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In order to solve the problem caused by metal materials' inability to be cooled without contact with other materials after being heated by
electromagnetic levitation, a new method is proposed: using a standing wave levitator to levitate the melted metal. The standing wave levitator
adopts a concave spherical surface on the emitter and the reflector. Using ANSYS software, the transducer and the standing wave fields were
simulated. Based on the simulation, the distribution and the maximum acoustic pressure with different radii of the concave spherical surface
on the emitter and the reflector can be obtained, from which the optimal radius was determined. Based on the optimisation, a prototype of a
standing wave levitation device was designed and manufactured. Levitation experiments for light and heavy specimens were carried out. It
is shown that steel balls can be levitated stably when the distance between the emitter and the reflector is two times that of the wavelength.
Next, the standing wave levitator was used in an attempt to levitate a steel ball of 5 mm in diameter after being non-contact heated by
electromagnetic levitation. The results show that the method utilising a standing wave levitator to levitate and cool the metal materials after

being non-contact heated by the electromagnetic levitation is feasible at this preliminary state.
Keywords: standing wave levitation, ANSYS simulation, electromagnetic levitation, non-contact cooling

0 INTRODUCTION

Outer space environments can provide experimental
conditions for high vacuum, non-contact and micro-
gravity testing, which is appropriate for material
solidification to study various kinds of fluid
phenomenon [1] and [2]. However, it is far too costly
for most researchers to perform space experiments.
Consequently, many methods and technologies
have been developed to simulate the outer space
environment on earth, including acoustic levitation [3],
electromagnetic levitation [4], aerodynamic levitation
[5], electrostatic levitation [6], optical levitation [7],
magnetic levitation [8] and superconducting magnetic
levitation [9]. Among these methods and technologies,
acoustic levitation has its own distinct advantages,
such as good stability, simple construction, no special
requirements on the levitated materials, etc. Therefore,
research on acoustic levitation is attracting the interest
of increasing numbers of researchers.

The principle of acoustic levitation is based on
acoustic radiation pressure generated in a highly
intense ultrasonic acoustic field, which produces a
levitation force to overcome the suspended sample’s
gravity. In linear acoustics, the sound pressure varies
periodically with time and its mean time in a cycle time
is zero. However, in highly intense acoustic fields,
the nonlinear effect becomes much more significant.
In essence, the gravitational force is counteracted by
a steady-state acoustic radiation force, as a result of
the nonlinear effect in the laminar flow around the
levitated specimen when its size is much smaller than

the wavelength of the ultrasound [10]. The levitation
force is so large that common solids and liquids of
densities thousands of times greater than air can be
suspended in air [11]. There is no additional effect
on the sample levitated by acoustic levitation force,
which in principle can levitate any substance. In areas
such as micro-machine technology, biotechnology, and
the processing of new kinds of material, the research
and application of acoustic levitation has become
increasingly important [12]. Acoustic levitation is
classified as near-field levitation and standing wave
levitation according to the mechanism of ultrasonic
levitation.

The levitation height of the specimen suspended
by the near-field is in the scale of micrometres, and
its levitation force is so large that it can reach tens of
kilograms. Furthermore, near-field levitation has been
successfully applied to transport objects and rotate
rotors without contact [13].

Unlike near-field levitation, a reflector is a part of
a standing wave levitation device. The sound waves
reflected by the reflector interfere with the forward
waves produced by the emitting surface, and standing
waves are generated when the distance between
the emitting surface and the reflecting surface is an
integer multiple of half a wavelength. Compared
with near-field levitation, standing wave levitation
has more levitation space. However, its levitation
force becomes much smaller, and the diameter of the
levitated sample can be reduced to millimetre scale.

