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論文要旨

超音波洗浄では複数の音響流体現象が生じ，被洗浄物の表面汚れを機械的に除去す
る．近年の報告によると，音響キャビテーション気泡の運動が促進する洗浄面近傍
の局所的な液流動が洗浄に有用であることが指摘されている．ところが，高音圧超
音波の照射下の激しい気泡崩壊に伴う衝撃波の放射，ジェット流の水撃および液相の
温度上昇による洗浄面の壊食（エロージョン）が技術的課題の一つである．本研究
では，高効率かつダメージレスの超音波洗浄技術として，曝気水（ガス過飽和水）を
洗浄液とする低音圧超音波の使用を提案する．ガス過飽和水では，低音圧超音波の
照射下においても，比較的穏やかな音響キャビテーション気泡の駆動が期待される．
はじめに，マイクロバブル曝気によりガス過飽和水を生成し，水中溶存ガス量を

評価した．溶存酸素濃度は商用の溶存酸素計により取得できるが，溶存窒素濃度は
同様の計測ができない．そこで，固体壁面で初生したガス気泡の準静的な拡散成長
過程を観察し，複数気体種に拡張したEpstein-Plessetモデルによりフィッティング処
理することで溶存窒素濃度を推算した．この結果，大気圧下で水中に飽和溶存して
いた窒素（または酸素）の大部分は酸素マイクロバブル（または窒素マイクロバブ
ル）曝気によりパージ（脱気）される事を確認した．
次に，溶存酸素過飽和度に対するキャビテーション気泡の初生確率の応答特性を

評価した．ブラウン運動を計測原理とするナノ径粒子解析により，溶存酸素濃度の
変化による粒子数密度の大きな差異は見られず，水中の固体ナノ粒子が計測されて
いる事が示唆された．また，ナノ秒パルスレーザーの照射により局所的に水および
固体ナノ粒子を加熱することで，ガス気泡の初生を誘起した．初生した気泡は拡散
成長し，観察可能なサイズの気泡による散乱光を撮影した．この結果，溶存酸素濃
度の増加に伴い，初生気泡数は非線形に増加し，キャビテーション気泡核数が増大
（気泡初生閾値が減少）することを確認した．
最後に，ガス過飽和水を洗浄液とし，低音圧超音波の照射下での音響キャビテー

ション気泡に関する音響流体現象を評価した．洗浄槽内の高速度観察および PIV解
析により，溶存酸素濃度の増加に伴うキャビテーション気泡発生量の増大および液
相流（音響流）・気泡流の促進を確認した．次に，シリカ粒子を塗布したガラス板
を被洗浄サンプルとし，粒子除去効率を評価した．洗浄試験では，音響キャビテー
ション気泡による液流動が洗浄を発現させる一方で，粒子除去効率が最大となる溶
存酸素濃度の最適値の存在を確認した．これは超音波振動子から伝ぱする音響エネ
ルギーが気泡群の力学的散逸効果により減衰し，音響キャビテーション気泡の洗浄
効果が消失したためである．またアルミ箔のエロージョン痕観察および気泡振動誘
起の音響周波数解析では，溶存酸素濃度の増加に伴いエロージョンが低減され，気
泡の激しい崩壊が回避された．この結果，最適なガス過飽和度の選択により，低音
圧超音波の照射下で洗浄効率を維持しつつ，エロージョンを極力回避できる当洗浄
技術の優位性が示唆された．



Abstract

A number of acoustic and fluid-dynamic phenomena appear in ultrasonic cleaning baths and con-
tribute to mechanical removal of contaminant particles at immersed surfaces. Recent studies sug-
gest that the acoustic cavitation bubble enhances localized liquid flow on the targeted surfaces,
resulting the effective particles removal in ultrasonic cleaning. However, bubbles under high-
intensity ultrasound often accompanies shock emission from violent collapse, water hammer from
re-entrant jet collision against solid surfaces, and temperature increase by repeated collapse of
many bubbles, giving rise to the critical problem of surface erosion. In this thesis, we aim to
develop an erosion-free ultrasonic cleaning with the aid of aerated water (gas-supersaturated wa-
ter), which allows for driving relatively mild oscillation of acoustic cavitation bubbles even under
lower-intensity ultrasound.

First, we generate gas-supersaturated water by aeration with microbubbles and evaluate the
amount of dissolved gas. While the concentration of dissolved oxygen (DO) can be detected by a
(commercial) DO meter, that of dissolved nitrogen (DN) is unavailable. To detect the DN level,
we observe the quasi-static diffusion-driven growth of gas bubbles nucleated at glass surfaces
and compare it with the extended multi-species theory of Epstein and Plesset where the DN is
treated as a fitting parameter. Comparisons between the experiment and the theory suggest that
the saturated DN and DO in the water is effectively purged by the aeration of oxygen and nitrogen
microbubbles, respectively.

Second, we relate DO supersaturation to the probability of cavitation bubble nucleation. The
concentration of contaminant particles in the water is examined by nanoparticle tracking analysis
based on Brownian motion and turns out to be rather insensitive to the DO supersaturation, sug-
gesting the detection of nano-sized solid particles in the water. Nanosecond pulse laser is shot
into the water in order to locally heat the water or the nano-sized solid particles, triggering bub-
ble nucleation. Since the nucleated bubbles subsequently grow by mass diffusion, the number of
visible-sized bubbles is counted from capturing their scattered light. It is confirmed that the num-
ber of the nucleated bubbles nonlinearly increases as the DO supersaturation increases, meaning
that the number of stable nuclei that contribute to cavitation inception is augmented under the
supersaturation.

