitation in air. 

Material 
and gas 

A1,03, mr 

A 120,, He 

Al, air 

Monel, air 

Specimen Gas Specimen 

Diam. Mass Flow rate Temp. Height Temp. 
(cm) (d (g/s) (K) (cm) (K) F 

0.318 0.0636 0.0600 520 1 300 2.87 
0.318 0.0636 0.0600 520 5 520 2.07 
0.318 0.0636 0.0581 520 1.1 520 1.94 
0.318 0.0636 0.0252 480 1.3 480 2.44 
0.318 0.0636 0.0269 480 2.4 480 2.79 
0.318 0.0447 0.0504 520 2.9 520 2.07 
0.318 0.0447 0.0483 520 0.4 520 1.90 
0.318 0.0447 0.0536 520 4 520 2.34 
0.318 0.141 0.0970 520 3.8 520 2.44 

sufficient to levitate -2.5 and -4.5 g/cm3 specimens for 
0.32- and 0.15-cm-diam drops* respectively. 

Acoustic levitation became unstable when solid or liq- 
uid specimens were laser beam heated. This instability was 
attributed to unstable natural convection in the air sur- 
rounding the specimen which caused variations in the 
sound speed and acoustic node positions. 

Aerodynamic levitation. Aerodynamic levitation of 
0.3 18-cm-diam solid aluminum and aluminum oxide spec- 
imens was readily achieved using gas flow rates determined 
by experience and a levitation gas temperature of - 250 “C. 
The distance between the specimen and gas flow tube in- 
creased as the specimen was heated by the hot gas. A 
monel sphere of 0.3 18 cm was levitated for - 5 s. Its initial 
i 1 cm axial position fluctuations increased as the speci- 
men was heated by the hot gas flow and levitation failed 
after 5 s. 

Table II presents conditions for aerodynamic levitation 
of several specimens in air and helium. The last column in 
the table gives the quotient of momentum flow rate in the 
jet and the specimen weight. This quantity was calculated 
from the equation 

ri2JuJ 
F=-=jp (1) 

where tiJ is the gas mass flow rate, uJ is the jet velocity at 
the flow tube exit, and Mg is the specimen weight. 

Aero-acoustic levitation. Aero-acoustic levitation re- 
sulted in high stability for levitated specimens in argon or 
in air. The required acoustic intensity (acoustic control 
parameter =325) was slightly greater than the minimum 
value for acoustic levitation of water drops at ambient tem- 
perature. Position fluctuations of *O.Ol cm occurred at a 
frequency -30 Hz in both radial and axial directions. 

< Slower axial position variations as large as half the speci- 
men diameter ( -0.15 cm) also occurred as a result of 
changing levitation forces that were controlled by operator 
adjustment of the gas flow rate. Axial position control to 
f 0.05 of the specimen radius was achieved for liquid spec- 
imens levitated at constant temperature. 

PLero-acoustic levitation in helium was not successful 
even though aerodynamic levitation of aluminum oxide 
specimens was readily achieved. Large and rapid fluciua- 

tions in the acoustic node position were produced when the 
specimen position detection and control system was turned 
on. 

Figure 5 plots levitation height versus the quotient F of 
momentum flow rate in the gas jet and specimen weight, 
for a 0.318-cm-diam aluminum sphere with gas jet temper- 
atures of 80 and 180 “C. Each curve shows transitional 
behavior between conditions where the levitation height 
displayed a strong and weak dependence on F. Similar 
results were obtained for a 0.3 18-cm-diam monel specimen 
using a gas temperature of 330 “C. 

Figure 6 illustrates the variation of jet temperature 
with height above the flow tube for flow conditions near 
the knee in the curves of Fig. 5. Transitional behavior is 
also observed in these functions, with nearly constant jet 
temperature at smaller heights, and decreasing tempera- 
ture at greater heights. The arrows mark the maximum 
height at which levitation was achieved in these gas jets. 

