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Ultrasonic atomization induced by high driving frequency, generally on the order of 1 MHz or higher, could
involve a liquid fountain in the form of a corrugated jet, or a chain of “beads” of submillimeter diameter in
contact. This study concerns dynamics/instability of such beads fountain, observed under lower input power
density (< 6 W/cm?) of the “flat” ultrasound transducer with a “regulating” nozzle equipped, exhibiting time-
varying characteristics with certain periodicity. High-speed, high-resolution images are processed for quantita-
tive elucidation: frequency analysis (fast Fourier transform) and time-frequency analysis (discrete wavelet
transform) are employed, respectively, to evaluate dominant frequencies of beads-surface oscillations and to
reveal factor(s) triggering mist emergence. The resulting time variation in the measured (or apparent) fountain
structure, associated with the recurring-beads size scalable to the ultrasound wavelength, subsumes periodic
nature predictable from simple physical modeling as well as principle. It is further found that such dynamics in
(time-series data for) the fountain structure at given height(s) along a series of beads would signal “bursting” of
liquid droplets emanating out of a highly deformed bead often followed by a cloud of tiny droplets, or mist. In
particular, the bursting appears to be not a completely random phenomenon but should concur with the fountain

periodicity with a limited extent of probability.

1. Introduction

Ultrasonic atomization (to be abbreviated in this study as UsA) is often
regarded as a means of generating rather uniform distribution of a swarm of
small droplets, or mist. In reality, the UsA-generated mist consists of
droplets spanning wide ranges of their diameters, from micro- down to
nanometers, as has been reported by, e.g., Yano et al. [1], Kobara et al. [2],
Sekiguchi et al. [3], Nii and Oka [4], Kudo et al. [5], and Guo et al. [6]. A
variety of its applications are evidenced in the fields including: selective
separation or concentration of solute from organic solution (e.g., [7]), spray
cooling [8], film coating [9,10], preparation of micro- and/or nano-sized
powder (e.g, [11]), air purification [12-15], medical applications (e.g.,
[16-18]), and applications utilizing sonochemical reactions/reactors
associated with cavitation (e.g., [19-23]).

Regarding the UsA also as highly energy-efficient in producing small
droplets—requiring no external heat input, researchers have paid much
attention to the droplet size distribution (DSD) of generated mist, in
particular, from an operational viewpoint. For instance, Zhang et al.
[24], using an ultrasonic nebulizer with a vibrating tip directed
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downwards for spreading tube-guided liquid, examined the effects on
the DSD of the UsA input power, the carrier-gas flowrate, the liquid-
phase temperature, liquid surface tension and viscosity, among other
parameters to suggest possible combination(s) of the optimum operating
parameters that control the DSD. Kudo et al. [5] investigated specifically
the effects of UsA driving frequency on the DSD to show that the
diameter of nano-droplets in mist decreased with increasing ultrasonic
frequency. Kooij et al. [25] studied the DSD using three different types of
atomizers/nebulizers: surface acoustic wave (SAW) nebulizer, (“Grove”-
type) nebulizer chip and (submerged-type) mist maker, and concluded
that the DSD was thoroughly determined by the extent and nonlinear
structure as well as size distribution of “corrugated ligaments.”

An important scientific impact recognized for the UsA stems from
one of the above-mentioned applications: Matsuura et al. [26] con-
ducted, for the first time to our knowledge, a study on ethanol separation
via the UsA as a concentrating scheme—which should require to pre-
serve specific flavors (thus to be avoided being heated)—of Japanese
Sake; subsequently, Sato et al. [7] showed that the concentration of
ethanol in the mist after being atomized by high-frequency ultrasound
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greatly exceeded that in the original ethanol aqueous solution. Besides
concentrating the solution itself, Nii and Oka [4] successfully separated
nanoscale solid particles from a mixture of submicron particles in sus-
pensions—thus having attained size-selective particle separation—via
UsA and proposed that particles of specific size could be separated by
controlling the recovery of atomized droplets under proper UsA condi-
tions. Due to the lack of understanding of the mechanism of UsA,
however, it has not been systematically applied in an industrial scale yet.

It has been claimed in the literature (see the specific references
below) that selective separation of solute or suspended particles (or
surfactants) from a solution can be attained through two possible
mechanisms proposed: capillary-wave and cavitation hypotheses. The
former has been supported by, e.g., Qi et al. [27], Collins et al. [28], and
Blamey et al. [29]; the latter by, e.g., Neppiras and Noltingk [30], Kojima
etal. [21], Ramisetty et al. [31], and Inui et al. [32]. Cavitation bubbles,
if present, could contribute to such selective separation from a multi-
component system like alcohol-water solutions—in symbiosis with
capillary instabilities—associated with UsA (e.g., [33]); other supportive
references of this conjunction hypothesis include Boguslavskii and Ekna-
diosyants [34], Rozenberg [35], Barreras et al. [36], Simon et al.
[16,37], Tomita [38], and Zhang et al. [39].

In regard to the DSD of mist generated via UsA, Antonevich [40]
proposed that the size of the emitted droplets depended on the mecha-
nism of their release: capillary-wave instability tended to result in
smaller and uniform droplets, while cavitation-bubble collapsing could
lead to larger droplets of different sizes on the microscale.

Some visual evidence has been reported in regard to the formation of
pm-size droplets—pinched off under parametric decay instability of
capillary waves of microscale [7]—stemming from interfacial oscillations
occurring along a perturbed protrusion or a conical fountain/column of
solution [36,41]. There has been, however, little direct (visual) evidence
that links the mist formation to the occurrence/prevalence of cavitating
bubbles within the liquid fountain [42,38,37]. Firstly, the presence of
cavitation bubbles under sonication—or “active” bubbles of size usually
too small to be individually imaged—have been mostly inferred visually
from a long-time exposure of the sono[chemical] luminescence, i.e., the
extent of sonochemical activity signifying the cavitation yield
[19,20,22]. Secondly, a few are available among those cav-
itation—-sonochemistry studies that provide explicit evidence for the
simultaneous occurrence of both the cavitation formation and the UsA
mist emergence within and out of the liquid fountain, respectively (e.g.,
[21]).

