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Abstract:

Acoustic levitation can be employed to hold liquid drops in mid-air, enabling novel
applications in X-ray scattering of proteins, amorphous crystallization of solutions or
contactless mixing. Multiple studies have characterized the physical behavior of a
levitated drop inside an acoustic field. Here, we present a numerical and experimental
study on the acoustic levitation of water drops in a single-axis acoustic levitator consisting
of an ultrasonic transducer and an opposing reflector. Instead of modelling an abstract
incident acoustic field, our model considers the shape of the drop as well as the real
geometry of the levitator. We also use a high-speed camera to observe the disintegration
and the undesired oscillations of the drops. Our results show that the insertion of a drop
in the levitator provokes a shift in its resonant frequency that depends on the shape of the
drop. Secondly, the levitation behavior depends on whether the levitator operates slightly
below or above the resonance. Thirdly, if the levitator is driven above the resonant
frequency, it is possible to levitate with more strength and avoid disintegration of the
drop. This research provides an insight on how to achieve more stable experiments that
avoid the bursting and undesired oscillations of the levitated sample. We hope that it will
facilitate numerous experiments involving acoustically levitated liquid drops.
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I. INTRODUCTION

Contactless manipulation of liquid drops is of great interest in disciplines such as
analytical chemistry®?, pharmacy® or biology*. Different techniques have been used for
manipulating small drops, including electric®®, magnetic®!, thermocapillary*?!3, and
acoustic waves'*>, Among different techniques, contactless manipulation based on
acoustic waves has the main advantage of being flexible, allowing the manipulation of
different materials inside liquids or in mid-air. It can also be used for manipulating
samples with sizes ranging from less than 1 pum to several millimeters?.

The use of acoustic waves to hold objects in mid-air is called acoustic levitation®’
20 and it uses the phenomenon of the acoustic radiation force? to counteract the
gravitational force acting on the levitated object. There are different methods to levitate
objects acoustically, with the most common being the trapping of small objects at the
pressure nodes of a standing wave??>?3, This approach allows to suspend objects and
control their position in one?*2¢, two'*?" and three?®2° dimensions. Furthermore, multiple
objects can be manipulated independently®.

Acoustic levitation can also be combined with spectroscopic methods to
characterize levitating liquid samples*3132, e.g. it can be combined with X-ray diffraction
for determining the structure of proteins® or it can be applied for monitoring the
crystallization of levitated substances®. Acoustic levitation can also be applied for
measuring the surface tension of liquid drops®3® and for studying the evaporation of
liquids®”®. In general, acoustic levitation is an important contactless manipulation
method for transportation and merging of liquid substances in mid-airl43°40,

Reliable methods for acoustically manipulating drops require a good
understanding of the stability of levitating drops under the high intensity acoustic fields
employed for levitation. This is not a trivial problem, since the acoustic field has to be
strong enough to counteract the gravitational force but cannot exceed a certain limit that
would cause the disintegration of the drops. The determination of the equilibrium shape
of levitating drops*#’, its disintegration*3#8-° and the dynamics®*~>* of levitating drops
have been described in numerous studies. For instance, Bansch and Gotz™ presented a
rich numerical model that considers various of the physical mechanisms involved in the
evaporation of levitating drops. Their model takes into account the geometry of the
levitator and can predict the drop position and shape, the air flow due to acoustic

streaming as well as the evaporation rate, vapor transport and temperature distribution.
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Most studies involving the acoustic levitation of drops employ a single-axis
levitator which consists of an ultrasonic emitter and a reflector opposite to it. A standing
wave of high-pressure amplitude is generated between the emitter and the reflector,
allowing the suspension of drops slightly below the pressure nodes. The distance between
the emitter and the reflector has to be adjusted to achieve resonance and obtain high
pressure amplitude. The acoustic levitation of drops using single-axis levitators has been
extensively studied, but there are still multiple open questions regarding the stability of
the levitated drops. For example, it was reported that only small drops can be stably
levitated if the transducer-reflector distance is smaller than the resonant distance*’. In this
situation, other drops [i.e. diameter larger than 3-4 mm (= 0.151 —0.204)] are atomized.
These larger drops can only be levitated if the transducer-reflector distance is slightly
larger than the resonant distance®’. In addition, when the levitator operates above the
resonance distance, the levitated sample suffers an oscillation instability®®®’. In this type
of instability, the sample oscillates vertically with constant amplitude, or its amplitude
grows exponentially until the object hits the levitator wall. This type of instability seems
to be the cause of the levitated dancing drops observed by Lin and Lin 1,

Most of the models from previous studies**#446:50 yse an incident field based on a
plane standing wave. However, this field does not capture all the characteristics of the
incident field generated inside an experimental levitator and cannot explain how the
transducer-reflector distance or the insertion of the sample affects the levitation.