The transitions between different functional dependen- 
cies of the levitation flow rate or gas temperature on height 
were attributed to a change from laminar to turbulent jet 
flow. The onset of turbulent jet flow resulted in more rapid 
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FIG. 8. Momentum flow rate vs acoustic intensity control parameter for 

The arrows mark the maximum levitation height. 
aero-acoustic levitation of a 64 mg aluminum oxide specimen at the jet 
temperature (260 “C) and laser heated to 1550 ‘C 

mixing of the hot jet and cooler ambient gas to produce a 
more rapid temperature decrease and jet diameter increase 
with height and less efficient conversion of jet momentum 
into force on the levitated specimen. 

In air, the transition between laminar and turbulent jet 
flow occurred at a height: nozzle diameter ratio (h/d) 
which increased as the jet Reynolds number (Red) de- 
creased. The value of the product, Re, h/d, was -24 000 
near the knee in the curves of levitation height versus gas 
flow rate or gas temperature versus height. In helium, a 
smaller value, Red h/d = 10 500, was obtained at the tran- 
sition from laminar to turbulent jet flow found in the jet 
temperature versus height measurements. 

Figure 7 presents aero-acoustic levitation results for 
laser beam-heated solid and liquid aluminum oxide speci- 
mens. The data for the liquid were obtained on a smaller 
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specimen that those for the solid and show a slight increase 
in the value of F at the melting point. In fact, when a solid 
specimen sphere was melted without mass loss, an - 10% 
decrease in F was observed. These results showed that the 
levitation efficiency decreased slightly with temperature 
and increased with specimen size. 

Figure 8 illustrates effects of the acoustic field on the 
aero-acoustic levitation efficiency in air. These results show 
that the levitation efficiency is nearly independent of acous- 
tic intensity at low temperatures but decreases with the 
acoustic intensity for the laser-heated specimen at 1550 “C. 

The results in Figs. 7 and 8 suggest that the acoustic 
field interacts with the specimen and gas flow in a manner 
that reduces the levitation efficiency. This conclusion is 
further supported by previous aerodynamic levitation 
results25 which showed that the levitation efficiencies in- 
crease slightly with the temperature of laser heated speci- 
mens, in agreement with the result obtained by extrapola- 
tion of the data in Fig. 8 to zero-acoustic intensity. The 
smaller aero-acoustic levitation efficiencies in argon than in 
air also agree with the previous results2’ in ambient tem- 
perature subsonic gas jets at reduced pressures. 

B. Energy balance 

A molten 64 mg aluminum oxide specimen was main- 
tained at a temperature near the melting point, in argon, 
with an incident laser power of 83 =I=5 W. A laser power 
increase to -270 W was required to heat the liquid to its 
maximum temperature, 2700 K. The levitated drops 
cooled at rates up to 600 K/s when the laser beam was 
blocked. Cooling curves for aluminum oxide are presented 
elsewhere.3’ 

C. Liquid-phase processing 
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FIG. 9. Video images of levitated liquid drops. The largest diameter of 
the specimen in Fig. 10(b) is 0.440 cm and the scale is the same for all 
specimens. (a) 64 mg aluminum oxide at 2680 K, (b) 1M) mg 
YBa,Cu,O, specimen at 1750 K, (c) 38 mg YBa,Cu,O, specimen at 1700 
K, (d) bubble bursting at the surface of a 42 mg glass specimen at -2200 
K, (e) vortex formed in 110 mg calcia-gallia-silica melt at - 2000 K, (f) 
38 mg YBa&&O, specimen at - 1730 K. In (f), internal circulation was 
acoustically suppressed and the specimen was rotated about the vertical 
axis. 