Finally, we examine the role of cavitation bubbles from cleaning tests under low-intensity ul-
trasound in DO supersaturated water. Glass slides spin-coated with silica particles are used to
define particle removal efficiency. High-speed camera recordings and Particle Image Velocimetry
analysis show that the population of cavitation bubbles increases and bubbly streaming flow is
promoted under DO supersaturation. The cleaning is found to be achieved mainly by the action
of cavitation bubbles, but there exists optimal gas supersaturation to maximize the cleaning effi-
ciency. Beyond the optimal DO supersaturation, the bubbles’ population becomes large enough
to mechanically absorb a large part of the ultrasound energy propagating from the transducer, giv-
ing rise to damped oscillation of bubbles with less cleaning effects. Furthermore, it follows from
the simple erosion tests with aluminum foils that DO supersaturation could play a role in mini-
mizing cavitation erosion, which is supported by the frequency spectrum analysis of the acoustic
emissions from the oscillating bubbles. Our finding suggests that low-intensity ultrasound irradi-



ation under the optimal gas supersaturation in cleaning solutions allows for having mild bubble
dynamics without violent collapse and thus cleaning surfaces without cavitation erosion.
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Chapter 1

Introduction

1.1 Acoustics and hydrodynamics of ultrasonic cleaning

Ultrasound, above the frequency range of human audibility (>20 kHz), has been imple-

mented in a wide variety of practical applications after the discovery of piezoelectricity

of transducer, which can convert mechanical stress with a certain frequency into electri-

cal energy (ultrasound detection) and vice versa (ultrasound generation) [1]. In particular,

high-power ultrasound (>1 W/cm2), with its mechanical and thermal effects, has been

of great interest in many applications: manufacture processing [2–5], food processing [6–11],

chemical processing [12–16], or medical therapies or diagnostics [17–22]. The ultrasound-based

technology is considered to be unique with non-invasive and high-efficient ability of pro-

cess intensification. While primary effect of the high-power ultrasound is periodic pres-

sure oscillations, secondary effects are generally predominant including physical, chem-

ical and biological effects by acoustic cavitation or absorption of sound waves (acoustic

streaming and heating).

A large part of this thesis deals with ultrasonic cleaning [23] (see Fig. 1.1) to gain sig-

nificant insight into the more efficient cleaning with less material erosion. The definition

of cleaning is the removal of foreign contaminants from the surface of a targeted substrate

without causing a physical, and chemical change. The contaminants consist of inorganic

or organic materials, which are removed, dissolved, or decomposed selectively by phys-

ical, chemical, or biological means, depending on each target. The ultrasonic cleaning

has emerged as a primary choice and a well-established method when reaching normally
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Fig 1.1: Typical images of ultrasonic cleaning of micron/submicron-sized particles at-
tached on glass surfaces immersed in water: (a) Macroscopic observation of ink removal
(black area) by cavitation bubbles. (b) Microscopic observation of ink removal (gray area)
by a single cavitation bubble.

inaccesible spots with holes or cavities on the targeted surfaces without disassembling

them. Such cleaning technology, with its high precision, safety, and consistency, is used

in a number of manufacturing processes of products such as semiconductor wafers, opti-

cal devices, and precision apparatus [24]. Conventionally, lower frequency (20–100 kHz) is

used for degreasing metal objects, while higher frequency (in the range of MHz) is used

for removing small particles (of micron/submicron sizes) from delicate surfaces such as

semiconductor wafers and liquid crystal displays (i.e., the so-called megasonic cleaning)

[25, 26]. Ultrasonic cleaning is often combined with toxic chemicals (detergents) in cleaning

solutions to enhance its efficiency reducing the adhesive forces between the contaminants

and the targeted surfaces [27]; however, physical cleaning that does not rely on any chemi-

cals and has sufficient mechanical forces is favored from an environmental point of view

(less toxic chemicals and less rinsing process)[28].

Recent studies on ultrasonic cleaning [29–34] suggest that acoustic cavitation (Fig. 1.2),
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Fig 1.2: Schematic overview of acoustics and hydrodynamics in ultrasonic cleaning: (a)
acoustic cavitation cycle under ultrasound with repeated growth and fission, (b) bubbles
translation under acoustic field distribution (standing wave/traveling wave), (c) liquid flow
induced by individual bubble dynamics and bubbly acoustic streaming, (d) mechanism of
particle removal by wall shear stress or Laplace pressure jump, and (e) mechanism of
surface erosion by shock emission from violent collapse, water hammer from re-entrant
jet collision against solid surfaces, and temperature increase by repeated collapse of many
bubbles.

which is nucleated by stretching liquid under the rarefaction phase of ultrasound beyond

its tensile strength [35, 36], serves as the main cleaning agent. The nucleated bubbles os-
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cillate in volume under ultrasound forcing and then grow due to the net influx of gases

dissolved in the liquid by area and shell effects (i.e., the so-called rectified mass diffusion

[37–41]). As the bubbles approach the resonant size corresponding to the (forced) ultrasound

frequency, the amplitude of their volume oscillation is augmented [42, 43]. Bubble collapse

under resonance can be violent enough to split single bubbles into smaller fragments;

these bubble fragments then oscillate as a cloud [44–49]. Oscillating bubbles can be trapped

by the primary Bjerknes force [50] in standing-wave-like acoustic fields that appear in ul-

trasonic cleaning baths; bubbles smaller and larger than the resonant size are trapped,

respectively, at the antinodes and nodes of the pressure field [51, 52] (Fig. 1.2(b)). If the

bubble population is dense, the nearby bubbles that oscillate in phase are more likely to

coalesce by the secondary Bjerknes force [53–56]. Since surface tension becomes less ef-

fective after the bubble coalescence, the merged bubbles result in fission more easily [57].

During the repeated coalescence and fission, the oscillating bubbles keep moving between

the node and antinode, depending on the ratio of the equilibrium bubble radius to the res-

onant radius (in the linear scenario), which is believed to sustain the cavitation process [58]

(Fig. 1.2(a)).