Over the past decade or so, high-speed imaging techniques have
improved significantly, allowing for more detailed UsA processes to be
observed. In our earlier visualization experiments [42], the formation of
a chain-of-beads fountain was recorded with an ultrahigh-speed video
camera [0.25 megaframes/s with the corresponding resolution of
312x260 pixels (4.2 pm/pixel), 0.5-pus exposure; Shimadzu HPV-1]
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equipped with a tele-microscope and a xenon lamp focused with an
optical lens on the same optical axis as the camera. Fig. 1 shows a series
of captured images when a high-frequency transducer with a flat disk
oscillating at 2.4 MHz was used at a lower input power intensity (2.0 W/
cm?). A cavity—being not clear whether it is comprised of a single void/
bubble or a tightly clustered cavitating bubbles—was observed near the
central interior of a fountain bead. As this cavity moved across laterally
towards the gas-liquid interface, droplet bursting eventually occurred. It
was hypothesized in this particular case that droplet bursting would
originate from cavitation bubbles.

The same line of study has been conducted using a different type of
transducer with focused ultrasound, often employed in medical ap-
plications [38,16,37]. Tomita [38] investigated, through high-speed
(as high as 50,000-fps) photography, atomization of a liquid jet
generated by interactions of 1-MHz focused ultrasound with a water
surface. He identified the threshold conditions for surface elevation
and jet breakup associated with drop separation and spray formation.
His specific findings include that: a single drop separated from the tip
of a jet without spraying; multiple—typically doublet of—beaded
water masses were formed, moving upwards to produce a vigorous jet;
and cavitation was detected near the center of the primary bead at the
jet’s leading part, accompanied by fine droplets (i.e., sprayed mist) at
the neck between the primary and secondary beads—claimed to occur
due to the collapse of capillary waves.

Simon et al. [37] conducted high-speed (5,000-30,000-fps) videog-
raphy using focused transducers as well, with ultrasound waves of
moderate focal acoustic intensities [mostly between a few and several
hundreds of W/cm?, or at least 180 W/cm?—a minimum level for at-
omization to first appear (though inconsistently) at 20°C [16] in liquid
encountering an air interface. For the given ranges of ultrasonic fre-
quencies (2.165 mainly, 1.04 and as low as 0.155 MHz) and liquid sound
speeds (1.14-1.90 km/s), they reported, in regard to what they call a
drop-chain fountain, that atomization is attained when the acoustic in-
tensity exceeds a liquid-dependent threshold; the drop diameters
approximately equal the ultrasonic wavelengths; for (seven) different
liquids, the atomization threshold was observed to increase with shear
viscosity; upon heating water, the time to commence atomization de-
creases with increasing temperature; and atomized under overpressure,
the static pressure has a negative impact on atomization.

Based on those findings, Simon et al. [37] claimed that bubbles,
generated by acoustic cavitation (or possibly boiling), should contribute
significantly to atomization from the drop-chain fountain, and over-
viewed on one version of UsA mechanism as follows: For a focused ul-
trasound wave, the radiation force from the wave induces a protuberance
on the liquid surface. As the protuberance prevails, coherent in-
teractions between the waves incident on and reflected from the “pressure-
release” interface would result in the generation of numerous cavitation
bubbles inside the protuberance. Acoustic emissions out of these
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Fig. 1. Selected portion of liquid fountain for 39-wt% (20-mol%) ethanol solution, emanating in the form of a chain of “spherical beads” as the ultrasound (2.4 MHz,
2.0 W/cm?) is irradiated. Generation of a bursting droplet and deformation of the “host” bead from spherical towards diamond shape: the bursting droplet originates
from cavitation bubble(s) moving from central region to lateral surface (gas—liquid interface) of the fountain. The whole process shown at (a) 0, (b) 84, (c) 112 till (d)

220 ps elapsed from an arbitrary time (after [42]).
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cavitation bubbles—as they oscillate and collapse—are in turn added
separately or synergistically to the surface ripples caused by capillary-
wave instabilities, facilitating the droplets pinch-off in atomization.

Deeper insights—spanning physicochemical as well as hydrody-
namic aspects—into the involvement of cavitation in driving the UsA
could be gained from the two competing mechanisms proposed for the
liquid flow associated with the sonic-generated cavitation bubbles un-
derneath a rather flat free surface—thus in the absence of the UsA liquid
fountain: 1) acoustic radiation pressure/force, as above, in a traveling-
wave field and 2) acoustic streaming in a standing-wave field [19,20,22].

Lee et al. [20] in particular, examining three different driving fre-
quencies, 168, 448 and 726 kHz, at a fixed input power of 20 W (1.1 W/
cm?), reported the following trends: at the lower frequency, a strong
standing-wave filed prevailed homogeneously along the near central,
vertical axis above the transducer, especially at early stages of wave
propagation; at the intermediate frequency, the attenuation of acoustic
pressure amplitude became appreciable with an increase in the driving
frequency, leading to the development of a traveling-wave field near the
transducer in competition against the standing wave still prevailing near
the free surface; at the higher frequency, the attenuation of the acoustic
energy became so significant—developing an energy gradient in the
direction of the propagating acoustic wave—that the dominant mecha-
nism shifted, with increasing driving frequency, from the radiation
pressure caused by the traveling wave to the acoustic streaming.

Kojima et al. [21] investigated, at a fixed driving frequency of 490
kHz for different input powers of 5-50 W (= 0.25-2.5 W/cm?), the
patterns of liquid flow and the spatial distribution of acoustic pressure
through a laser Doppler velocimetry (LDV) along with a laser-sheet
imaging and through sonochemical luminescence, respectively. With
increasing input power (> 1.5 W/cm?), they demonstrated that a liquid
fountain formed with appreciable atomization and that sonochemical
luminescence was observable not only in the bulk liquid near the liquid
surface but also in the fountain while ultrasonic atomization taking
place. It is important to note that all these studies above pointed out
crucial roles of cavitation dynamics in association with the above two
mechanisms, possibly in explaining some aspects of UsA as well.

While the UsA phenomenon as a whole or, in a series as above, is
induced by a constant driving (or excitation) frequency—thus being
inherently periodic in nature, its characterization in terms of frequency
analysis has not been reported extensively (e.g., [27,41]). The very first
analysis on the periodicity in the dynamics of liquid drops goes back to
the late 19th century; it is Rayleigh’s [43] theoretical treatment on
small-amplitude oscillations of “free” drops in vacuum (or in the air)
that, using spherical harmonic bases, derived—in linear approx-
imation—the oscillation frequency of the normal modes; Lamb [44]
extended the analysis to a drop oscillating in an immiscible fluid. In
recent years, acoustic levitation has been extensively employed to
investigate drops suspended by an acoustic radiation pressure arising
from nonlinear effects of intense ultrasound [e.g., [45-47], [48] (for
drops levitated by an airflow), [49]].