Small vaporization mass losses occurred for aluminum 
oxide and calcia-gallia-silica melts held at high tempera- 
tures for several minutes. The YBa,Cu,O, materials exhib- 
ited larger mass loss rates, but showed no change in rela- 
tive Y-Ba-Cu content if melting and resolidification were 
accomplished in less than one minute. 

by the specimens. The substitution of cw CO2 laser heating 
allowed complete melting of aluminum oxide. Laser shad- 
owing for position detection allowed operation with trans- 
parent glass materials at lower temperatures, clear sap- 
phire spheres, and ceramic superconductor materials 
which melted incongruently and exhibited large emissivity 
difference between the solid and liquid areas of the speci- 
men. The liquid-phase processing experiments described in 
this section were conducted with the laser beam heating 
and laser shadowing position detection systems. 

Undercooling. Molten aluminum oxide remained liquid 
to temperatures -400 “C below the melting point when 
cooled under containerless conditions. Liquid YBaaCu30, 
compositions were also undercooled such that spontaneous 
crystallization of the undercooled melt led to direct forma- 
tion of tetragonal YBa2Cu30, crystals. Sufficient under- 
cooling of these materials led to spontaneous crystalliza- 
tion and a temperature increase (recalescence) to the 
liquidus temperature. 

Glass formation. The material remaining after vapor- 
ization of volatile components from the black glass mate- 
rial had a glassy, off-white appearance. It was evidently 
composed of the less volatile components of the black 
glass, mainly SiOZ. 

Video images of several liquid specimens during con- 
tainerless processing are given in Fig. 9 and discussed in 
the following description of liquid-phase processing results. 
The images in Fig. 9 include numerical data inserted onto 
the video record, such as the specimen temperature, real 
time, and experimental identification numbers. 

Melting. It was necessary to reduce the rotation rate of 
the levitated specimens prior to liquefaction, to avoid cen- 
trifugal ejection of small liquid drops. Congruently melting 
aluminum oxide spheres were easily liquified by increasing 
the laser power and making small changes in the gas flow 
rate as the liquid formed. Rapid melting of the hot levi- 
tated aluminum oxide in about one second was possible by 
making a sudden increase in the laser intensity. Incongru- 
ent melting of YBazCu30, material occurred over a 200- 
250 “C temperature range as the temperature was increased 
at 50-100 “C/s. Liquefaction of the black glass material 
was a continuous process which occurred as the specimen 
was heated to form a viscous liquid drop. 

Glass was formed from the molten calcia-gallia-silica 
mixtures at the lowest cooling rates investigated. With 1 
ppm Pt additions to the melt, glass formed at cooling rates 
of less than 10 “C/s. Addition of 5 ppm Pt resulted in glass 
formation at cooling rates of 40-80 “C/s. The minimum 
cooling rate for glass formation from these materials as 
pendant drops attached to Pt-Rh thermocouples are 
greater than 300 aUs.35 

Stirring. The gas flow over the levitated liquid drops 
produced an internal circulation like that which occurs in 
a falling liquid drop. When the heating laser beams were 
focused onto small spots at the specimen surface, a vortex 
could often be observed where the hot fluid arising from 
the laser heated regions mixed with the cooler bulk liquid. 
Such a vortex is illustrated in Fig. 9(e) which shows a 
molten calcia-gallia-silica specimen at a bulk temperature 
- 1700 “C. 

The levitated liquid specimens had a shape determined 

Figure 9(f) illustrates a liquid YBa2Cu30, drop in 
which the internal circulation was reduced and rotation 
about the vertical axis was induced by the acoustic forces. 
The larger temperature gradients which occurred in un- 
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largely by surface tension and gravitational forces. Their 
shapes were similar to sessile drops with smaller specimens 
more nearly spherical than larger ones. The drop shapes 
for different materials illustrated in Fig. 9 indicate that the 
surface tension to density ratio for the liquids decreases in 
the order aluminum oxide > calcia-gallia-silica > 
YBa,Cu30,-d. 