Another complication, in addition to the dynamics of individual cavitation bubbles,

may arise under the existence of densely populated cavitation bubbles in ultrasonic clean-

ing baths (Fig. 1.2(b)). Since the energy of ultrasound propagating through bubbly liquids

is converted into oscillations of the dispersed bubbles, the ultrasound intensity can exhibit

a significant reduction in the propagation direction, impairing a standing-wave-like acous-

tic field in the baths [59–65]. Under the acoustic intensity gradient, bubbles can translate by

the acoustic radiation force [66, 67], entraining the surrounding liquid [68–76]. Such streaming of

bubbly liquids is expected to arise even in the case of low-frequency ultrasound, provided

that there appear a sufficiently large number of cavitation bubbles in the baths.

Both individual bubble dynamics and bubbly acoustic streaming are believed to con-

tribute to physical cleaning mechanisms (Fig. 1.2(c)), including wall shear stress that is

generated by instantaneous motion of bubbles (such as re-entrant jet spreading over solid
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surfaces) [77–82] or by time-averaged microstreaming [83–85], and Laplace pressure jump across

moving bubble interfaces [86–89]. The previous studies [90–92] suggest that contaminant parti-

cles adhering to solid surfaces via the van der Waals force [92] are removed mainly by the

rolling mechanism that arises from liquid shear flow (Fig. 1.2(d)). Here, we summarize

the cleaning aspects and superiorities of acoustic cavitation bubbles and bubbly acoustic

streaming as:

• Instantaneous/time-averaged local flow by the acoustic cavitation dynamics removes

the contaminant particles, and continuous bulk flow by bubbly acoustic streaming

prevents their reattachment from the surfaces.

• Acoustic cavitation bubble translates by the primary Bjerknes force from acous-

tic intensity gradient or by the secondary Bjerknes force from the nearby bubbles,

enlarging effective cleaning area.

• Acoustic cavitation bubble is attracted to the nearby surfaces by the secondary

Bjerknes force (mirror effect) or directly nucleated from the surfaces, enhancing

the ability of continuous cleaning.

• Rectified diffusion, coalescence, and fission of bubbles are likely to be repeated,

sustaining the process of acoustic cavitation and thus the cleaning over long time

periods.

Since acoustic cavitation serves as the main cleaning agent, it is reasonable to re-

fer to the physical characteristics affecting such cavitation dynamics and the resulting

efficiency of ultrasonic cleaning [93–101]. Acoustic cavitation is sensitive to a number of

external parameters: sonication conditions (intensity [51, 102, 103], frequency [104–112], waveform

[113–116], sound direction [117–122], or liquid height [123–125]) and liquid properties (liquid types

[126–128], temperature [97, 102, 103, 129], surface tension [130–132], or viscosity [130, 133, 134]). Although such

complicated external parameters makes it difficult to predict and control acoustic cavita-

tion in time, space and size, we can organize the cleaning by considering two possible

arrangements from engineering viewpoints:

5



• Cleaning process window [135]: Targeted intensity of the cleaning forces by bubble

dynamics and bubbly acoustic streaming are carefully chosen by considering the ad-

hesion force of contaminant particles and mechanical strength of targeted surfaces.

The characteristics of the cleaning forces (cavitation intensity, bubbles size and

population, boundary layer thickness, or frequency) must effectively correspond to

those of the cleaning targets.

• Energy efficiency: Effective sonication conditions for realizing the targeted clean-

ing forces are carefully chosen by considering acoustic field distribution. Standing

wave effect has preferential sites for the cleaning but less uniformity on the tar-

geted surfaces. Acoustic intensity must exceed the threshold for cavitation nucle-

ation. Void fraction of the nucleated bubbles can enhance the cleaning efficiency

and attenuate the acoustic energy (promotion of acoustic streaming and acoustic

shielding).

Indeed ultrasound cavitation contributes to the cleaning, but it also has a side effect;

bubbles under high-intensity ultrasound often accompanies shock emission from violent

collapse, water hammer from re-entrant jet collision against solid surfaces [136, 137], and

temperature increase in solid surfaces by repeated collapse of many bubbles [138, 139], giving

rise to surface damage [140–147] (Fig. 1.2(d)). To avoid such cavitation erosion, degassed

water is conventionally used as cleaning solutions in order to reduce the probability of

having cavitation bubble nucleation in the liquid [99, 148–151]. Unfortunately, in this approach,

the cleaning efficiency will be reduced in the absence of bubbles as cleaning agents. We

can thus say that toward the development of erosion-free, ultrasonic cavitation cleaning,

there is a need to realize mild bubble oscillation [152, 153].

1.2 Cavitation in gas-supersaturated water

To drive mild cavitation dynamics for erosion-free ultrasonic cleaning, low-intensity ul-

trasound irradiation is required. Even with low-intensity ultrasound, there are perhaps

the following two approaches to effectively trigger bubble nucleation from weak spots
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Fig 1.3: (a) Schematic of the diffusion-driven dynamics of gas bubble. Generally, a gas
bubble is unstable against dissolution unless the system is in equilibrium. Henry’s law
states the linear relationship between partial pressure of gas and their solubility. Laplace
pressure drives the gas dissolution from the bubble into the liquid. Fick’s law states the
linear relationship between volume flux of gas and the gradient of gas concentration. (b)
Gas bubble can become diffusion-equilibrium by hydrophobic wall [154], amphiphilic skin
[155], pinning effect [156], or hydrophobic skin [157].

(heterogeneous nucleation) [158]:

• Gas bubble nucleation sites are intentionally provided in cleaning solutions.

• Dissolved gas supersaturation is realized in cleaning solutions.