Electromagnetic levitation technology not only
levitates metal samples, but can also heat and melt
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them, preventing other materials contacting with
the samples. Therefore, pure metal materials can be
obtained. However, the power supply applied to the
electromagnetic coils must be turned off when the
heating is not needed, and the metal sample needs to
cool down. The levitation force on the metal sample
also disappears, and the levitated samples are in
contact with other materials, which also contaminates
them. Several methods have been proposed to
solve this problem, such as filling space around the
electromagnetic coils with cool inert gases [14], using
high drop tubes [15], cold-crucible induction furnaces
[16] and so on.

This paper proposes a new kind of method
using a standing wave levitator to suspend the
metal after heated by the electromagnetic levitation.
When the metal sample is levitated and heated by
the electromagnetic coils, little or no force from the
standing wave levitator is applied on the sample.
When the power supply of the electromagnetic coils
is turned off, the gravity of the metal is entirely
overcome by the standing wave levitation force. The
standing wave levitator is usually made by steel,
and it also can be easily induced and heated by the
electromagnetic coils. Therefore, it is necessary to
improve the levitation force and increase the distance
between the emitter and the reflector for the standing
wave levitator.

In order to improve the levitation force of
standing wave levitation, researchers throughout the
world have made many significant attempts. Barmatz
[17] designed and analysed different resonance
chambers of rectangular, spherical and cylindrical
geometries. Magill [18] filled the resonance chamber
with high pressure gas, and a tungsten carbide sample
with a density of 15 g/cm3 was successfully levitated.
Lee [19] arranged multiple transducers in arrays,
which levitated a gold particle. Xie and Wei [20]
and [21] designed standing wave levitation device
with reflector of concave spherical surface, and an
Iridium sphere was stably suspended in the standing
wave field. Different kinds of liquids were also
experimented with as reflectors [22]. A gas stream was
used to balance the gravity of the levitating particle
whose stability was controlled via a three-axis acoustic
levitator [23] and [24]. A piezoelectric transducer with
a concave emitting surface and a concave reflector
was presented [25] and [26], which increased the
lateral forces and reduced the lateral oscillations of
the levitated object significantly, compared with the
traditional single-axis acoustic levitator.

In order to further optimise the acoustic levitator
and increase the distance between emitter and

reflector, the emitter and the reflector with different
concave radii were analysed via ANSYS, and the
pressures of the standing wave field under different
parameters are compared in this paper. Based on the
optimisation results, the prototype of the levitator
with a concave spherical surface on the emitter and
reflector was designed and manufactured. In the lab,
levitation experiments were carried out using foam
and steel balls. Finally, the standing wave levitator
was used to suspend the metal materials after being
non-contact heated by the electromagnetic coils.

1 THEORETICAL ANALYSIS OF STRUCTURAL MODE
1.1 Structural Mode

Based on the principle of focused ultrasound, a
concave spherical reflecting surface can improve
the levitation force of a standing wave levitator and
decrease wave diffusion during the delivery process.
Therefore, the emitter and reflector of the standing
wave levitator are designed as concave spherical
surfaces, as is shown in Fig. 1. For the sake of
simplification during analysis, an assumption is made
that the diameter of the concave spherical reflecting
surface is the same as that of the emitting surface.

Piezoelectric

Transducer
B
Emitter
|
Levitating
. Sample
Reflector

Fig. 1. Structural model

Steel balls can be stably levitated and heated
in the electromagnetic coils without contact. The
schematic diagram of the coils is shown in Fig. 2. The
direction of the electric current in the upper stabilising
coils is in opposition to that in the lower levitated
coils. The upper coils play the main role of keeping
the levitated sample stable and the lower coils provide
the levitating force. Generally, electric current with
a frequency of tens of thousands hertz flows through
the coils, producing alternating electromagnetic fields
in the space coated by the coils. Metal samples can
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be induced by the alternating electromagnetic field,
which generates induced eddies on the surface of the
metal sample. In reverse, the induced eddy acts with
the electromagnetic field producing the levitation
force on the metal sample, and the levitated force can
overcome the gravity of the metal sample. At the same
time, there is significant heating effect on the metal
sample with the induced eddy. Thus, the metal sample
can be levitated and heated without contact with other
materials.