Trinh et al. [45], in the study of the axisymmetric (small-amplitude
shape) oscillations of acoustically levitated liquid drops in an immiscible
fluid, measured oscillation frequencies—resonance frequencies of the
first few modes—to find them to be in general agreement with theo-
retical results from linear approximation for low-viscosity liquids (i.e.,
with negligible viscous damping). Trinh and Wang [46] further found a
trend of increasing oscillation frequency of the axisymmetric mode with
increasing extent of an oblate distortion, suggesting quantitatively a soft
nonlinearity in the fundamental resonant-mode frequency as the oscil-
lation amplitude is increased.

Shen et al. [47] reported the actively-modulated parametric excita-
tion of sectorial oscillations—a category of non-axisymmetric oscil-
lations—of water drops through acoustic levitation at = 22 kHz. Their
important findings include that: the stable sectorial oscillations were
observed to span the oscillation modes from the 2nd up to the 7th mode;
the initial oblate drop shape is essential to the given excitations; the
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oscillations, not directly driven by external forces, lead to the frequency
that increases with the number of mode but decreases with the equa-
torial radius; their data—the dependence of the measured oscillation
frequency, which will coincide with half the modulation frequency, on
the drop size as well as the oscillation mode—could be well described
using the Rayleigh equation [43] modified by replacing the sphere-
equivalent radius with the initial equatorial radius of an oblate drop
exhibiting mainly horizontal sectorial oscillations.

The periodicity detectable in the liquid-fountain dynamics can be
quantified based on the principle of frequency analysis, where time-
series data/signals are decomposed into a series of waves with wave-
lengths and amplitudes individually specified. If the aim of analysis were
just to identify the characteristic/dominant frequencies, the Fourier-
transform analysis in terms of power spectrum density would be
adequate. The Fourier transform—or its fast, discrete form of algorithm
(fast Fourier transform: FFT)—and its inverse establish a one-to-one
relationship between the time domain, function f(t), and the fre-
quency domain, spectrum F(w). It can be viewed as the decomposition of
f(t) into a sum of frequency components, the coefficients of which are
given by the inner product of f(t) and exp(—iwt). The spectrum F(w)
dictates the overall strength/intensity with which each frequency w is
contained in f(t). The Fourier transform, however, does not show how
the frequencies vary with time in f(t).

If, on the other hand, the time-series data were to be analyzed to
extract essential quantitative features hidden in the signals both in time
and frequency domains and directly linked to the fountain dynamics
associated with apparently ad-hoc (thus time-dependent) droplet-
bursting events, it would be a time-frequency analysis (discrete wavelet
transform: DWT) that plays a role (e.g., [50-53]. The wavelet-transform
analysis, being able to extract more detailed information, especially
time-dependent (such as shift in frequency with time) characteristics of
the signals, could provide better physical interpretation of the UsA
phenomenon, thus helpful in detecting possible correlations between the
rather regularly oscillating fountain surface and the occasionally “trig-
gered” droplets bursting.

Several aspects of the UsA in its fundamental nature have been
described thus far: the DSD of emerging mist; the selective separation/
concentration of solute (and the alike) into the mist with its extent and
mechanism(s); the structure and dynamics of the (general) liquid
fountain observed visually; more extensive visual elucidation of the
beads-structured fountain associated with internal cavity and/or
(external) droplets bursting; and the periodic nature or some dominant
frequencies of the fountain-beads (or ideal cases of isolated-drops) os-
cillations. Among these, it is the present study’s intent to focus on
quantitatively elucidating the effects of the UsA driving frequency on the
structure [including characteristic dimension(s)] and dynamics [viz.,
characteristic frequency(ies)] of a chain-of-beads fountain realized
under lower input power intensity.

To this end, high-speed, high-resolution visualization is utilized to
identify the surface dynamics of individual fountain-beads and possible
realization of the droplets bursting; both the frequency (FFT) and
time-frequency (DWT) analyses are employed to evaluate their periodic
characteristics; and some theoretical consideration is made to obtain
simple—hopefully predictive—relationships towards providing the
ranges of characteristic dimension and frequency as functions of the
driving frequency.

2. Experimental

Fig. 2 shows a schematic diagram of the experimental system for
ultrasonic atomization. A high-frequency ultrasonic transducer (KAIJO
QT-011: 1.0, 2.0 and 3.0 MHz) was set on the bottom of a square vessel;
the dimensions of the vessel were 200x200x185 (height) mm. The
input power applied to the transducer ranged 4-14 W. A Teflon® nozzle
with a conical hollow structure (inner diameter of 2 mm at the top) was
installed—to help stabilize the liquid-column formation and
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Fig. 2. Schematic diagram of the experimental system for visual observation of
liquid fountain.

behavior—directly above the transducer’s oscillating disk, a circular
element of 20.0 mm in diameter (with an effective oscillating diameter
of 16 mm) and 7.5 mm above the bottom. The input power density then
ranged 2-7 W/cm?, which will be exclusively used below as an oper-
ating parameter.

The distance from the center of the oscillating disk to the free surface
of the solution (effective liquid depth) was 20 mm. The liquid used was
an aqueous ethanol solution with initial concentration of 50 wt% (28
mol%), temperature of which was set, before each run, to 25°C in a
constant temperature bath. During the UsA over 10 s of operation at
most, the bulk ethanol concentration is presumed not to vary, thus the
liquid properties kept invariant.

2.1. High-speed visualization

High-speed imaging was made via a digital camera (Photron FAST-
CAM MINI AX100) attached with a macro-lens (Nikon Micro-Nikkor
105 mm f/2.8) to observe the dynamics of liquid fountain and the
associated phenomena, especially in detecting the ever-changing outline
of the fountain surface and the onset position of droplet bursting. Each
specific projection was captured—at a frame rate of 20,000 fps (with a
resolution of at least 256 x512 pixels) and an exposure time of 46.88 us
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(inter-frame time of 3.12 ps)—using a metal halide lamp (Lighterrace
MID-25FC) as a light source. The imaging was started 5 s after the
transducer was powered and a 0.5-s period of data were recorded. A
sheet of light diffuser was installed between the liquid fountain and the
lamp, thus reducing the non-uniformity of backlighting.