In this paper, we present a numerical model that combines the Finite Element
Method (FEM) with the Young-Laplace equation to simulate the acoustic levitation of a
liquid drop inside a single-axis acoustic levitator. The model simulates the acoustic
pressure and velocity fields to predict the equilibrium position and shape of the levitating
drop. Using this model, we investigate the acoustic levitation of water drops when the
levitator is driven below and above resonance. We also conduct a series of experiments
to obtain the static shape of the drop for different levitator parameters and we use a high-
speed camera to observe the undesired oscillations and the disintegration of water drops.

Il. NUMERICAL MODEL

In this section, a numerical model for simulating the shape of a drop inside a
single-axis acoustic levitator is presented. The numerical model uses a Finite Element

Method to solve the linear wave equation and find the acoustic pressure and velocity
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amplitude fields in the propagation medium (i.e. air). These fields are used for calculating
the acoustic radiation pressure exerted at each point of the drop surface, then the
equilibrium shape of a droplet is determined by balancing the acoustic radiation pressure
with the hydrostatic and capillary pressures using the Young-Laplace equation. To
simplify the analysis, we assume an inviscid fluid and we neglect acoustic streaming®">¢-

80 and the generation of harmonics of the fundamental frequency®-2,
A. Acoustic radiation pressure on the levitating drop

The acoustic radiation pressure distribution over the drop surface is determined
by performing an acoustic simulation in the FEM software COMSOL Mutiphysics
(COMSOL AB, Stockholm, Sweden). The drop is levitated inside a single-axis acoustic
levitator which consists of a circular ultrasonic transducer separated by a distance H from
a plane reflector. The transducer radiating surface vibrates harmonically with frequency
f and velocity amplitude u,. Due to the circular symmetry of the levitator, the simulations
are carried out using an axisymmetric model [Fig. 1(a)], where the acoustic pressure p
and velocity u fields are described in terms of the spatial coordinates r and z. A Perfectly
Matched Layer (PML) is added to avoid wave reflections at the outer boundaries of the
air domain. Due to the large acoustic impedance mismatch between the air-solid and air-
liquid interfaces, only a very small fraction of the incident wave energy (= 0.1%)
penetrates into the drop. Therefore, we assume that the drop and the reflector are
impenetrable to sound waves, which leads to the boundary condition n-Vp = 0 at the
air-drop and air-reflector interfaces, where n is the unit normal vector to the surface.

The model of Fig. 1(a) is used for calculating the acoustic pressure p and the
velocity amplitude u distributions in the air domain. Although p and u are time-harmonic
fields, an object can experience a nonzero radiation pressure due to nonlinear effects?-63,
Therefore, after obtaining the p and u fields, the time-averaged radiation pressure

distribution over the drop surface can be calculated by*®
1
Praa = m(PZ) - %(u “u), 1)

where p, is the unperturbed air density, c, is the speed of sound in air, and the symbol
() denotes the time-averaged over one cycle. The radiation pressure given by Eq. (1)
depends on two terms. The first term implies that zones of high acoustic pressure exert a

positive pressure over the object surface whereas the second term represents the Bernoulli
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effect, in which the oscillatory motion of the air particles causes a negative pressure on
the object. The acoustic radiation force F,,4 0on the drop is then calculated by integrating

the radiation pressure over the drop surface S,:

Fraga = — fso DrqaNdS. (2)

In Eq. (2), n is the normal unit vector pointing outwards from the surface S,. With
a procedure similar to that adopted by Hong et al.®*, Eq. (2) is also used to obtain the

acoustic radiation force acting on the reflector as a function of H.
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FIG. 1. Numerical model. (a) Axisymmetric acoustic model used to find the acoustic
pressure and particle velocity distributions in the air medium. (b) Drop geometry in
spherical polar coordinates.

In the FEM simulations, the air domain was simulated using a non-uniform mesh
with a size of 50 um (A/272) at the drop surface and a maximum mesh size of 1 mm
(M/13.6) at the edge of the air domain, which results in a convergence error of less than
0.5% for the acoustic pressure and less than 2% for the acoustic radiation force acting on
the drop.

B. Determination of the position and static shape of the levitating drop

In this section, the numerical algorithm to obtain the equilibrium position and the
static shape of the drop is described. In the presence of a gravitational field g, the drop is
suspended slightly below the pressure node of the standing wave. For small displacements
compared to the pressure node, the radiation force can be approximated as the restoring
force of a spring®°, with a stiffness proportional to the pressure amplitude squared. The
equilibrium is reached when the gravity force acting on the drop is counterbalanced by
the acoustic radiation force.
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A levitating drop is flattened due to the action of the acoustic radiation force and

its equilibrium shape can be obtained by solving the Young-Laplace equation:

Pext — Pin = —YV ' N, 3)
where p,,: and p;, are the external and internal pressures, y is the surface tension, and

V - n is the divergence of the drop surface normal. By taking into account the radiation

pressure and the hydrostatic pressure inside the drop, Eq. (3) can be written as*®>

Praa + P19z +yV-n=_C, (4)

where p; is the density of the liquid, g is the gravity acceleration, z is the spatial
coordinate and C is a constant that includes the ambient pressure.