Eporization. The black glass material began to vapor- 
ize at temperatures below the 1000 “C limit of the optical 
pyrometer. Bubbles formed as the specimens were heated 
to temperatures up to 2000 “C. The bubbles migrated 
slowly to and burst at the surface. The levitation gas flow 
rate was reduced as the specimen mass decreased by va- 
porization. A 20% decrease in diameter and -50% mass 
loss~occurred in one experiment, resulting in a high lique- 
faction temperature glassy material. Figure 9(d) was ob- 
tained just as a bubble burst at the surface of a levitated 
liquid drop of the black glass material. 
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stirred drops are evident by the colder (darker appearing) 
regions at the bottom and top portions of the specimen. 
Enhanced stirring resulted in more uniform specimen tem- 
peratures. 

Shaping. Approximately equal acoustic intensities led 
to drop shapes that were symmetrical about the vertical 
axis and independent of the acoustic intensity. The use of 
unequal intensities between the three orthogonal acoustic 
axes provided some control of the drop shape. Flattened 
and elongated levitated liquid drops could be formed. Drop 
shaping effects were small at the acoustic intensities nor- 
mally used in aero-acoustic levitation (sufficient to acous- 
tically levitate liquid waterdrops), and increased with the 
acoustic intensity. 

Liquid breakup. Oscillations in liquid drops and levi- 
tation instability occurred when the acoustic intensity was 
increased above a limiting value that depended on the lev- 
itated material, the liquid drop size, and the temperature. 
Breakup of the liquid drops occurred as the acoustic inten- 
sity was increased above this limit. A smaller levitated 
drop usually resulted, which was stable and did not oscil- 
late until the acoustic intensity was increased again. 

Rapid melt processing. The decrease in the required 
levitation gas flow that occurred upon melting of an alu- 
minum oxide specimen was approximately equal to the 
increase in gas flow with temperature required to maintain 
the levitation height when the levitated solid was slowly 
heated to the melting point. Since the axial position 
changed only slowly with time, rapid heating and melting, 
or solidification of a liquid drop and cooling was possible 
without any adjustments to the gas flow rate. Rapid pro- 
cessing was accomplished by opening the laser beam shut- 
ter for a few seconds. In this way, aluminum oxide speci- 
mens were heated, melted, superheated to -2700 K, 
undercooled to -2000 K, solidified, and the solid cooled 
to temperatures below 1000 K within 6 s. 

IV. DISCUSSION 

. 

Aero-acoustic levitation and melting of beam-heated 
specimens was easily accomplished in this work. The 
method worked the first time it was tried, on a glass ma- 
terial which formed a viscous liquid, using arc-lamp heat- 
ing and specimen position detection via light emitted from 
the sample. A key early innovation was the use of a heated 
gas jet, which reduced the jet Reynolds number and main- 
tained laminar flow of the levitating gas stream. This al- 
lowed higher density materials to be levitated by simply 
heating the gas to increase its viscosity and decrease the jet 
Reynolds number. Later addition of cw CO, laser heating 
and laser shadowing for position detection extended oper- 
ation to lower viscosity melts and materials of nonuniform 
emissivity. 

Apart from the need for appropriate controls in the 
acoustic stabilizing system, there are three key design cri- 
teria for a&o-acoustic levitation. First, the acoustic inten- 
sities should be sufficient to acoustically levitate materials 
of density l-2 g/cm3. This will occur if the acoustic inten- 
sities up to 150 dB can be obtained at the levitation posi- 
tion from each acoustic transducer. Second, the momen- 

tum flow rate in the aerodynamic levitation jet should be 
about twice the specimen weight. This applied for the 
present case with values in the range 1.3-1.7 for the spec- 
imen: jet nozzle diameter ratio. Greater values of the quo- 
tient of momentum tlow rate and specimen weight would 
be required for smaller specimen:nozzle diameter ratios. 
Third, the product of levitation height and Reynolds num- 
ber for the gas jet should not exceed a certain value which 
was Red h/d=24 000 for levitation with air. 