2.2. Image processing

Fig. 3 shows a sequence of the procedures for image processing and
data acquisition. An image analysis software (DITect Dipp Macro) was
used to binarize original images of the liquid column in the air; the
threshold for the binarization was set at the brightness level of the
“shadow” in the very vicinity of the gas-liquid interface. Filling in blank
(s) then extracted the interface boundary/outline, confined by thinning
it down to 1 pixel; the centerline of the liquid column was extracted as
well. A video analysis software (Kevence Movie Editor) was used to
determine the shape of an ellipse representing each bead in contact
along the liquid column; the lowest two beads above the bottom of the
liquid column were regarded stable and equivalent (or representative)
spherical diameters of the two were measured in each image; this
“vertical” apparent/effective chord length is determined to be the
characteristic size of the fountain beads—an average over 60 pieces of
the relevant images (30 frames of images with two beads each) obtained
under each experimental condition.

2.3. Time-series data analysis

As stated towards the ending of Section 1, the frequency analysis is to
in principle decompose a given time-domain signal f(t) into a frequency-
domain spectrum F(w). In the FFT, the corresponding (to the former)
sum of discrete elements, fi,1(t) (j = 0,1, -, N—1), sampled at equal
intervals are processed through a fast, efficient algorithm (MathWorks
MATLAB®2019b) to obtain the corresponding (to the latter) spectrum:

Fipi (@) = Zji;]q‘/kﬁﬂ(t) 1)

where the term specifying the inner product on the right-hand side is
given by the jk-th power of ¥ = e~27/N [54], and the left-hand side thus
evaluated provides the power spectrum, |F(w)|?, which signifies the
spectrum intensity at each frequency.

Besides the FFT, the DWT employed as a time—frequency analysis is

Binarization and
filling in blank

Original image

Extracting outline
(1-pixel thick)

Measuring
diameters

Extracting
centerline

Fig. 3. Sequence of image processing involving binarization for determining individual beads diameter.
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to be directly applicable to discrete data, expressed as

DWF(j, k) = 27> f (0 (21 — k) @

Here the given time series as a discrete function, f;,(t), is to be trans-
formed by the discrete wavelet operator, DW( j, k), at dyadic scaling
(dilation), 27, and shifting (translation), 277k, where a pair of param-
eters/integers ( j, k) specify the ranges of “frequency level” and “local
time span,” respectively. Such method of sequentially decomposing and
analyzing the signal f(t) which consists of N =2 data in stages of
resolution is called multiresolution analysis (MRA).

Wavelets are a family of functions of invariant shape and zero mean
that are localized in both the time and frequency domains. The wavelets
family is derived from a single prototype function, called the mother
wavelet, by dilating and translating her (as above). Associated with each
wavelet, being a band-pass filter, is a low-pass filter, or scaling function.
The family of discrete dyadic wavelets, v, (t) = 2/%y(2t—k), thus
specified can form a complete orthonormal basis; a usual approach is to
select from a library of proven orthonormal basis functions a proper
candidate (in this study, Daubechies7 in MATLAB®2019b) so as to best
represent the given signal. The wavelet transform—physically inter-
preted as the signal energy in the region of the time-frequency plane
spanned by the selected basis function [55] and called the discrete
wavelet coefficient, djx [= DWf( j, k)]—can be inversely transformed to
reconstruct the function f(t) as

FO Y Y dw@i—k) =3 e (1<j<M) 3)

That is, the function f(t) is first approximated for the actual numerical
scheme by Level/Scale O interpolation, fo(t) [= go(t)], which is
decomposed into Level —1 scaling component, f_; (t), and the Level —1
wavelet component, g_1 (t). Such a decomposition may be repeated until
j = Mis reached. In principle, if the signal f(t) consists of 2™ data points,
it can be decomposed to Level —M [50,56]. In the present study of MRA,
the wavelet decomposition was performed down to Level —9.

3. Results and discussion

The characteristics of liquid fountain and its associated mist
observed under the present experimental conditions are described and
discussed in both static/time-averaged and dynamic natures, with spe-
cific driving frequencies of 1.0, 2.0 and 3.0 MHz (as well as auxiliary
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ones of 0.43, 0.80, 1.6 and 2.4 MHz) over the range of input power
density, 2-7 W/ecm?—applied to the UsA transducer.

As demonstrated in Fig. 4 for the case of the highest driving fre-
quency examined, 3.0 MHz, a chain-of-beads fountain [42] is found to
be attainable with limited stability in the formation of such a steady
beads structure of liquid column—being confined to a range of 3-6 W/
em? (with the specific transducer used): below this range, a series of
beads emanating from the so-called “Foundation Region” right above
the nozzle [41] are no longer stable; above the range, the beads structure
will be disturbed to an extent that it may not be recognized. It is to be
noted here that, while the lowest input power density of the said range,
3 W/cm?, could lead to the beads fountain, it may not maintain the
characteristic aligning stability along the vertical direction of ultrasonic
wave propagation from the transducer. In the following, the character-
ization of the beads fountain as well as the associated mist is prescribed
mainly in terms of the three representative driving frequencies in the
confined range of applied power density (4, 5 or 6 W/cm? exclusively).

3.1. Phase-averaged size specificity of beads fountain

Fig. 5 shows three series of images of the beads fountain obtained at
different driving frequencies when the applied power density is 6 W/
cm?. With an increase in the driving frequency, the size of beads will
decrease drastically. Some specific features of the beads fountain are
noted when comparing them between the frequencies: When the fre-
quency is 1.0 MHz, the fountain is mostly characterized by its surface
oscillations occurring, for some of the beads, due to the excitation of
either local protrusions or capillary waves on the otherwise smooth
surface; still, the beads chain basically consists of spheres or ellipsoids.