The vertical drop position is represented by z,; and the drop shape is described in
spherical polar coordinates [Fig. 1(b)] by the function r(68). In Fig. 1(b), the surface
normal vector is written as n = n,.f + ng0.

Given a drop volume, the working parameters of the levitator, and an initial
estimation of the position and shape of the drop, the objective is to find z,; and r(6) that
satisfy simultaneously Eq. (4) and F.,q = —mg. The algorithm was implemented in
MATLAB. At each iteration, the FEM model of Fig. 1(a) is executed through the
LiveLink feature of the software COMSOL Multiphysics. Each iteration i starts with the
determination of the equilibrium vertical position z; of the drop. This is done by using
the Nelder-Mead method to find z4** satisfying F,,q = —mg for a given drop shape
r'(0). Then, the FEM model calculates the radiation pressure p,.,4(8) over the surface

of the drop and r‘*1(8) at the step i + 1 is calculated by

rit1(0) = ri(0) + (h—pmd—ZV'n—ngZ), ©)

T

where « is a constant, with a typical value between 10° and 107" m/Pa, and h is given
by55

Jsy®Praa+yVn+pigz)ds

5, 4

h =

(6)

This step was based on the numerical method presented by Béansch and Go6tz>°.
Because our algorithm calculates the radiation pressure at each iteration, it is less efficient
than that of Bansch and Gotz. However, this modification allows us to visualize the

acoustic pressure distribution at each iteration, providing a physical insight into how the



drop shape affects the acoustic pressure amplitude. If needed, the algorithm can be
executed faster, by reiterating Eqgs. (5) and (6) multiple times without recalculating
Prqa(0) at each reiteration.

At the end of each iteration, the volume of the resulting drop shape is calculated
and r*1(0) is multiplied by (Vinitiar/Vewrrent) s Where Vi 1S the initial drop
volume and V., ,en: 1S the current drop volume. This procedure preserves the drop shape
and maintains the volume constant*® at the same time. The flowchart of the algorithm is

presented in Fig. 2 and the parameters used in all simulations are presented in Table I.
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FIG. 2. Flowchart of the algorithm used to obtain the shape and equilibrium position of
the drop.
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TABLE I. Simulation parameters.

Symbol Description Value
f Frequency 25.25 kHz
Co Speed of sound in air 343 m/s
Po Unperturbed air density 1.2 kg/m?®
01 Density of water 1000 kg/m?®
y Surface tension of water 72 mN/m
g Gravitational acceleration 9.8 m/s?
R; Transducer radius 10 mm
R, Reflector radius 19 mm

I11. EXPERIMENTAL SETUP

Water drops were levitated in a single-axis acoustic levitator operating at a
frequency of 25.25 kHz under the first acoustic mode (H = A/2), where A = 13.58 mm is
the acoustic wavelength. The levitator consists of a Langevin-type transducer with a
circular radiating surface of 20 mm in diameter on top of a 38-mm-diameter reflector.
The transducer signal is generated by a programmable function generator (Keysight,
33512B) fed to a high-power amplifier (Amplifier Research Corp., 700Al). The
transducer was mounted on a motorized linear stage, allowing to adjust the distance
between the transducer and the reflector with a resolution of 0.1 um. The acoustic
radiation force on the reflector is measured using a scale (Shimadzu, UX420H) with 1 mg
resolution. A MATLAB script was implemented to control the transducer voltage
amplitude, the motorized stage and to acquire the radiation forces measured by the scale.
The images and videos of the levitating drops were captured by a high-speed camera
(Photron FASTCAM Mini UX50). The experimental setup is illustrated in Fig. 3, more

details can be found in previous work on levitating solid particles®’.
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FIG. 3. Schematic of the experimental setup.
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To calculate the pressure amplitude p, at the center of the reflector surface (r =0,
z = 0) we measure the radiation force exerted on the reflector with the scale and then we
apply the following relationship:

Po = .B\/ Freflectori (7)

where Fyofec0r IS radiation force on the reflector and g = 77850 Pa.N'/2 is the
constant that relates the pressure amplitude with the force on the reflector. This constant
was obtained using the numerical model of Fig. 1(a), which was used to calculate the

radiation force on the reflector and the acoustic pressure distribution in the air medium.
IV. RESULTS AND DISCUSSION

In all the experiments, the levitator is excited at a frequency of 25.25 kHz. The
levitator is tuned by adjusting the distance H between the transducer and the reflector.
The resonance is found by locating the peak of acoustic radiation force on the reflector as
a function of H without the drop inserted. The force on the reflector was measured for H
varying from 6.5 to 8.5 mm, with the transducer face oscillating with a velocity amplitude
of 1 m/s. According to this measurement (Fig. 4 — dashed red line), the resonance peak
for the empty cavity (i.e. nothing inside the levitator) occurs at H = 7.50 mm (0.551).
This value is in good agreement with the resonance obtained numerically (Fig. 4 — solid
black line), which corresponds to H = 7.44 mm.