In the former approach, injected bubbles [159–165] or gas pockets at micropits that are etched

on solid surfaces [166–169] work as cavitation nuclei and ultrasound-induced dynamics of

cavitation bubbles are reported to improve cleaning efficiency. With the latter approach

we explore in this paper, a larger number of stabilized gas bubble nuclei are expected

to exist in the cleaning solution whose surface tension is lowered under dissolved gas

supersaturation [170–172], leading to a reduction in the cavitation inception threshold [173–180].

When we consider the diffusion dynamics, gaseous bubbles are inherently unstable
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unless the system is out of equilibrium (Figure 1.3(a)). Henry’s law states that the amount

of dissolved gas in liquids, c, is directly proportional to the partial pressure of gas, p:

c = KH p where KH is Henry’s constant which decreases with temperature. The inter-

nal pressure of a spherical gas bubble at the equilibrium state can be described by the

Young-Laplace equation, pb = p∞ + 2γ/R, where p∞ is the ambient pressure of liquid, γ

is the surface tension, and R is the bubble radius. For example, a gas bubble of 1 µm in

radius has an internal pressure of 2.5 atm. From Henry’s law and Young-Laplace equa-

tion, surface tension strongly drives the bubble dissolution according to Fick’s law (if

continuum assumption holds) [181]. By extending the seminal theory of Epstein and Plesset

[182], describing the quasi-static dissolution of a gas bubble in infinite volume of liquid, we

can calculate the bubble’s lifetime [183]. For example, an oxygen bubble of 1 µm in radius

should dissolve into oxygen saturated water in 10 ms. Additionally, characteristic time

scale of diffusion is much longer than those of cavitation, dissolved gas is typically as-

sumed to play minor influence on inertially controlled process of cavitation inception [184].

However, there are several mechanisms which stabilize bubble nuclei by solid surfaces or

by diffusion (Figure 1.3(b)). The hydrophobic crack on a particle or surface can create

concave-shaped bubble nuclei with the negative Laplace pressure pb = p∞ − 2γ/R [175].

Furthermore, gas supersaturation determines the thermodynamic stability of nano-sized

gas bubbles [185] combining with effects of amphiphilic skin [155], pinning effect [156], or hy-

drophobic skin [157]. Hence, a larger number of stabilized gas bubble nuclei are expected

to exist in the cleaning solution whose surface tension is regarded to be lowered under

dissolved gas supersaturation, leading to a reduction in the cavitation inception threshold.

That is, the use of gas-supersaturated cleaning solutions facilitates nucleating cavita-

tion bubbles even with lower-intensity ultrasound. Moreover, as the dissolved gas con-

centration increases, the partial pressure of gas (not vapor) inside cavitation bubbles is

expected to increase [150, 186, 187]. In this case, the (noncondensable) gas content plays a more

important role and its cushion effect can in principle mitigate violent collapse often ac-

companied by nonlinear bubble oscillations [188–191], thus contributing to erosion-free, ultra-
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sound cavitation cleaning. Since degassed or saturated water is used as cleaning solutions

in conventional ultrasonic cleaning [97, 132, 192–195], the case with gas-supersaturated water has

not been investigated extensively in previous studies [196–198].

1.3 Thesis objective

The overall objective of this thesis is to experimentally develop an erosion-free ultra-

sound cleaning technique with the aid of cleaning solutions that are supersaturated with

dissolved gases. We investigate the diffusion-driven dynamics under gas supersaturation,

and acoustics and fluid dynamics with underwater ultrasound and gas supersaturation.

The objective of this thesis are:

1. Generate gas-supersaturated water by aeration with microbubbles and evaluate the

amount of dissolved gas.

2. Determine nucleation threshold of gas bubbles in gas-supersaturated water.

3. Examine acoustic and fluid-dynamic events in ultrasonic cleaning with gas-supersaturated

water.

4. Examine cleaning efficiency in ultrasonic cleaning with gas-supersaturated water.

1.4 Thesis outline

This thesis presents phenomena of acoustics and fluid-dynamics in gas-supersaturated wa-

ter, toward the development of ultrasonic cleaning with the aid of the gas-supersaturated

water. The influence of the gas-supersaturation on mechanical action by cavitation bub-

bles is studied. We experimentally explore how the gas-supersaturation essentially influ-

ence the bubble dynamics and the resulting ultrasonic cleaning. The thesis is organized

in five chapters:

Chapter 1 gave a general literature review on the subject of ultrasonic cleaning with

aspects of acoustics and fluid-dynamics, including applicability of gas-supersaturated wa-

ter for ultrasonic cleaning.
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Chapter 2 reports the generation of gas-supersaturated water by microbubble’s aer-

ation and evaluation of the amount of dissolved gas.. More specifically, water is aerated

with oxygen microbubbles in order to produce DO supersaturated water. We aim to quan-

titatively evaluate whether nitrogen gas originally dissolved in water under one atmo-

sphere is purged by the aeration with oxygen microbubbles. We observe diffusion-driven

growth of gas bubbles nucleated and compare it with the multi-species theory of Epstein

and Plesset where the (unknown) DN concentration is treated as a fitting parameter.

Chapter 3 reports the effect of gas-supersaturation on bubbles nucleation. We trigger

bubble nucleation by an intense nanosecond laser irradiation in DO-supersaturated water

and relate the supersaturation to the probability of having the bubble nucleation. We also

discuss the effect on the nucleation of contaminant particles floating in the water whose

concentration is measured by nanoparticle tracking analysis.

Chapter 4 reports the role of cavitation bubbles from ultrasonic cleaning tests with

varying dissolved gas concentration in water. In our cleaning tests, 28-kHz ultrasound

with a fixed power inputted to the ultrasound transducer is used to clean glass substrates

at which silica particles of micron/submicron sizes are spin-coated. The acoustic and

fluid-dynamic events in our cleaning bath are examined by high-speed camera recordings

and Particle Image Velocimetry (PIV) analysis. To examine the cleaning efficiency as a

function of DO supersaturation, the particle removal efficiency (PRE) is defined by an

optical technique based on light scattering.
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Chapter 2

Microbubble’s aeration to generate
gas-supersaturated water

In this chapter, we apply aeration with oxygen microbubbles to tap water; the intent is to

quantitatively evaluate whether nitrogen gas originally dissolved in the water under the

atmosphere is purged by the aeration with oxygen microbubbles. Oxygen microbubbles

are continuously injected to the circulation system of tap water open to the atmosphere.