At 2.0 and 3.0 MHz, in addition to such surface oscillations of the
bead, which will be noticeably enhanced—in the form of bead shape
itself, two features are clearly detected, viz., the bursting of (rather
large) droplets concurring with such shape fluctuations and the noted
extent of the Foundation Region. The latter feature is particularly
obvious at 3.0 MHz, which implies that the extensive formation of the
Foundation Region may promote the droplets bursting. This speculation
is supported by Simon et al. [16], who reported that once the “mound”
(the same as the Foundation Region) was formed, more significant at-
omization ensued. From a different perspective, the growth rate of the
beads fountain (in relation to ultrasonic surface-wave propagation rate)
was measured to be 102, 112 and 183 mm/s; the fountain growth rate at
3.0 MHz was much (by roughly three quarters) faster than those at 1.0
and 2.0 MHz. It is thus believed that there should be some significant

Fig. 4. Images of liquid fountain obtained at different input power densities for driving frequency of 3.0 MHz.
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(a) 1.0 MHz
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Fig. 5. Time sequences of beads fountain at driving frequencies of (a) 1.0, (b)
2.0 and (c) 3.0 MHz for input power density of 6 W/cm?.

differences in the bulk and surface dynamics along the liquid fountain
caused by those in the UsA driving frequency, which need to be clarified
in the future work.

As a general feature, the sizes of chain-beads constituting the liquid
fountain are found to be nearly uniform (except for ones associated with
the droplet bursting) at each given driving frequency (see Fig. 5), while
the fountain tends to repeatedly reproduce longitudinal/transverse
shape stretching (vertically cross-sectioned ellipticity) of each bead.
Once the contour of each ellipse is determined (see Section 2.2), an
apparent diameter of each bead in the direction of the ultrasonic wave is
estimated as a characteristic length associated with the wave propagation.
This length (i.e., vertical chord length) should then be a proper/effective
measure of wave-inherent—if indeed it applies so—bead diameter
approximated by an imaginary circle completing the outline of “spher-
ical” bead (see Fig. 3), which can also signify on average the liquid-
column diameter.

Table 1 lists the measurement results for such “effective” diameter of
chain-beads at each of the input power densities of 4, 5 and 6 W/cm?; the
diameters of 60 pieces of beads selected properly (see above) were
measured under each condition, for the ultrasonic frequencies of 1.0, 2.0

Table 1
Beads diameters for different input powers and ultrasonic frequencies.
Input power (W/cm?) 4 5 6
1.0 MHz 14524139 ym 1436+106 ym 1432+109 pm
2.0 675147 679+76 677+46
3.0 451+49 438+39 453145
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and 3.0 MHz, to provide three representative average diameters of 1.44,
0.68 and 0.45 mm, respectively. In order to reduce possible human-
associated errors in the measurement, three identical sets of measure-
ments were conducted by three persons, which essentially provide
consistent results for both the averages and standard deviations. It can
be suggested that this characteristic—wave-inherent—diameter is rather
independent of the applied power density and that—more importan-
tly—it indeed will almost coincide with half the values of the wavelength
of ultrasound being excited by the 1.0-, 2.0- and 3.0-MHz driving fre-
quencies; the pertaining wavelengths are estimated to be 2.94, 1.47 and
0.98 mm, respectively, where the sound speed of 1,470 m/s in 50-wt%
ethanol aqueous solution at 25°C [57] is employed.

Thus obtained results are consistent with those reported by Simon
et al. [37]. While they used a different type of (focused) ultrasonic
transducer with frequencies of 1.04 and mostly 2.165 MHz and applied
input power densities about 30 times or greater than the range examined
in this study, the resulting fountain was of almost the same range of
diameters as the present estimates. In their focused-transducer config-
uration using water as the liquid phase, a doublet of beads—unlike our
chain-of-beads fountain—were formed whose values of diameter were
reported to be 1.50 and 0.62 mm, respectively, at the above driving
frequencies. It could then be assured that the beads-fountain diameter is
to be independent of the type of high-frequency transducer as well as the
applied power density but will depend on the driving frequency along
with the sound speed of the ultrasonic wave.

In addition to the three frequencies examined (and discussed so far)
in the present study, i.e., 1.0, 2.0 and 3.0 MHz, auxiliary tests are made
applying lower (< 1 MHz) ultrasonic frequencies of 430 and 800 kHz as
well as intermediate ones, 1.6 and 2.4 MHz; note that the former three
are generated using the same types of transducer elements from KAIJO
described in Section 2, while the last one comes from the transducer
(Honda Electronics HM-2412) used in our previous studies [42,58].

Fig. 6 shows the average diameter of the fountain beads obtained
under each specific condition tested, plotted as a function of the driving
frequency. All the data points, including the auxiliary ones—but
excluding the data at the lowest two frequencies, for the average di-
ameters or the characteristic bead diameters (dpeqq) of 0.85 and 0.60
mm, respectively, at 1.6 and 2.4 MHz as well as the values given in
Table 1 tend to follow the physical principle, viz.,

3 1} | |l T T
\ 800 kHz
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- 2 /‘lwave\\
5 —wave
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m L
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Excitation frequency (MHz)

Fig. 6. Decreasing trend in beads diameter with increasing UsA-driving, or
ultrasound-excitation, frequency, predicted by that in ultrasound wavelength
(experimental data represented by three different symbols to signify three
identical sets of measurements, conducted by three persons, which essentially
provide consistent results for both the averages and standard deviations, thus
with possible human-associated errors minimized in the measurement).
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2dbead = Awave = Vwave/fwavﬂ (4)

where 4,4 is the wavelength, v,,q. the speed, and f,yqy. the frequency of
the ultrasound excited by the driving frequency. Here it should be noted
that the frequency of the ultrasonic wave fiyqy. realized to prevail—once
sufficient instabilities are set in to induce the observed liquid-column
fluctuations—will be half the ultrasonic excitation frequency fex
[59,27,41,25], which is assumed to be identical to the driving
frequency:

Save = fex/2 (5)

It would be of a significant physical implication then to infer that the
contour of a chain of beads in contact could be represented by a (not
space-fixed but) “time-traced” traveling wave axially reflected on both
sides, resembling a “virtual” standing wave form of nonlinear sinusoidal
nature, as can be seen in Fig. 5 in the steady formation region (i.e., the
lower part of each image), with its wavelength approximated by the
above estimate.

As the driving/excitation frequency f,, is decreased, the character-
istic bead diameter dj.q increases in line with the hyperbolic variation,
depicted by the solid curve in Fig. 6, in the ultrasound wavelength 4,,q4e
(for a given liquid, thus fixed Vyaye). This trend represented by Eq. (4)
with Eq. (5) cannot be judged, however, to be realized for the lower f,, of
800 as well as 430 kHz, as no appreciable liquid-fountain formation was
observed—above the stabilizing nozzle—under the present experi-
mental conditions (see the inset of Fig. 6 without the nozzle equipped). It
is only noted here that the lower 0.43-MHz auxiliary case resulted in
merely a gently-sloping swell or mound on otherwise horizontal liquid
surface even with increasing input power, while the higher 0.80-MHz
case exhibited a sharper protrusion with occasional precursory beads-
like protuberance on top of it.