We investigate the acoustic levitation of a drop when the levitator operates below
(point A of Fig. 4) and above (point B) the resonance. Point A is located 0.2 mm before

the resonance peak and point B occurs 0.2 mm after the resonance.
A. Resonance shift

The introduction of a drop inside the levitator causes a resonance shift, which
depends on the position of the object, its volume and its shape®. For small sound
intensities, the levitating drop is almost spherical, and it becomes more flattened as the
sound intensity increases. For moderate sound intensities, the drop presents a shape close
to an oblate spheroid. In order to investigate how the shape of a drop of constant volume
affects the resonance of the levitator, we simulate the acoustic radiation force on the
reflector as a function of H for different shapes of the levitating drop. We assume that an

oblate spheroid drop of constant volume (equivalent spherical radius of 1 mm), equatorial
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radius a, and polar radius b is located at a height z = H/2. In all the simulations, the
transducer vibrates with a velocity amplitude of 1 m/s.

The radiation force on the reflector for different aspect ratios (a/b) of the spheroid
is shown in Fig. 4. For an empty levitator, the simulated resonance distance is H =
7.44 mm (Fig. 4 - peak of the black curve). The introduction of an oblate spheroid of
different aspect ratios causes a decrease of the resonance distance. As shown in Fig. 4,
the resonance distances are H = 7.40 mm (sphere or spheroid with a/b = 1), 7.38 mm
(spheroid with a/b = 2), and 7.34 mm (spheroid with a/b = 3). This result shows that
even if the drop volume remains constant, the resonance distance decreases as the drop
becomes more flattened.

As we will see in section IV.B, the resonance shift is of vital importance for
explaining why levitating drops are disintegrated when they exceed a certain aspect ratio
if H is smaller than the resonance distance. The resonance shift also helps us to explain
why drops can take the flattened shape of a pancake when H is greater than the resonance

distance.

—
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FIG. 4. Acoustic radiation force on the reflector as a function of H with no object in the
levitator and with an oblate spheroid of constant volume and different aspect ratios. The
spheroid has an equivalent spherical radius of 1 mm.

B. Static shape and disintegration of the levitating drop
The static shape of a levitating water drop was determined numerically for

different conditions of the levitator. The result of a typical simulation is presented in Fig.

5. This simulation was carried out by considering a water drop of 1 mm spherical radius

10
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suspended at the pressure node when the transducer surface vibrates with a velocity
amplitude of u, =1 m/s and it is located at a distance of 7.64 mm from the reflector (i.e.
0.2 mm above the resonance distance — Fig. 4 point A). The evolution of the drop shape
after each iteration of the algorithm can be seen in an online video [Fig. 5 (Multimedia
View)]. The algorithm starts by assuming a spherical drop of 1 mm radius and it is
executed until an equilibrium shape for the drop is obtained. The online video [Fig. 5
(Multimedia View)] also shows the evolution of the pressure amplitude at the position (r
=0, z=0). Because the levitator is operating above the resonance, the resonance shift
causes a decrease of the pressure amplitude when the drop changes its shape from a sphere
to an oblate spheroid.

The acoustic pressure and velocity fields for the equilibrium shape of the drop are
presented in Figs. 5(a) and 5(b), respectively. These figures show that the pressure
amplitude is maximum at the poles and the particle velocity is maximum at the equator
of the drop. The radiation pressure p,..4 over the drop surface calculated using Eq. (1) is
shown in Fig. 5(c). This figure also shows the contribution of the first ((p?)/2pyc3) and
second (—po(u-u)/2) terms on the total radiation pressure. The vertical force,
responsible for the levitation, is mainly dominated by the first term, whereas the second
term is the main responsible of the lateral trapping force. Additionally, as it can be seen
in Figs. 5(c) and 5(d), the second term produces a suction force at the equator, causing a