While the concentration of dissolved oxygen (DO) can be detected by a commercial DO

meter, that of dissolved nitrogen (DN) is unavailable. To detect the DN level, we observe

the growth of millimeter-sized gas bubbles nucleated at glass surfaces in contact with the

aerated water and compare it with the multi-species theory of Epstein and Plesset where

the (unknown) DN concentration is treated as a fitting parameter. In the theory, we solve

binary diffusion of each gas species (oxygen or nitrogen) in the water independently, un-

der the assumption that the dissolved gases are sufficiently dilute. Comparisons between

the experiment and the theory suggest that the DN in the water is effectively purged by the

oxygen aeration. The supplemental experiment of aeration with nitrogen microbubbles is

also documented to show that the DO can be effectively purged as well.

2.1 Introduction

Aeration is employed to efficiently control the amount of gases dissolved in water with

various purposes. To enhance the rate of gas dissolution, we often use bubbling where

smaller-sized gas bubbles (with larger Laplace pressure and longer residence time) [199] are
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favored. There are various techniques to generate micron-sized bubbles (the so-called mi-

crobubbles) based on decompression, hydrodynamic cavitation or membrane filteration,

for example [200]. Aerated water in which gases dissolve beyond their saturation levels

has potential uses for industrial and medical purposes including wastewater treatment [201],

ozonation for disinfection [202], hydroponics [203], cultured fishery [204], and a rapid oxygen

delivery system in therapeutics [205]. To suppress oxidation in food processing, it is favor-

able to replace oxygen gas with inert gas such as nitrogen or argon [206, 207]. On the contrary,

nitrogen gas should be purged to avoid decompression sickness of marine divers [208] or

gas-bubble disease in fish [209] as a result of the formation of nitrogen bubbles in blood or

tissues. In these applications, it is essential to quantitatively monitor gas dissolution in

liquids.

While the concentration of dissolved oxygen (DO) in the aerated water can be detected

by a commercial DO meter, there do not exist commercially available sensors to detect

that of dissolved nitrogen (DN). To detect the DN level, which is the target of the present

study, we observe the growth of millimeter-sized gas bubbles nucleated at glass surfaces

in contact with aerated water and compare it with the extended theory of [182] that predicts

quasi-static growth or dissolution of a single gas bubble whose translation under buoy-

ancy is ignored. The original theory considers the case of single gas species dissolved in

liquids. When it comes to discussing the case of air in water, the binary diffusion rates

of dissolved oxygen (DO) and nitrogen (DN) are of the same order so that air is usu-

ally treated as single-species molecules [210, 211]. For observing quasi-static bubble growth,

Enrı́quez et al. [212, 213] used water–CO2 solutions with other gas species (air) expelled in

order to ignore any interaction between the different gases. In recent studies [214–218], the

classical Epstein–Plesset theory is extended to account for binary diffusions of different

gas species dissolved in a liquid for the case of subsaturation or saturation under which

bubbles dissolve into the liquid. In these studies, dissolved gas species can be assumed

to be dilute enough to ignore their interaction, which allows one to rely on Henry’s law

that indicates a linear proportionality between dissolved gas concentration and gas partial
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Fig 2.1: (a) A schematic diagram of aerating water by a commercial microbubble genera-
tor of spiral flow type. The O2 generator is replaced with an N2 generator in supplemental
experiments (b) Image of the aeration with oxygen microbubbles produced by the com-
mercial microbubble generator. Oxygen bubbles are ejected from a polyurethane tube
whose inner and outer diameter are 7 mm and 9.5 mm, respectively.

pressure at bubble interfaces. As a result, it is possible to solve the diffusion equation for

the different gas species independently.

In this study, we aim to quantitatively evaluate whether nitrogen gas originally dis-

solved in water under one atmosphere is purged by the aeration with oxygen microbub-

bles. Oxygen microbubbles are continuously injected to the circulation system of tap

water open to the atmosphere. The DO concentration is monitored using a DO meter of

fluorometric type. To detect the DN level, we observe diffusion-driven growth of a gas

bubble nucleated at glass surfaces in contact with the aerated water and compare it with

the multi-species theory of Epstein and Plesset that accounts for the binary diffusion of

DN in addition to DO [215, 218] and treats the (unknown) DN concentration as a fitting pa-

rameter. The supplemental experiments of the aeration with nitrogen microbubbles are

also documented in the appendices.

2.2 Experimental methods

2.2.1 Aeration and DO measurement

Tap water that is originally saturated with air at room temperature (approximately 19

◦C) and ambient pressure (1 atm) is aerated using a commercially available, microbubble

generator of spiral flow type (Japan Patent No. 2011-088079), which is depicted in Fig.
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2.1(a). This bubble generator creates swirling liquid flow at the volume flow rate of 12 L

per minute driven by a centrifugal pump whose rotation core shows a pressure reduction

due to centrifugal effects. Pure oxygen gas is sucked into the low-pressure region at the

volume flow rate of 0.2 L per minute; the gas phase is split into micron-sized oxygen

bubbles due to shearing or compression under pressure recovery [219]. Analyses of bubble

images captured by a high-speed camera with a microscope show that the most probable

radius of the bubbles is found approximately at 50 µm; see the Appendix A for image

processing to determine the bubble size distribution. As seen in Fig. 2.1(b), LED light