The use of aerodynamic and acoustic forces in combi- 
nation succeeded under conditions where neither method 
would work by itself. Each made the other stable. The 
upward flowing gas provided sufficient lift to overcome 
most of the weight of the specimen. Small acoustic forces 
were then sul’hcient to stabilize the specimen position, sup- 
plement the surface tension of liquids to control specimen 
shape, and thus achieve stable levitation of melts. Simulta- 
neously, the forced convection gas flow produced a stable 
thermal boundary layer in the gas around the specimen, 
and a stable (but nonuniform) sound speed in the vicinity 
of the levitated specimen, resulting in precise control of the 
acoustic forces. 

Sound speed differences between the levitation gas flow 
and ambient air may have been the primary source of dif- 
ferences in the aero-acoustic levitation behavior in air, ar- 
gon, and helium. These differences resulted from both tem- 
perature and atomic or molecular weight differences 
between the gases. They were greatest in helium, for which 
aero-acoustic levitation was not possible even though aero- 
dynamic levitation was readily achieved. Figure 7 shows 
that the specimen temperature dependence of levitation ef- 
ficiency was smaller in argon than in air, which may be due 
to a better match between the sound speed in ambient air 
and the heated but higher atomic weight argon jet. Further 
investigations of these levitation phenomena may be con- 
ducted in the future with an enclosed AAL device which 
would allow the ambient as well as the levitation jet gas to 
be controlled. 

The results show that high-energy efficiency can be 
achieved in rapid containerless melt processing of materi- 
als. Aluminum oxide specimens of -64 mg mass were 
heated, melted (at 2327 K), solidified and cooled within 6 
s using a CO2 laser power of - 270 W. This is equivalent to 
a mass rate of 38 g/h and a laser energy consumption rate 
of 7 kW h/kg (3.2 kW h/pound) of processed material. 
When it is considered that heating and melting occurred 
during about half the six-second process period, it is evi- 
dent that large improvements in the energy efficiency 
would not be possible. The present results already ap- 
proach the limiting energy requirement of 1.0 kW h/kg,. 
which equals the enthalpy difference3” between 
a-aluminum oxide at 298 K and liquid aluminum oxide at 
the melting point. 

V. FUTURE WORK 

There are several improvements in the device that may 
be made in the future. The acoustic driver power supplies 
and controls can be modified to reduce noise, increase the 
maximum output power, and provide more precise control 
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of acoustic phase differences between the pairs of transduc- 
ers. These changes would achieve improved control of the 
rotation, shape, and stirring of levitated specimens. An 
enclosed levitator would also be useful so that the ambient 
and levitation gas may be made equal for work with gases 
other than air. The enclosure would allow inert or reducing 
gas environments to be used and facilitate operation in 
helium for experiments with increased density materials. 

The maximum specimen density that could be levitated 
in argon was -9 g/cm3 and this limit was evidently due to 
the development of turbulent jet flow at higher gas flow 
rates. The limit on density may be increased in helium, 
because the mass flow rate per unit jet momentum flow rate 
decreases, by a factor of 10°.5, in the case that helium is 
substituted for argon. Since the viscosity decreases by a 
smaller facfor,37 i.e., ,~&~~,--,0.8, the jet Reynolds num- 
ber at the flow rate required to support the specimen would 
be about 2.5 times smaller in helium than in argon. Thus it 
should be possible to levitate denser materials in helium 
before the onset of turbulent jet flow. 

The aerodynamic levitation of solid tungsten in a low- 
pressure helium jet has actually been demonstrated,38 un- 
der conditions for which levitation in an argon gas jet was 
not possible. However, the present work found that the 
value of Red h/d was -2.5 times smaller in helium than in 
argon at the point where the height dependence of jet tem- 
perature increased. Further experiments will be required 
with an enclosed levitator, to establish the levitation capa- 
bilities for operation with helium gas. 
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