flattening effect on the drop.
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FIG. 5. Simulated results for a levitating water drop of 1 mm spherical radius. The
simulation was carried out with H = 7.64 mm and u, = 1 m/s. (a) Acoustic pressure field.
(b) Velocity amplitude distribution. (c) Distribution of the radiation pressure over the
drop surface as a function of the polar angle 6. (d) Illustration of the acoustic radiation
pressure acting on the drop surface. A video showing the evolution of the drop shape for
each iteration step is available online. (Multimedia view)
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In Fig. 6, we show the comparison between the equilibrium shapes of water drops
obtained numerically and experimentally. These results were obtained for the levitator
operating with a transducer-reflector distance of 0.2 mm below the resonance distance
(point A). Because of the small mismatch between numerical and experimental curves in
Fig. 4, the experiments were carried out with a transducer-reflector distance of H = 7.30
mm, whereas the simulations were performed with a separation distance of H = 7.24 mm.
To obtain the experimental results of Fig. 6, the radiation force on the reflector was
measured by the scale and pictures of the levitating drop were taken with the high-speed
camera for different transducer voltage amplitudes. Then, the force values were converted
to acoustic pressure amplitude using Eq. (7). As it can be observed in Fig. 6(c), there is a
good agreement between numerical and experimental results, both in terms of the vertical
equilibrium position and the shape of the levitating drops. The simulation also shows that
an equilibrium shape for the drop can only be obtained if the transducer vibrates with a
velocity amplitude smaller than 0.87 m/s. In contrast with the case where the levitator
operates above the resonance, here the flattening of the drop causes an increase of the
pressure amplitude due to the resonance shift effect. When the transducer velocity
amplitude is increased from 0.86 m/s to 0.87 m/s, there is a rapid increase of the acoustic
pressure amplitude, causing the rapid expansion of the drop equatorial radius [See online

video Fig. 6 (Multimedia view)].

transducer

reflector

e
r [mm]

3.58 kPa  3.92 kPa 4.21 kPa 4.57 kPa 4.91 kPa 5.19 kPa 5.58 kPa 5.90 kPa 6.22 kPa (C)
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an  an a»  am  (E
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FIG. 6. Comparison between equilibrium drop shapes obtained numerically and
experimentally for a water drop of 1 mm spherical radius, H = 7.24 mm and different
acoustic pressure amplitude (pressure control by the excitation voltage of the transducer).
(a) Experimental (Pressure amplitude of 6.22 kPa). (b) Numerical (Pressure amplitude of
6.22 kPa). (c) Drop shape as a function of the pressure amplitude obtained numerically
and experimentally. An online video shows that the drop disintegrates when the
transducer vibrates with a velocity amplitude of 0.87 m/s. (Multimedia view)
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For a transducer-reflector distance below the resonance distance, the levitating
drop disintegrates when the aspect ratio exceeds a certain value. To observe the drop
disintegration, the transducer voltage amplitude was raised slowly, causing a slow
increase of the drop aspect ratio. When the pressure amplitude reaches a threshold value,
there is an abrupt expansion of the equatorial radius, followed by the drop disintegration.
For a water drop of 1 mm spherical radius and H = 7.24 mm, the disintegration process
starts when the aspect ratio reaches a/b = 2.1. The drop disintegration can be seen in Fig.
7, which also shows the equatorial radius as a function of time, it takes approximately 5
ms for the equatorial radius to change from 1.3 mm to 3.0 mm, where the disintegration
occurs. This result is in qualitative agreement with the experimental results obtained by
Anilkumar et al.*® and with the numerical results obtained by Shi et al.>°.

The resonance shift plays an important role in the drop disintegration shown in
Fig. 7. Without resonance shift, the acoustic pressure amplitude would be proportional to
the transducer velocity amplitude. However, as the levitator is operating below the
resonance distance, the flattening of the drop causes an increase of the acoustic pressure
amplitude. Consequently, when the aspect ratio exceeds a threshold value, a small
increase of the pressure amplitude causes a further flattening of the drop, which causes a
new increase of the pressure amplitude and so on. This process contributes to the rapid
expansion of the equatorial radius, as it can be observed in Fig. 7 (Multimedia view).

The numerical simulation shown in Fig. 6 can be used to explain why the drop
disintegrates when the drop aspect ratio reaches a certain value. According to the
simulations presented in Fig. 6, a stable levitation can only be achieved if the transducer
velocity amplitude is lower than 0.86 m/s. For this velocity amplitude and the levitator
operating below the resonance (H = 7.24 mm), a water drop of 1 mm spherical radius
takes the shape of an oblate spheroid, with an aspect ratio of a/b = 2.4, which is slightly
larger than the aspect ratio of 2.1 found experimentally. In this condition, the pressure
amplitude corresponds to 7051 Pa. When the velocity amplitude is increased from 0.86
m/s to 0.87 m/s, the pressure amplitude rapidly increases, causing the drop disintegration.
This increase of the pressure amplitude is caused by the resonance shift effect and it can

be observed in an online video [Fig. 6 (Multimedia view)].
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FIG. 7. Disintegration of a water drop of 1 mm spherical radius when the levitator is
driven before the resonance (H = 7.24 mm). The bottom figure shows the equatorial
radius as a function of time. A video of the drop disintegration is available online
(Multimedia view).