(SLG-150V, REVOX) is scattered due to a large number of microbubbles that float in the

water. Tap water in a 39.6 L acrylic tank open to the atmosphere is circulated by the

pump through the bubble generator. Temperature and DO concentration (10 cm from the

free interface) are monitored by a DO meter with a fluorometric sensor (SG9, METTLER

TOLEDO). Here, we define the (dimensionless) supersaturation of DO according to

ζ1 =
c1 − cs,1 (T )

cs,1 (T )
, (2.1)

where c1 is the DO concentration detected by the DO meter (in mass per unit volume) and

cs,1 is the saturated DO concentration at water temperature T . Note that the subscript 1

indicates oxygen while the subscript 2 will be used for nitrogen in the following analysis;

the supersaturation of DN, ζ2, is defined in the same manner. For reference, the saturated

concentrations of DO and DN under the atmospheric pressure (0.2 atm oxygen and 0.8

atm nitrogen) are cs,1 = 9.09 mg L−1 and cs,2 = 16.4 mg L−1, respectively, from Henry’s

law that suggests a linear proportionality between dissolved gas concentration and gas

partial pressure at free surfaces. Since the amount of other dissolved gases such as argon

is very small, we account for contributions from oxygen and nitrogen only. During the

aeration, a temperature rise due to pumping effects was up to 4 ◦C. In this study, additional

experiments of aeration with nitrogen microbubbles are also conducted by supplying a

pure nitrogen gas to the bubble generator.

A maximum (or steady-state) value of DO supersaturation ζ1 is achieved about 30

minutes after the aeration starts; it records max(ζ1) = 6.0 in the experiment. See also Ap-
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Fig 2.2: (a) Evolution of DO supersaturation ζ1 during the aeration with O2 microbubbles
and N2 microbubbles. (b) Degassing rates in the DO supersaturated water at different
positions x∗ = x/L where x is the spatial coordinate and L is the liquid column height.

pendix B for the effect of bubble size on max(ζ1) as supplemental materials. Fig. 2.2(a)

shows the evolution of DO supersaturation ζ1 during aeration with oxygen microbub-

bles and nitrogen microbubbles. For the case of oxygen microbubbles, ζ1 increases to

max(ζ1) = 5.0. On the contrary, for the case of nitrogen microbubbles, ζ1 decreases to

min(ζ1) = −0.8, which means that the DO is effectively purged by the nitrogen aeration. A

maximum or minimum value of DO supersaturation is achieved about 30 minutes after the

aeration starts for both the cases. After the aeration is finished, large bubbles escape from

the tank by buoyancy and the water again looks transparent as usual tap water. For the

case of carbonated beverages, gas supersaturation is created by a sudden pressure reduc-

tion after pressurized bottles are opened to the atmosphere. Pressure waves accompanied

by the bottle opening propagate inside the liquid and are expected to work as a mechanical

disturbance to activate nucleation sites at bottle surfaces. Bubbles form from a number

of activated nucleation sites, continue to grow under supersaturation, and are eventually

detached from bottle surfaces by buoyancy. On the other hand, the water aerated with

microbubbles is put under the atmosphere and is not subjected to such pressure transient.

Indeed, the bubble formation at the container surface is found to be rather sporadic in

comparison to carbonated beverages. This might be attributed to smaller population of

activated nucleation sites in the aerated water. The supersaturation in the aerated water
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Fig 2.3: A schematic diagram of visualizing the growth of a bubble nucleated at a glass
surface in the aerated water.

decays over several days as the DO gradually escapes, with a limited number of nucleation

sites, through the free surface. The lower DO supersaturation level is prepared simply by

leaving the water open to the atmosphere. Fig. 2.2(b) shows diffusion-driven degassing

rates in the DO supersaturated water at different positions. It is noted that, in order to

further suppress the probability of having bubble formation at solid boundaries, the aer-

ated water is transferred to a (hydrophilic) glass cylinder whose inner diameter is 85 mm.

The height of the water column is set at L =20 cm. The saturation level is lowered due

to degassing that is promoted by forced convection in transferring the water to the dif-

ferent container. The DO concentration and temperature in the water are simultaneously

measured with the DO meter at 2, 6 and 10 cm below the free surface, which correspond

to x∗ = x/L = 0.9, 0.7, and 0.5, respectively (x is the spatial coordinate). Care is taken

to slowly move the DO meter between the different measurement positions, but this will

induce some convection in the liquid column. We notice that the spatial and temporal

evolution of the concentration field is quite repeatable between the measurements based

on different samples of the aerated water. We note that the temperature variation during

the measurement period (over days) is up to 2.7◦C. Hence, it is more likely that the change

in the room temperature can trigger natural convection in the column.
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2.2.2 Observation of bubble growth under supersaturation

We observe the growth of a bubble nucleated in the aerated water, which is transferred

from the water tank (Fig. 2.1) to a 12.5 L glass container, as illustrated in Fig. 2.3. To

heterogeneously trigger bubble nucleation, a microscope glass slide on which a crack of

about 100 µm radius is intentionally created by a glass cutter is inserted in the water. Now

that the water is supersaturated with DO, a bubble nucleated from the crack is expected

to grow as the DO is transferred into the bubble. The bubble growth driven by the mass

diffusion is recorded with a video camera (ULTRA Cam, nac) with a microscope (×5.5–

6.5, 7.6–9.1 µm per pixel) at 2 frames per minute until it detaches from the surface with

buoyancy defeating the capillary force. The time for bubble detachment varies between

different observations as will be seen in Fig. 2.7(a) and 2.9(a), for the nucleation site

created by a glass cutter is believed to have rough surfaces. Since the inception of bubble

nucleation is an instant event, it is an experimental challenge to capture it. We found in

the video a nucleated bubble from the crack within a couple of minutes after inserting the

glass slide into the water. Practically, we define time t = 0 at the initial video frame to

capture the nucleated bubble, for the time to find the nucleation was much shorter than

the bubble growth phase. The bubble image is extracted by thresholding based on Otsu’s

method [220].