However, when heating the metal sample is
completed and needs to be cooled, the electric current
flowing through the coils must be cut off. The heating
effect disappears while the levitated force also
vanishes, and the metal sample will drop downward.
Therefore, the metal sample with a high temperature
comes in touch with other materials that may cause
contamination. In this paper, a standing wave levitator
was used in an attempt to suspend the metal sample
after it was levitated and heated by the electromagnetic
coils. The schematic diagram is shown in Fig. 3.
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Fig. 2. Schematic diagram of electromagnetic levitation
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Fig. 3. Schematic diagram of levitation-coupled standing wave
levitation and electromagnetic levitation

Reflector

1.2 Vibration Analysis of Concave Spherical Emitting
Surface

A sandwich-type structure is generally used in a
piezoelectric transducer, which produces a stretching
vibration in the axial direction. When the emitting
surface is planar, the emitter vibration excites the air,
and planar waves are then formed. After reaching the
reflecting surface, the planar waves will be reflected.
Finally, the planar standing waves come into being
when the forward travelling waves are interfered with
the reflecting waves. In order to study the vibration
model of the concave spherical emitting surface when
the piezoelectric transducers produces stretching
vibrations in the axial direction, the model analysis
of the transducer and emitter were carried out using
ANSYS software. The vibration models of the
concave spherical emitting surface are shown in Fig.
4. Only half of the transducer and emitter was selected
during analysis, due to its symmetrical structure.

The simulation results of Fig. 4 show that the
vibration direction of the emitting surface points to
the centre position of the spherical surface, and the
vibration displacement of the edge is larger than that
of the middle. Thus, it can be approximately seen that
spherical waves are produced when air is excited by a
concave spherical emitting surface. It can be deduced
that diffusion to the surrounding space is largely
reduced, and the acoustic pressure in the levitating
space is enhanced, which will improve the levitation
force.

Fig. 4. Vibration model of the concave spherical emitting surface;
a) initial model of the emitter , b) emitter model when stretched at
the middle, c) emitter model when it was stretched at end
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2 OPTIMISATION OF THE CONCAVE SPHERICAL SURFACE

As is known, the larger the acoustic pressure, the
larger the levitation force. When other parameters are
fixed, standing wave pressure differs according to the
radii of the concave spherical emitting surface and
the reflecting surface. Based on the above conclusion,
the piezoelectric transducer, the concave spherical
emitting surface and reflecting surface are simulated
using ANSYS software, and the pressure value of
the standing wave is obtained. By comparing the
different acoustic pressure under different radii, the
optimal radius of the concave spherical surface can be
obtained.

2.1 ANSYS Simulation of the Standing Wave Levitator

The designed vibration frequency of the piezoelectric
transducer is 20 kHz, of which the emitting surface is
considered as a plane. The resonant frequency of the
transducer will shift when the emitting surface adopts
a concave spherical structure. Thus, it is necessary
to obtain the actual vibration frequency through
the harmonic analysis method for the piezoelectric
transducer and the emitter. Fig. 5 shows dimensions
schematic of piezoelectric transducer.

I Aluminum

=+ . .
4 L [I Piezoelectrics

[l Steel

D Plexiglass

Fig. 5. Dimensions schematic

In the ANSYS model, zero displacement
boundary conditions are applied to the nodes at the
top of the mechanical amplifier, and the electrical
boundary conditions of the 1 V are applied to the
piezoelectric materials. The piezoelectric materials
are simulated using a PLANE 13 piezoelectric couple-
field element, which has displacement and voltage
degrees of freedom. An acoustic fluid element,
FLUID 29, is used to simulate the air region, which
has a pressure degree of freedom. FLUID 29 also can
simulate the interaction between the transducer and
the air region, which has displacement and pressure
degrees of freedom. The air region edge adopts a no-
reflection boundary condition and its elements are
FLUID 129.