In contrast with the former case, an acoustic levitator operating above the
resonance distance allows a substantial flattening of the drop up to the point in which it
takes the shape of a pancake. This behavior can be observed in Fig. 8, which shows the
acoustic pressure amplitude as a function of the equatorial radius for a water drop of 1.2
mm spherical radius. To obtain this figure, a flattened water drop of 2 mm equatorial
radius was levitated (Fig. 8 — frame A). Then, the transducer velocity amplitude was
increased, causing the flattening of the drop (frames A-E in Fig. 8). However, instead of
the linear increase of the pressure amplitude with the transducer velocity amplitude, the
resonance shift due to the flattening of the drop causes a decrease of the pressure
amplitude. This effect was also observed by Anilkumar et al.*°, but in our experiments

this effect only occurs if the levitator operates above the resonance distance.

14



AlP

Publishing

5000 - A
A{ } B >
i e
E4800 L } C} B
= —
©
24600} }
5 D} C
E - =
2 4400 ‘}
% 0
& 4000} }
E
4000 L R . . [ S )
2 22 24 26

Equatorial radius [mm)]

FIG. 8. Acoustic pressure amplitude as a function of the equatorial radius for a water
drop of 1.2 mm spherical radius when the levitator is driven above the resonance (H =
7.64 mm).

A further increase of the transducer velocity amplitude causes the atomization of
the drop (Fig. 9). In our experiments, the atomization process can be divided in the
following stages: 1) Flattening, 2) Capillary wave formation and 3) Atomization. These
stages are illustrated in Fig. 9(d). First, the drop changes its shape from an oblate spheroid
to a pancake shape, with its rim having a greater thickness in comparison to its center. At
some point, a capillary wave grows on the central surface of the drop [Fig. 9(b)]. When
the amplitude of the capillary wave reaches a critical value, atomization occurs on the
central part [Figs. 9(a) and 9(c)]. The atomization of a drastically flattened drop can also
be observed in the online videos [Figs. 9(a) and 9(c) (Multimedia view)]. A mechanism
for the growing of capillary waves on the surface of the drop and its atomization was
suggested by Danilov and Mironov®’. According to their theoretical analysis, when the
drop becomes sufficiently thin, the central drop membrane vibrates vertically at the same
frequency of the sound wave. Then capillary standing waves grow along the air-liquid
interface due to the parametric instability. The atomization of the central membrane starts
when the transducer velocity amplitude is increased above a critical value and small
droplets are ejected from the crests of the capillary waves. Although our experimental
results are in qualitative agreement with the physical mechanisms suggested by Danilov
and Mironov®’, we acknowledge that future quantitative analysis would be desirable for

investigating the atomization of levitating drops.
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The stages involved in the breakup of a levitating drop do not necessarily follow
the stages shown in Fig. 9(d). Depending on the conditions of the experiment and on the
levitator geometry, the drop breakup can have other stages. For example, in the
experiments of Lee et al.*3, Pathak and Basu®, Zang et al.®® and Di et al.’”®, the drop was
also subjected to buckling, which is characterized by a nonuniform radiation pressure
distribution below and above the drop surface, that leads a flattened drop to buckle
downwards or upwards. In the experiments reported by Zang et al.®®, the abrupt buckling
of a flattened levitating drop was a fundamental stage for transforming a drop into a
bubble.
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FIG. 9. Atomization of a drastically flattened drop. (a) Atomization of a water drop —
side view. (b) Flattened drop with capillary waves on its surface. (c) Atomization of a
water drop. (d) Stages of the atomization process. Videos showing the atomization of the
drop are available online. (Multimedia views: (a) and (c)).

It has also been observed experimentally that if the levitator is driven below the
resonance, only small drops can be suspended. To understand why, we simulated the
levitation of water drops of different sizes (spherical radius of 1, 1.5 and 2 mm) for the
levitator operating below the resonance (H = 7.14 mm). As shown in Fig. 10, a water
drop of 1 mm spherical radius can only be levitated if the transducer velocity amplitude
is set between 0.56 m/s and 1.13 m/s. If the velocity amplitude is lower than 0.56 m/s, the
acoustic radiation force acting on the drop is not strong enough to counteract gravity, and

if the velocity amplitude exceeds 1.13 m/s, the drop disintegrates.
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According to the simulation results, a water drop of 1.5 mm spherical radius can
only be levitated in a very small range of transducer velocity amplitudes. As shown in
Fig. 10, the minimum velocity amplitude is 0.49 m/s and the maximum amplitude is 0.50
m/s. For a drop of 2 mm spherical radius, we could not find any acceptable values of
velocity amplitudes, which means that the levitator is unable to levitate water drops of
this size when it is operating below resonance.