The observation was performed at four different conditions (i) to (iv) of initial bubble

radius R0 and DO supersaturation ζ1 (see Table 2.1). We confirmed that the DO reading ζ1

remained unchanged during the observation of the bubble growth. The observed bubble

growth is to be compared with the multi-species Epstein–Plesset calculation where the

(unknown) DN supersaturation is treated as a fitting parameter.

2.3 Multi-species theory of Epstein and Plesset

Assuming that bubble growth driven by mass diffusion in a supersaturated solution is

gradual enough to ignore advection effects (and that there are no boundaries in the vicinity

of bubbles of concern), mass transfer at spherical bubbles can be modeled by the diffusion
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Experimental condition (i) (ii) (iii) (iv)
Initial bubble radius, R0 [µm] 235 317 379 375
DO supersaturation (measured), ζ1 6.0 5.4 2.9 1.8
DN supersaturation (fitted), ζ2 −0.91 −0.9 −0.37 −0.22

Table 2.1: Initial radius of the nucleated bubble (captured in the initial frame), supersatu-
ration from the DO reading, and fitted values of DN supersaturation in experiments (i) to
(iv).

equation with spherical symmetry. Epstein and Plesset [182] derived the formula of the

quasi-static growth rate of a spherical bubble in infinite liquids for the case of single gas

species:

R
dR
dt
=

D
ρG

[
c∞ − cs

(
1 + 2γ

Rp∞

)]
(
1 + 4γ

3Rp∞

) (
1 +

R
√
πDt

)
, (2.2)

where R is the bubble radius, D is the binary diffusion coefficient, ρG is the gas density

inside the bubble, γ is the surface tension, p∞ is the ambient pressure (for this study one

atmosphere), and c∞ and cs stand, respectively, for the undisturbed concentration away

from the bubble and the saturated concentration corresponding to p∞. Vapor pressure at

room temperature is much smaller than gas pressure inside the bubble and its contribution

is thus neglected in Eq. (2.2). Our target is the case of supersaturation (i.e., c∞ > cs) under

which bubbles will grow due to gas influx. As the bubble grows, surface tension becomes

less influential; this assumption is reasonable, for the bubble size of our concern is on the

order of submillimeters to millimeters. Under the approximations, the Epstein–Plesset

theory can be extended to include the two components of pseudo-binary gases [215]:

dR
dt
=

BT
4πR2 p∞

2∑
i=1

dni

dt
, (2.3)

where B is the universal gas constant, ni is the moles of gas species i inside the bubble,

and T is the (undisturbed) room temperature. Note that i = 1 and 2 stand for oxygen

and nitrogen, respectively, which we model as ideal gases; the atmospheric pressure p∞

consists of p∞,1 = 0.2 atm from oxygen gas and p∞,2 = 0.8 atm from nitrogen gas. The

molar transfer rate for species i is governed by Fick’s law together with Henry’s law:

dni

dt
= 4πR2DiKH,i

[
p∞,i (ζi + 1) − pi

] ( 1
R
+

1
√
πDit

)
, (2.4)
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Fig 2.4: Schematic of the geometrical effect of the solid surface on the formation of
concentration boundary. The effective area for mass transfer is denoted by the thick solid
line, while mass transfer is shielded due to the solid surface (dashed line).

where KH,i is the Henry’s constant of species i and pi = niBT/(4πR3/3) is the partial pres-

sure of species i inside the bubble. The right-hand side of Eq. (2.4) divided by 4πR2Di rep-

resents the concentration gradient at the bubble wall (∂ci/∂r)|r=R =
(
c∞, i − cs, i

) (
1/R + 1/

√
πDit

)
[217, 221]. The binary diffusion coefficients (in water) and the Henry’s constants of species

i = 1 and 2 are obtained from Wilhelm et al. [222] and Sander [223]: D1 = 2.4 × 10−9 m2 s−1,

D2 = 2.0× 10−9 m2 s−1, KH,1 = 4.0× 10−4 kg m−3 Pa−1, and KH,2 = 1.7× 10−4 kg m−3 Pa−1.

It is possible to extend the Epstein–Plesset theory to the case of spherical bubbles

attached at hydrophilic surfaces with very small contact angles such as glasses. As we

will see (in Fig. 2.5), the bubble we obtained keeps fairly spherical during the observa-

tion. This situation can be modeled by considering an imaginary bubble (of the identical

size) mirrored at the opposite side of the glass surface in order to satisfy no penetra-

tion condition across the solid boundary. This means that the bubble growth is hindered

by having the imaginary bubble. According to Enrı́quez et al. [213], the effective area

(4πR2 fA,i) through which mass transfer of species i occurs is estimated by introducing the

(dimensionless) correction factor:

fA,i = 1 − 1
2

√
πDit

R +
√
πDit
. (2.5)

The asymptotic limit fA,i → 0.5 means that the concentration boundary layer develops

fully and becomes much larger than the bubble, so that the mass transfer rates halve. For
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Fig 2.5: A growing bubble attached at the glass surface in experiments from (i) to (iv).
The image at t = 0 corresponds to the initial video frame to capture the nucleated bubble.
Each scale bar shows 200 µm.

comparisons with the experiments, Eq. (2.3) and (2.4) together with correction factor fA,i

from Eq. (2.5) are integrated numerically by ordinary differential equation (ODE) solver

ode45 of MATLAB. In these equations, while DO supersaturation ζ1 is taken from the

DO reading in the experiments, DN supersaturation ζ2 is unknown and thus treated as a

fitting parameter.