A harmonic analysis is used to simulate the
process and phenomenon for the sphere standing wave
with the ANSYS software. Firstly, when the radius of
the emitting surface is a specific value, the resonant
frequency is confirmed after analysing the curve
whose amplitude varies with a vibration frequency.
Then, the wavelength in the air is calculated, and the
distance of the emitting surface and the reflecting
surface are adjusted to 1.5 the times of the wavelength.
Using ANSYS software again to simulate, the
distribution and the maximum pressure of the standing
wave in the resonant frequency are obtained. For other
emitting surfaces of different radii, the maximum
acoustic pressure can be obtained in the same way.
Fig. 6 shows the distribution of the standing wave
field when the radius R is 27 mm.

Pa

. 263E-09 . 525E-09 . 788E-09 . 105E-08
. 131E-09 . 394E-09 . 657E-09 . 919E-09 . 118E-08

Fig. 6. Standing wave pressure distribution (R = 27 mm, the
distance between the emitter and the reflector is 1.5 times of the
wavelength)

Fig. 6 shows not only the distribution of the
standing wave sound field, but also the maximum
acoustic pressure. When R is set as 27 mm, the
maximum pressure is 1.18x10-% Pa (only 1 V voltage
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was acted on the piezoelectric chips on the ANSYS
simulation). The transducer, the emitting surface and
the reflecting surface of different radii (from R = 21
to 32 mm) have all been simulated one after another
with the space R of | mm. Boundary conditions and
the input voltage are identical in any radius condition.
Fig. 7 shows the curve of the maximum acoustic
pressure with different radii of the concave spheres.
It can be seen that when R equals 27 mm, the acoustic
pressure reaches the maximum, which shows that
levitation ability is the strongest under this condition.

1400

1200

Maximum pressure [E-12 Pa]

21 22 23 24 25 26 27 28 29 30 31 32 3
Radius [mm]
Fig. 7. The max acoustic pressure changes with radius

2.2 ANSYS Simulation of the Effect on the Standing Waves
Field by the Coils

If the diameter of the electromagnetic coils is too
much bigger than that of the levitated specimen,
it will lead to unstable levitation. Therefore the
electromagnetic coils can only stay inside the standing
wave fields space, instead of outside the fields.
The electromagnetic coils are between the acoustic
levitation emitter and reflector and will disturb the
standing wave field. The standing waves will have
reflections, interferences, etc. at the coils. ANSYS
software continues to be used to simulate the acoustic
field affected by the coils.

The simulated model is similar to above, except
for the coils between the acoustic levitation emitter
and reflector. Zero displacement boundary conditions
are applied to the edge of the coils. The air edge
contacting the coils is simulated by an acoustic
fluid element, FLUID 29, which has displacement
and a pressure degree of freedom. Other boundary
conditions are similar to above. Fig. 8 shows the
simulation results. Compared with the results shown
in Fig. 6, the acoustic field obtains some difference
when the electromagnetic coils are added between
the emitter and the reflector. A strong acoustic field
also exists in the space that is surrounded by the
electromagnetic coils. Meanwhile, the coils reflect

some acoustic waves, which leads to lower acoustic
energy compared to the standing wave field without
the coils. Therefore, it can be shown that the maximum
acoustic pressure of Fig. 8 is lower than that of Fig. 6.
In the levitation experiment coupled with the standing
wave levitation and the electromagnetic levitation, a
greater voltage should be input to the standing wave
transducer.