Although the simulation predicted that water drops of 1.5 mm equivalent spherical
radius could be levitated below the resonance, in the experiments we could only levitate
water drops with a maximum spherical radius of 1.2 mm. When trying to levitate water
drops larger than 1.2 mm below the resonance, either the radiation force was not strong
enough to hold the drop, or the acoustic pressure amplitude was too high and caused the
drop disintegration. In the experiments, larger drops could only be levitated for the
levitator operating above the resonance distance.
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FIG. 10. Simulated acoustic pressure amplitude and drop shape as a function of the
transducer velocity amplitude for the levitator operating below the resonance (H = 7.14
mm) when levitating a drop with spherical radius 1 mm (black line) or 1.5 mm (red line).

C. Oscillation Instability of levitating drops

When the levitator operates above the resonance distance, the levitating drops are
subjected to oscillation instability®®°”. For a rigid object, the oscillation instability can
make the object oscillate vertically. As described by Rudnick and Barmatz®®, the
oscillation instability is caused by two coupled factors: 1) The resonance frequency of the
levitator changes with the object position, and 2) There is a time delay in the response of
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the pressure amplitude due to the vertical motion of the levitated object. These factors
together result in a velocity-dependent term in the object’s equation of motion. If the
levitator operates above the resonance distance, the velocity-dependent takes the form of
a negative damping, causing the exponential increase of the oscillation amplitude until
the oscillation saturates or the object is ejected out of the levitator. In addition to the
vertical oscillations on the position, the oscillation instability can also lead to shape
oscillations of a liquid drop.

The oscillation instability of a water drop of 1 mm spherical radius was observed
in the levitator operating above the resonance (H = 7.64 mm). In the experiment, a stable
levitation (i.e. no oscillation instability) was achieved for a pressure amplitude below
5150 Pa. When the transducer velocity amplitude is increased, the pressure amplitude
rises, causing shape oscillations of the levitating drop. The shape oscillation of a water
drop for a pressure amplitude of 5815 Pa drop can be observed in Fig. 11 and in an online
video [Fig. 11 (Multimedia view)]. Figure 11 also shows the evolution of the equatorial
radius over time. The resonance frequencies of the shape oscillations of a spherical drop
can be calculated by™

ﬁ=ijyza—na+m, )

21 +| pIR3

where R is the drop spherical radius and [ is the resonance mode. In Fig. 12, the drop
oscillates under its first mode (I = 2) at a frequency of 128 Hz. This value is in a
reasonable agreement with the theoretical value obtained with Eqg. (8), which corresponds
to 120.8 Hz. It is well known that shape oscillations can be induced by exciting the
transducer with an amplitude modulated signal. For instance, amplitude modulated
signals have been used to determine the surface tension®® of levitating drops and to excite
different vibration modes of a drop®. But here, the levitator is driven with a pure

sinusoidal signal and the shape oscillations are caused by the oscillation instability.
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FIG. 11. Shape oscillation of a water drop of 1 mm spherical radius. The distance between
the emitter and the reflector is H = 7.64 mm. A video showing the shape oscillation of
the levitated drop is available online. (Multimedia view)

An additional increase of the transducer velocity amplitude caused a transition
from shape oscillation to vertical oscillations of the drop (Fig. 12). The vertical
oscillation of Fig. 12 was observed when the pressure amplitude was 6170 Pa. As shown
in Fig. 12 and in an online video [Fig. 12 (Multimedia view)], the drop oscillates vertically
at a frequency of 29.5 Hz with an amplitude of 0.35 mm. Similarly to previous work on
the oscillation of solid particles®, the oscillation instability only occurs if the levitator is
driven above the resonance distance. In Fig. 12, the drop oscillates with constant
amplitude and frequency, but depending on the transducer velocity amplitude and on the
distance between the transducer and the reflector, the oscillation grows exponentially

until the drop falls on the reflector.
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FIG. 12. Vertical position of a water drop of 1 mm equivalent spherical radius over time.
The levitator is driven above the resonance (H = 7.64 mm). A video showing the drop
vertical oscillation is available online. (Multimedia view)