In the latter case, the height of protrusion increased with the input
power; at the highest tested in this study (10 W/cm?), the precursory
structure—projected as a circle—was evaluated to have an average
diameter of 1.88 mm for 30 different occasions (cf. the pink-shaded in
the figure inset). Such two cases of unrealized UsA would stem partly
from possible failure in attaining the threshold level for the high direc-
tivity—or more probably, partly from the two mechanisms described in
Section 1—acoustic radiation pressure and/or acoustic streaming—of
soundwave induced by applying ultrasound of high frequency.

Furthermore, even if the beads fountain could have been formed, the
characteristic bead diameter dy.,qg may exceed (or at least comparable to)
the capillary length (1.):

le=1/o/pg (6)

where ¢ and p; are the surface tension and density of the liquid,
respectively, and g the gravitational acceleration. When this condition
(dpeaa > L) meets (see the dashed part in Fig. 6), the gravitational
wave would dominate over the surface-tension/capillary wave. For the
present 50-wt% ethanol aqueous solution at 25°C, [ = 1.80 mm with
the density and surface tension of 902 kg/m® and 28.8 mN/m used [60].
The characteristic bead diameter, on the other hand, would be estima-
ted—if exists—to be dpead = Awae/2 = (3)1,470/(800 x 10%/2) =
1.84 mm, thus dpeqqg > L, for fo, of 800 kHz. It could then be claimed
that realizing UsA or the beads fountain requires a minimum driving
frequency of at least 0.8 MHz.

3.2. Time-dependent characteristics of beads fountain

When the input power density and/or driving frequency are below
given thresholds (but within the present confined ranges), the beads
fountain forms, as indicated in the previous section, with almost no at-
omization detected—but with moderate surface oscillations. As either
the input power density or the driving frequency, or both, are raised,
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droplets bursting and/or mist spreading would arise from the beads
fountain. As shown in Fig. 7(a) at moderate 2.0 MHz, a stable beads
fountain is formed—cyclically—at an arbitrarily defined clock time t =
0, ~5 s after the onset of ultrasonic irradiation. Subsequently, (b)
bursting of a rather large droplet is detected across the surface of a
fountain bead, along with the shape and surface state of the bead being
altered. These multitude of phenomena are then followed by (c) thrusted
spread of clouds of tiny droplets, or mist. While the mist may not be
observed (limited by the camera resolution) every time it is generated, it
tends to follow the droplets bursting. Such a series of time-sequent result
obtained at the highest input power density of the range, 6 W/cm?, in-
dicates that the droplet bursting could trigger the mist emergence. This
speculation is partly supported by Simon et al. [37], who captured
droplet bursting before atomization as well.

The extent of surface oscillations along the beads fountain—or the
deformation of each bead itself—signifies the above-stated disturbances
observed in the absence and presence of the mist spreading as well as the
droplets bursting; such extent is to be quantified for each driving fre-
quency. To extract the extent or the amplitude of bead-surface distur-
bances or wavy dynamics exclusively, the lateral oscillations (or the
left-right swing) of the beads fountain as a whole need to be removed.
As depicted in Fig. 8(a), both the contour of the fountain surface and the
fountain centerline are extracted based on the image processing
described in Section 2.2. The horizontal distance from thus-determined
central axis to the surface outline—the net amplitude of oscillations—is
measured at three different vertical locations (Positions 1, 2 and 3) each
fixed; these three positions are selected—above the Foundation
Region—to be approximately multiples of the average bead diameter.

Fig. 8(b) shows the time variations, for 1.0, 2.0 and 3.0 MHz at 6 W/
cm?, of each lateral location thus specified at a given axial position,
while Fig. 8(c) and (d) provides the outcome of FFT analysis (see Section
2.3) of beads-fountain oscillations for Positions 1 and 3, respectively. At
1.0 MHz, a “semicircular waveform” is “reproduced” in time series on
Position 1, whose outline in time reflects the spatial sequence—in the
vertical direction—of the fountain-beads shape. The waveform of nearly
the same amplitude is obtained on Position 3 as well; the fountain is
relatively stable and of almost no droplets bursting. At 2.0 or 3.0 MHz, a
waveform with still stable outline is obtained on Position 1, but non-
uniformity of the amplitude becomes appreciable on Positions 2 and 3.

Based on the FFT analysis [Fig. 8(c) and (d)], the beads-fountain
oscillations are found to be characterized on Position 1 by essentially
a unique dominant frequency for each of the driving frequencies, as
provided in Table 2, indicating that the waveform obtained on Position 1
should be the surface wave of the beads fountain itself. As given, the
dominant frequency in the surface fluctuations of the beads fountain
does increase drastically with an increase in the driving frequency. On
Position 3, multitude of peaks are detected at 2.0 and 3.0 MHz. It is to be
noted that the droplets bursting will occur mostly out of Position 3 (the
uppermost position examined) along the chain, which in turn contrib-
utes to disturbing the periodicity of beads-surface motion. Over this
frequency band, factors strongly related to the droplets bursting are
inevitably concealed.

3.3. Simple model-evaluated periodicity of beads fountain

In Section 3.1, the UsA fountain under the present confined ranges of
operation is described to consist of stable, nearly spherical beads, which
could be (and have been) regarded as individual liquid drops. Studies on
the free oscillations of liquid drops were pioneered by Rayleigh [43],
followed by Kelvin [61]. In an idealized situation of a self-resonating
spherical liquid drop, which originates from (as a constituent of) a
liquid jet being destabilized and performs shape oscillations, Rayleigh
[43] derived theoretically—without damping—the resonant angular
frequencies w, of the drop to be
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2.0 MHz t=0

Fig. 7. High-speed imaging of beads fountain with bursting droplet(s) and mist, captured at 2.0 MHz and 6 W/cm?>
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: (a) stable chain-of-beads fountain, (b) droplet

bursting from a fountain bead, and (c) succeeding mist spreading and bead deformation.
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cillations at (c) Position 1 and (d) Position 3.

o

o2 = (2xf,)* = n(n — 1)(n +2)
plre

(7)

where r, is the equivalent (spherical) radius of the bead/drop. With this
size of drop as well as the liquid properties ¢ and p; specified, the
resonance frequencies f, can be estimated by assigning n, the mode of
shape oscillations—the order corresponding to the representative shape
of an oscillating drop, whose (vertical in our case) cross section is of, e.g.,
ellipse: n = 2, triangle: n = 3, diamond: n = 4, pentagon: n = 5, and

hexagon: n = 6 [47-49].