Pa AR S
. 173E-09 . 34TE-09 . 520E-09 . 693E-09
. 865E-10 . 260E-09 . 433E-09 . 606E-09 . TT9E-09

Fig. 8. Distribution of the acoustic field affected by the
electromagnetic coils

3 STANDING WAVE LEVITATION EXPERIMENT
3.1 Standing Wave Levitation Device

According to the optimisation results via the ANSYS
software, a standing wave levitator was designed and
manufactured (Fig. 9). The piezoelectric transducer
is fastened with the adjusting screw at the fixed base,
which can be adjusted up and down. The ultrasonic
frequency power supply sends an AC signal to the
piezoelectric transducer. By turning the adjustment for
the reflector, the reflector can be moved up or down,
and then the resonant distance between the emitter and
the reflector is adjusted.

Fig. 9. Ultrasound standing wave levitation device; 1 ultrasonic-
frequency power supply, 2 piezoelectric transducer, 3 adjusting
screw, 4 amplitude transformer, 5 emitter, 6 reflector, 7 adjustment
for the reflector and 8 fixed base

Research on Levitation Coupled with Standing Wave Levitation and Electromagnetic Levitation 767



StrojniSki vestnik - Journal of Mechanical Engineering 59(2013)12, 763-771

3.2 Sample Levitation Experiment

Light samples similar to foam balls were levitated
in the standing wave levitator in order to determine
the probable node positions. In Fig. 10, when there
are 3, 4 or 6 levitation positions, the light levitated
samples are distributed with equal space between
them. The samples nearby the emitter are off the axial
line and others are on the axial line. Several items can
be levitated in any position of the annular nodes. As
a result of the annular potential dispersing power of
the standing waves, it can only levitate some light
materials. A high density specimen, such as a steel
sphere, cannot be levitated in the annular potential, as
shown in Fig. 11, which can only levitate steel spheres
at other positions.

When the distance is near 34.9 mm, i.e. about
twice the wavelength, two steel balls (diameter 5 mm)
can be levitated at the two positions near the reflector
or the middle locations, as shown in Figs. 11a and b.
However, the same steel sphere cannot be levitated at
the rest position at the same time. The levitation state
of the two steel balls is steady. However, owning to
the smaller restoring force, the levitation can be easily
destroyed by exterior disturbances. Moreover, as
the distance becomes longer, the restoring force and
stability of the levitated sample will become worse.

In Fig. 1lc, three steel balls of 3mm diameter
can be suspended at three positions near the reflector
at the same time when the distance between the
emitter and the reflector is twice the wavelength. The
levitator presented by Andrade et al. [25] and Baer
et al. [26] can levitate three steel spheres of 2.5 mm
diameter when the distance between the emitter and
the reflector is 1.5 times that of the wavelength. The
levitating number of the same sample is a powerful
reference that can be used as an evaluation method
for the working stability and levitation ability of a
standing wave levitation device. The levitation force
and stability of the standing wave device presented in
this paper are observably improved.

b) c)
Fig. 10. Light specimen levitated by standing wave

c)
Fig. 11. Steel spheres levitated by standing wave

When the distance continues to increase, no steel
sphere can be levitated at any position of the standing
wave field. The reason is that too many waves spread
outside of the levitation space when the distance
increases, which weakens the power of standing wave.
If a resonance tube is used in the test, the results will
be better. However, it is difficult to place specimen in
the standing wave field.