Although the shape and vertical oscillations of the drop of Figs. 11 and 12 was
observed separately, in general the vertical oscillation is coupled with the shape
oscillation. Fig. 13 (Multimedia view) shows the vertical and shape oscillations occurring
simultaneously. This result was obtained when the pressure amplitude was increased to
6530 Pa. The drop vertical oscillation has a frequency of 41.5 Hz and an amplitude of 0.7
mm. This type of oscillation was previously observed by Lin and Lin I°* and Geng et al.”.
Similar to the observations of Geng et al.”, the drop becomes flattened when it reaches
the minimum and maximum heights, but in their study the coupled oscillation did not

started spontaneously, they used a needle to induce the vertical oscillation of the drop.
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FIG. 13. Vertical and shape oscillation of a water drop of 1 mm equivalent spherical
radius over time. The levitator is driven above the resonance (H = 7.64 mm). A video
showing the coupled vertical and shape oscillation is available online. (Multimedia view)

It was also observed that the coupled oscillation instability of Fig. 13 can be ceased
by increasing the transducer velocity amplitude further, which causes the flattening the
drop into a pancake shape. This can be observed in the results of Fig. 8, which shows the
stable levitation of a substantially flattened drop. In the experiment of Fig. 8, oscillational
instability occurs when the transducer velocity amplitude is reduced and the drop
equatorial radius becomes less than 2 mm. This observation seems to be in agreement
with the results of Lin and Lin 1%, where they found that the decrease of the sound
pressure below a threshold causes a transition from a stable levitation to a self-excited
oscillation.

In the results of Figs. 11, 12 and 13, we have only investigated the position and
shape oscillations caused by the oscillation instability®®®’, which only occurs when the
transducer-reflector distance is greater than the resonance distance. It is worth mentioning
that oscillations of the drop can also be caused by the acoustic streaming®’%-%, As

discussed recently’®, when the drop radius decreases and becomes closer to the thickness
of the acoustic boundary layer (,/2n/pow), where 1 is the dynamic viscosity of the air),
the influence of the acoustic streaming increases, leading to undesired oscillations of the

levitating drop. This is particularly important for drops of less than 100 pum in diameter,

in which the drag force caused by the streaming can exceed the acoustic radiation force

21



AlP

Publishing

and eject the drop from the levitator. Although the streaming affects the levitation
stability, it can be useful in certain types of X-ray diffraction experiments®® or for
improving the mixing performance inside the drop*®. Despite its importance in acoustic
levitation, the analysis of the acoustic streaming is beyond the scope of this paper in which

the drops were at least 10 times larger than 100 pm.
V. CONCLUSIONS

We have investigated the acoustic levitation stability of water drops in a resonant
single-axis acoustic levitator. A numerical model combining the Finite Element Method
with the Young-Laplace equation was used to simulate the shape of a levitating drop when
the levitator operates above and below resonance. Experiments with a high-speed camera
were also carried out to investigate the static and the dynamic behavior of levitating water
drops. This process was done systematically using an experimental setup composed of a
translation stage that moves the emitter and a scale that measures the radiation force on
the reflector.

The numerical and experimental results indicate that if the emitter-reflector
separation is smaller than the resonant distance, water drops disintegrate when they
exceed a certain aspect ratio. In contrast, when the separation is adjusted above resonance,
a drop can be drastically flattened into a pancake shape without bursting. This difference
in the levitation behavior is explained by the resonance shift effect. Below the resonance
distance, the resonance shift effect causes an increase of the acoustic pressure amplitude
when the drop is flattened. When the aspect ratio exceeds a certain threshold value, there
is a positive feedback loop in which a small increase of the pressure amplitude produces
a further flattening of the drop, causing the rapid expansion of the drop equatorial radius.
For the levitator operating above the resonance, the resonance shift effect causes a
decrease of the pressure amplitude when the drop becomes more flattened. Consequently,
when the drop is substantially flattened, an increase of the transducer velocity amplitude
causes a decrease of the acoustic pressure amplitude, which allows the drop to be flattened
into a pancake shape.

Experiments with the high-speed camera reveals that the drop disintegration
mechanism depends on whether the levitator operates below or above the resonance.
Below the resonance, the drop equatorial radius increases exponentially with time after
the aspect ratio reaches a threshold value. For the levitator operating above the resonance,
the drop disintegration involves the following sequence of events: 1) Drop flattening into
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a pancake shape, 2) Growing of capillary waves on the central surface of the drop, and 3)
Atomization into very small droplets.

Our simulation results also provide a possible explanation for the inability to
levitate non-small drops when the levitator operates below the resonance. Similar to the
disintegration mechanism caused by the resonance shift effect, our simulation indicates
that when the drop size exceeds a certain limit, the pressure amplitude increases
exponentially with time causing the drop disintegration. This effect only occurs if the
levitator operates below the resonance, which means that larger drops can be levitated
when the levitator operates above the resonance.

We observed experimentally that when the levitator operates above the resonance,
the drops are subjected to oscillational instability which causes vertical oscillations or
shape oscillations of the liquid drops. It was also observed that a stable levitation can be
achieved above the resonance if the transducer velocity amplitude is increased so that the

drop becomes substantially flattened.
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