As inferred from the previous sections, the surface motion of the
beads fountain observed in this study is of a resonant nature—i.e.,
occurring at or (if not completely undamped) near the natural frequency
of the beads system—dominated by ultrasound-excited surface waves;
the above formula can then be applied to this “beads” system. If applied,
the formula would be expressed in terms of an apparent dimensionless
number, the resonance Strouhal numbers (Sr,,) based on the resonance
frequencies f,, and the drop diameter, which can be replaced by the
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Table 2
Comparison of experimental data with predicted values for dominant frequency.
Exp Pred [Eq. (7)]
P (FFT) Exp (DWT)  Exp (DWT) ; F F
b Main Main freq. Bursting 2 4 6
(MHz) freq. (kHz) freq. (kHzy ~ (H2)  (Hz) - (diz)
(kHz)
1.0 0.70 — — 0.13 0.38 0.70
2.0 1.70 1.26-2.52 0.32-1.26 0.36 1.08 1.98
3.0 4.20 2.52-5.05 0.63-2.52 0.66 1.99 3.63

individual bead diameter (2r, = dpeqq) in this study, as
nSr, =+/n(n—1)(n+2) = F(n) ®

with the Strouhal number defined by

Sy = fﬂ dbead _ frl lc (dbead)% (9)
" V20/pdbaa V20[pe \ e

It is noted in this equation that the denominator signifies the propaga-
tion velocity of a capillary waveform [62] or the so-called capillar-
y-inertial velocity [63], and in this regard the capillary length I, defined
by Eq. (6) is explicitly introduced into the expression, along with the
reduced bead diameter. Note also that this dimensionless frequency
takes Sr, = 0.90, 2.70 and 4.93 for the mode n = 2, 4 and 6, respectively.

Typical patterns of beads deformation observed in the present ex-
periments (at 6 W/cm?) are illustrated in Fig. 9, which signify the time-
course shape change of beads fountain prior to atomization being trig-
gered (t < 0.2 ms) with possible oscillation modes indicated in the figure.
Initially, the beads tend to oscillate as if an ellipsoid of prolate-and-
oblate oscillation mode (n = 2), as shown in Fig. 9(a) and (b); then
the beads appear to shift to a diamond-shape mode (n = 4), with the
radius of curvature on both sides of the beads getting smaller [Fig. 9(c)],
followed by the number of bead’s “horns” (to be called here) changing
from two to four, transitioning to a hexagonal mode (n = 6) [Fig. 9(d)];
and eventually, a star shape would give rise to droplets bursting and/or
mist spreading [Fig. 9(e)]. The occurrence of oscillation mode n = 6 of
the beads was confirmed several times before/after the droplets bursting
or mist spreading, which is noted to be observed out of a bead (at a time)
along the fountain rather than one at its top (cf. [38,37]).

While the mode n = 6 of each constituting bead has been frequently
detected before or after the droplets bursting, the observed beads are

(©) (©
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basically ellipsoidal, accompanying mostly n = 2, 4 and 6 modes of
oscillations. In comparison to isolated, individual drop oscillations [47],
our results show that oscillations tend to be in even modes, due probably
to the liquid fountain comprising a chain of beads axially connected.
The results for estimated values of the resonance frequencies f;,
obtained based on the above idealized model and experimentally via the
FFT analysis, are compared in Fig. 10. The former—using the Rayleigh
[43] equation, Eq. (7), with each of the above three modes of oscil-
lations—Ileads to three sets of f, for the UsA driving frequencies of 1.0,
2.0, and 3.0 MHz given in Table 2. In the figure, these series of model
prediction are depicted (“cross-plotted”) by the three curves, using the
direct relationship between f,, and f., given in the inset. Correspondingly
shown is the latter—determined for a rather stable part of the beads
fountain on Position 1 (see Section 3.2)—provided in Table 2 as well.
A general agreement between the two series of estimates is encour-
aging despite the simplicity [of the theory of Rayleigh [43] for linearly
perturbed shape oscillations of an isolated spherical drop] vs. the
inherent complexity (of the experimental time series as well as FFT
signals of nonlinear nature). More specifically, it is tempting to speculate
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Fig. 10. Possible predictive capability of proposed model equation given in the
inset towards representing dominant frequencies evaluated experimentally
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Fig. 9. Typical patterns of beads deformation, signifying time-course shape change of beads fountain before atomization being triggered (t < 0.2 ms) with presumed

oscillation modes indicated (2.0 MHz, 6 W/em?).
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that the experimentally found dominant frequencies for the three
driving frequencies could be reproduced by Eq. (7): for 4 W/cm?, with
n = 4—the beads fountain going through a series of diamond-like mode
of the beads deformation; for 6 W/cm?, with n = 6—going through a
series of hexagonal mode. These sets of numerical coincidence have
been visually confirmed in that the droplets bursting and mist spread-
ing—in association with higher-order deformation of the beads foun-
tain—are observed at higher input power density but rarely at the lower.

3.4. Time—frequency characteristics of beads fountain associated with
droplets bursting

Above a given vertical position over the Foundation Region, the
beads fountain will exhibit not only its surface movement/oscillations
but also its associated dynamics such as droplets bursting. As demon-
strated in the previous sections, such additional dynamics noticeable (in
Fig. 5 or 8 for example) on Position 3 at 2.0-MHz or higher driving
frequency(ies) may not be clearly identifiable through separate time-
series and frequency-only analyses. The multitude of frequency bands
detected there need to be analyzed more rigorously; to this end, the
discrete wavelet transform, DWT—a time—frequency analysis—is uti-
lized, which can preserve the time-pertaining information in the fre-
quency analysis (see Section 2.3).