3.3 Electromagnetic Levitation Experiment Coupled with
Standing Wave Levitation

In the coupled levitation, the distance between the
emitter and the reflector of the standing wave levitator
is adjusted to two times that of the wavelength and a
steel ball of 5 mm diameter can be stably levitated at
the second levitation position near the reflector. The
axial line of the electromagnetic coils should coincide
with that of the standing wave levitator. The levitated
position of the steel ball in the electromagnetic
coils should be coincident with the second levitated
position near the reflector in the standing wave
levitator, as shown “*’ in Fig. 12. The relationship
between the levitated force and the distance between
the emitter and the reflector is in accordance with the
sine equation [27]. As shown in Fig. 12, when the steel
ball is levitated and heated by the electromagnetic
coils, the steel ball is seated at the second node of
the standing wave levitator and the force on it from
the standing waves is zero or extremely little. When
the heating of the steel ball is completed, the electric
current input to the electromagnetic coils is decreased.
The electromagnetic force on the steel ball will lessen,
and the ball will start to move downward gradually.
At the same time, the acoustic force on the steel ball
from the standing wave levitator will become larger
until the electric current of the electromagnetic
coils is entirely cut off and the steel ball is levitated
by the standing wave levitator alone. In this way,
the steel ball is cooled to room temperature without
contact with any other materials. In the process of
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transferring the levitated force on the steel ball from
the electromagnetic force to acoustic force, the drop
distance of the sample is about 1/8 of the wavelength
(2.2 mm) and the motion is smooth and steady. The
photo of the levitation coupled the standing wave
levitation and the electromagnetic levitation is shown
in Fig. 13.

Distance between

A
< emitter and reflector

V)

Acoustic levitated force

Fig. 12. Schematic diagram of the sample position transformation
in coupled levitation; ‘* is the position where the acoustic levitated
force is zero. ‘A’ is possible positions where the metal ball is
levitated by the acoustic levitated force alone

Fig. 13. Photo of the levitation coupled the standing wave
levitation and the electromagnetic levitation

When the steel ball, at a higher temperature, is
levitated and cooled in the standing wave levitator, it
is extremely important to adjust the resonant acoustic
field. Since the change of the temperature leads to
the shift of the wavelength, the distance between
the emitter and the reflector needs to be adjusted to
accommodate the resonance condition. However, it is
difficult to adjust the distance in time by hand. In fact,
the distance between the emitter and the reflector can
be set a little smaller. When the temperature decreases,

the resonance condition will be weakened, and the
levitation force on the levitated sample will become
correspondingly smaller. Therefore, the levitated
position will also move downward. Thus, when the
downward motion of the steel ball is observed, it
immediately shows a decrease in the distance between
the emitter and the reflector. Simultaneously, enough
sound pressure must be kept. In this way, the standing
wave field can be balanced at an approximation
resonance condition [28]. In this method, the steel
ball at a higher temperature was cooled to room
temperature without contact with any other materials.
It is shown that the standing waves can be used to
suspend the metal sample that has been levitated and
heated by the electromagnetic coils.

4 CONCLUSIONS

With the purpose of further optimisation of the
acoustic levitator and the levitation via coupling
standing wave levitation and electromagnetic
levitation, the emitter and the reflector with different
concave radii were analysed with ANSYS software.
The formation of the standing waves was simulated.
The distribution and the maximum acoustic pressure
were ascertained with different radii of the concave
spherical surface on the emitter and the reflector. The
acoustic pressure of different levitators was compared,
and the optimal radius R = 27 mm for this levitator
was determined.

Based on the optimisation, a standing wave
levitator was manufactured. With this device,
levitation experiments for light and heavy specimens
were carried out. Many types of light foams could be
simultaneously levitated at discrete node positions; the
foam levitated near the emitter deviated from the axial
line. However, steel balls could not be levitated at
the node position near the emitter. When the distance
between the emitter and the reflector equalled twice
that of the wavelength about 34.9 mm, three steel balls
of 3mm diameter could be simultaneously levitated in
three disparate node positions, excluding the position
near the emitter. Compared with other standing wave
levitation devices, the levitation capability of the
levitator presented in this paper was considerably
enhanced.

Following that, an attempt was made to use
the standing wave levitator to levitate a steel ball
of 5 mm diameter after non-contact heating via
electromagnetic levitation. Though the heated steel
ball was not particularly stable when it was cooled, the
coupled levitation experiment could be successful if
the distance between the emitter and the reflector was
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suitably adjusted. The results show that it is feasible
preliminarily by using standing wave levitator to
levitate and cool the metal materials after non-contact
heating via the electromagnetic levitation.
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