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Ultrasonic atomization (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. A variety of its applications are evidenced in the
fields including: selective separation or concentration of solute from organic solution, spray cooling, film
coating, preparation of micro- and/or nano- sized powder, air purification, medical applications, and
applications utilizing sonochemical reactions/reactors associated with cavitation. Among those applications,
a typical technique of installing the ultrasonic transducer is to set it, in the form of an oscillating disk, within
a liquid and to irradiate ultrasonic wave almost vertically upward. In such a configuration, as the bulk liquid
is irradiated at a high driving frequency, a fountain of liquid will emerge from its free surface and micro- to
nano- sized droplets could be generated—as mist—from the fountain. However, the current literature does
not contain specific information regarding the fountain characteristics other than those of the mist as well as
droplets. This study is claimed to be the dynamic elucidation through a sequence of images, captured through
high-speed, high-resolution visualization, of the periodically oscillating acoustic fountain, as well as the
quantitative evaluation of the effect of acousto-related operating conditions on the structure and dynamics of
the fountain and an attempt to reveal factor(s) triggering mist emergence via experimental frequency analysis
and theoretical prediction, respectively.

This doctoral thesis consists of seven chapters. Chapter 1 serves as a preface to introduce the research
background and applications of ultrasound-assisted technology. Chapter 2 provides the overview and
applications of ultrasonic atomization, including 1) the chemical and physical effects that can be induced by
ultrasonic irradiation in liquid media, such as heating reactions, acoustic cavitation, acoustic streaming and
acoustic fountains, summarizing their main industrial applications, respectively; 2) the mechanisms of
ultrasonic atomization formation: capillary-waves, cavitation (boiling) and conjunction hypothesis. 3) two
important scientific impacts in ultrasonic atomization—the droplet size distribution (DSD) of generated mist,
the selective separation/concentration of solute into the mist with its extent and the possible mechanism; 4)
Summary of the surface structure and dynamics of ultrasonic fountains. After giving useful introductory
literature information, Chapter 3 is devoted to the principles of experimental data analysis methods, frequency
analysis (fast Fourier transform), and time-frequency analysis (discrete wavelet variation).

Chapter 4 deals with 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. Upon ultrasonic irradiation under confined operating
conditions—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. 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 Aalf 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. 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 proposed by Rayleigh (1879) 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 spreading—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.

In Chapter 5, we apply high-speed imaging/image processing to observe/analyze detailed dynamics of
the acoustic fountain by changing the angle of ultrasonic irradiation. Here, a transducer operating at 2.4 MHz
1s used, which is commonly used in ultrasonic atomization technology. For ultrasound irradiated out of the
transducer used with its installation angles ranging 0—6° or higher (up to 10° examined) and input power
densities of 3.5-6.5 W/cm?, the UsA fountain will exhibit a sequence of oscillating/intermittent character-
istics/events: its vertical/axial growth and breakup; its lateral “compound swinging”; and its associated
dynamics of mist formation and spreading. Through high-speed visualization, it was found qualitatively that as
the extent of tilt (from the vertical direction) in the irradiation angle was increased, the degree of occurrence of mist
generation and the amount of identifiable mist generated would decrease. This trend was associated with reduction
in both the growth rate and breakup frequency of the fountain on the tilt. It is further found, through the analysis of
time variation in the resulting angle of liquid-fountain inclination, that the swinging fountain fluctuates periodically
in an asymmetric manner and its periodicity can fairly be predicted based on a simple “pendulum” model proposed.
In addition, the optimum value should be recommended to be slightly tilted 2° from the viewpoint of stability
of the UsA fountain and not to exceed 5° from that of effective mist generation.

Chapter 6 focuses on the process of ultrasonic atomization involves a series of dynamic/topological
deformations of free surface realized by changing some acousto-related operating conditions, including ultra-
sound excitation frequency, acoustic strength or input power density, and the presence/absence of a
“regulating” nozzle. By utilizing high-speed, high-resolution images, UsA fountains could be qualitatively
identified as four representative transitions/demarcations: 1) the onset of a protrusion on otherwise flat free
surface; 2) the appearance of undulation along the growing protuberance; 3) the triggering of emanating beads
fountain out of this foundation-like region; and 4) the induction of droplets bursting and/or mist spreading.
On the basis of Chapter 4, quantitatively examined were the two parameters specification—for the degrees as
well as induction—of the periodicity in the protrusion-surface and beads-fountain oscillations, observed over
wider range of driving/excitation frequencies (0.43—3.0 MHz) and input power densities (0.5-10 W/cm?) of
ultrasonic transducers with or without the stabilizing nozzle equipped. The resulting time variations for the
extended operating ranges in the “measured” fountain structure, associated with the recurring-beads size
“scalable” to the ultrasound wavelength, confirm the wave nature predictable from simple physical principle.
Specifically, the thresholds in acoustic conditions for each of the four transition states of the fountain structure
have been identified; in particular, the onset of bifircation in the chain-beads diameter below a critical
excitation frequency.

A summary and an outlook are discussed in Chapter 7. Upon lower-power ultrasonic irradiation, the
steady formation of beads fountain would allow us to apply Rayleigh’s theory. It is also found that the
atomization of the fountain should be closely related to the higher-order deformation of the beads, which is
not a completely random phenomenon and should concur with the fountain periodicity with a limited extent
of probability. In experiments at higher power, variations in the ultrasonic irradiation angle improved the
stability of the liquid fountain at the optimal tilt angle of 2°, as well as mist generation. Additionally, the
proposed pendulum model can predict the periodicity of the fountain swinging and is considered to be able to
provide further predictions regarding mist generation.