The time-series data [provided in Fig. 8(b)] for 2.0 MHz on Position 3
(shown over a 5-ms period), representing the original waveform of the
beads-surface motion at 6 W/cm? [Fig. 8(a)], is decomposed into
wavelets of different frequency bands. Fig. 11 shows the results
including (a) the DWT map, spanning 10 levels of frequency band ob-
tained using 2° (9-bit) data points for the 9 levels of decomposition
(shown in the figure over a 25.¢-ms period, corresponding to 256 data
points out of the original). Note that the original, zeroth-level, data prior

. 4
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to the first decomposition are not shown, while the last (ninth), lowest-
frequency, level represents the 10th scaling component—the remnant of
the 9th decomposition—called the approximation coefficient or trend
term [56]. The color variation depicted on the map represents the
amplitude/intensity variation in each “smoothed” signal (scaling
component).

Specifically, Level —3 (for convenience, “—” will be omitted below)
spanning the frequency band of 1.26-2.52 kHz signifies—with appre-
ciably high intensity of periodic fluctuations—the dominant frequency
detected primarily for the beads surface motion itself. It is to be noted
here that the resonance frequency of f; = 1.98 kHz, estimated from
Rayleigh’s formula [43], Eq. (7), for the hexagonal deformation mode
(n = 6, see Table 2), can be said to be a reasonable match.

At higher frequency levels (Level 1 in particular) the fluctuations are
presumed to be of noisy nature. At lower frequency levels (Level 4, 5 or
as low as 6)—although the average intensity is not as high as that at
Level 3, but still noticeable—time-course fluctuations will prevail with
reasonable periodicity. To gain a further insight, an attempt has been
made to overlap some of the visual information (extracted from the
original high-speed images) onto this DWT map; each red arrow along
with the dashed line represents the moment at which individual droplet
bursting is detected. As could be noticed in Fig. 11(a), the droplets
bursting is judged to be associated with some of the fluctuating signals at
Level 4 or 5, demonstrating one of the advantages of the DWT analysis,
viz., detecting the occurrence of event(s) in time which may not be pe-
riodic (quasiperiodic at most).

Fig. 11(b) shows the smoothed signal extracted at Levels 4 and 5
only, spanning the oscillation frequency band 0.32-1.26 kHz. Each
event of droplet bursting is marked red. It is found that the bursting
tends to occur at or near the peak of rather periodic fluctuations, which
should correspond to the resonance frequencies of f, = 0.36 and/or f4 =

Fig. 11. (a) DWT map for beads-fountain oscillations
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1.08 kHz, predicted in the same manner as above, for the two lower
modes (see Table 2). The droplets bursting, however, appears to be a
rather rare event. As a minimum requirement/criterion for the insta-
bility to set in towards the bursting, an average amplitude of the net
lateral fluctuations (see Section 3.2) spanning +34 pm in this case (the
dashed blue lines in the figure) may play a role. Beyond this range, the
number of peaks detected is greatly reduced from the total number, as
shown in Fig. 11(b), due to the prevalence of a large fraction of smaller-
amplitude fluctuations. The number of droplets bursting detected would
then account for roughly 30% of the “larger” peaks at most in the beads-
fountain oscillations.

The corresponding wavelet decomposition for higher driving-
frequency (3.0-MHz) case is given in Fig. 12. The following compari-
sons against the case given in Fig. 11 can be made: 1) the dominant
frequency ranges in 2.52-5.05 kHz (Level 2)—signified with a reason-
able agreement to Rayleigh’s prediction [43] of f, = 3.63 kHz [Fig. 12
(a)]; 2) the wavelets extracted from Levels 3 and 4, spanning the fre-
quency band 0.63-2.52 kHz, would be associated with the droplets
bursting [marked red in Fig. 12(a) and (b)], occurring—not necessar-
ily—at or near the peaks signified with the resonance frequencies of f; =
0.66 and/or f4 = 1.99 kHz predicted; and 3) the droplets bursting, being
still a rare event (though with larger absolute number than the lower
driving-frequency case), with the bursting number accounting for
roughly 20% of the “larger” peaks in the beads-fountain oscillations.

While the present findings in regard to the droplets bursting (and the
associated mist spreading) are qualitative at this stage, it can be stated at
least that the bursting appears to be not a completely random phe-
nomenon but should concur with the fountain periodicity with a limited
extent of probability. Furthermore, the beads-fountain oscillations
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should be a necessary step for triggering the droplets bursting (one-way
coupling) at lower driving frequency, on one hand. The bursting in turn
may influence the amplitude and frequency of the fountain oscillations
(two-way coupling) at higher driving frequency, on the other hand,
leading to the complex dynamics observe in this study. One such com-
plex aspect lies in an experimental finding (not indicated in the dis-
cussion so far) that the moment and the local location of triggering the
droplets bursting (and possibly the succeeding mist spreading) may not
necessarily concur with those of “extremes” of the beads-surface oscil-
lations, represented in Figs. 11 and 12 as “peaks” in the time-series data.
Further clarification is definitely needed.

4. Concluding remarks

Upon ultrasonic irradiation under confined operating con-
ditions—driving frequencies of 1-3 MHz and input power densities of
3-6 W/cm?, the UsA fountain takes the form of a chain of “beads” in
contact, recurring steadily; associated with this cyclic aspect of UsA,
droplets bursting and/or mist spreading would arise from the beads
fountain, with limited periodicity and probability, as the driving fre-
quency and/or the input power are increased.

The recurring beads themselves are characterized by the UsA wave-
inherent, “effective” dimension. This effective beads diameter is found to
almost coincide with half the UsA wavelength, which can be specified by
half the UsA excitation/driving frequency. This predictive scheme is
realized via physical principle that the wavelength decreases in inverse
proportion to the increasing frequency for a given liquid (thus for a fixed
ultrasound speed). The scheme appears to hold as long as the beads
diameter will not exceed the capillary length—i.e., provided the
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fountain-surface wave is of capillary nature—which could be assured for
the driving frequency greater than at least 0.8 MHz.

The cyclic properties of the UsA beads fountain, visually exhibited
via high-speed imaging, are characterized by the dominant frequency
obtained (FFT-evaluated) experimentally. This primary periodicity is
found to be well predicted based on the simple theoretical model pro-
posed by Rayleigh [43] with a proper assignment of the mode of cyclic
deformation of the fountain beads themselves.

The secondary dynamic characteristics associated with the primary
beads-fountain periodicity—droplets bursting and/or mist spread-
ing—involve some limited probability and triggering. While the present
time—frequency analysis, via DWT, failed to reach their quantitative
elucidation due to their complexity, some requirement(s) are identified
in terms of higher probability for the droplets bursting to be triggered.
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