When it comes to evaluating the concentration boundary layer development, which is

represented by
√
πDit in Eq. (2.4) and (2.5), the time t needs to be measured from the

nucleation of bubbles, rigorously speaking. However, bubble nucleation is an instant event

and the nucleation time is thus unavailable from the experiments. In this sense, one can

replace t with (t+ t0) in the evaluation where t0 is a time shift or the time to experimentally

find nucleated bubbles after inserting the glass slide into the aerated water. It is important
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Fig 2.6: Evolution of the growth of the bubble in experiment (i) under the maximum
supersaturation of DO at ζ1 = 6.0. The experiment (i) is compared with the multi-species
Epstein–Plesset formula (Section 2.3) with different supersaturation of DN at ζ2 = −0.91
(fitted) and ζ2 = 0.

to note that the calculation of DN supersaturation ζ2 is almost unaffected by the time shift

on the order of a couple of minutes in the experiments. This means that the boundary

layer development is properly evaluated even with the convenient definition of t = 0 from

the bubble growth visualization as in Fig. 2.5.

2.4 Results and discussion

2.4.1 Experimental observation

First, we examine the growth of a surface-attached bubble in experiment (i) under the

maximum supersaturation of DO at ζ1 = 6.0 in Fig. 2.5; the measured evolution of

the (area-equivalent) bubble radius is plotted with symbols in Fig. 2.6; the bubble radius

keeps increasing, while its growth is decelerating, as time progresses. Namely, the radius-

time curve does not have any points of inflection.

It is of interest to compare this observation with the the growth of surface-attached

bubbles under CO2 supersaturation. Since CO2 has much higher solubility than O2, a

difference in the solution density across the concentration boundary layer that forms from

nucleated bubbles will come into play during the long observation of the bubble growth.
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To be precise, the solution within the boundary layer is CO2-depleted and its density

is thus lower, thereby triggering ascending fluid motion (under buoyancy) around the

bubbles. Such natural convection leads to enhancement of the bubble growth rate, for

example, in the experiment of Enrı́quez et al. [213] where the gradual growth driven by

diffusion is first observed and the accelerated growth is then obtained after the natural

convection onset; there exists an inflection point in the radius-time curve in the CO2-water

solution.

Now that the extent of the density difference is much lower in our case of O2 because

of its low solubility, on the contrary, the natural convection on the bubble growth is ex-

pected to have a minor impact on the bubble growth. We say, in other words, that the

growth is controlled dominantly by diffusion so that the radius-time curve does not show

such an inflection point. Indeed, the time for the natural convection onset [224] is estimated

at 1200 s to 2900 s for the O2-water system in experiment (i) to (iv) and is comparable

with the observation period, meaning that the natural convection does not alter the early

stage of the diffusion-dominant bubble growth.

2.4.2 Comparison to the theory

Now that advection induced by bubble wall velocity Ṙ = dR/dt is also negligible because

of small Peclet number (Pe = 2RṘ/D1 < 0.1), the Epstein–Plesset calculation is expected

to work. In Fig. 2.6, the evolution of the measured bubble growth in experiment (i) is

compared with the multi-species Epstein–Plesset theory. In the Epstein–Plesset calcula-

tion, there are two unknown parameters:

• the initial mole fraction of oxygen gas inside the bubble, X1(0) = n1(0)/(n1(0) +

n2(0)),

• the supersaturation of DN, ζ2.

Now that the water is supersaturated with DO, it is reasonable to assume that the initial

bubble content is mainly oxygen gas; in the calculation, we set X1(0) = 1 as the initial

condition. It is instructive to note, however, that the change in X1(0) is not influential in
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Fig 2.7: (a) Evolution of the growth of the bubble in experiments (i) to (iv). These mea-
surements are compared with the multi-species Epstein–Plesset formula (represented by
lines) with the DN concentration fitted (see table 2.1). (b) Simulated evolution of the mass
influx of gas species i into the bubble, jin, i.(c) Simulated evolution of the mole fraction of
gas species i inside the bubble, Xi.

the calculation, meaning that the overall bubble growth is rather insensitive to the initial

gas composition of the nucleated bubble.

For the value of DN supersaturation, we consider two scenarios:

• DN is undisturbed by the oxygen aeration and keeps being saturated at 0.8 atm (i.e.,

ζ2 = 0) [225, 226],

• DN is purged by the oxygen aeration and thus is lowered (i.e., ζ2 < 0).

For the latter case, we infer the value of ζ2 by fitting between the experiment and the

theory. It follows from the comparison in Fig. 2.6 that the latter scenario is the case and

the fitted DN supersaturation is ζ2 = −0.91. Note that ζ2 = −1 means that DN is purged
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Experimental condition (v) (vi) (vii)
Initial bubble radius, R0 [µm] 145 245 214
DO supersaturation (measured), ζ1 −0.79 −0.7 5.0
DN supersaturation (fitted), ζ2 2.5 0.86 −0.88

Table 2.2: Initial radius of the nucleated bubble (captured in the initial frame), supersatu-
ration from the DO reading, and fitted values of DN supersaturation in experiments (v) to
(vii).

Fig 2.8: A growing bubble attached at the glass surface in experiments (v) to (vii). The
image at t = 0 corresponds to the initial video frame to capture the nucleated bubble.

perfectly. This suggests that the DN, which is originally saturated under the atmosphere,

is effectively purged by the oxygen aeration.

The fitting procedure is applied to the observation up to bubble detachment in experi-

ments (i) to (iv); see Fig. 2.7(a). The fitted values of ζ2 are documented in Table 2.1. The

overall trend in the bubble growth is found to be well fitted by the multi-species theory of

Epstein and Plesset. We recorded the bubble growth until the bubble was detached from

the glass slide, but did not observe remarkable increases in the growth rate by natural

convection as seen in the CO2-water system of Enrı́quez et al. [213]. It is clear that the

bubble growth is suppressed as the DO supersaturation ζ1 is reduced. More importantly,
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the DN concentration increases as the DO concentration decreases. Since we obtained the

lower DO level by leaving the aerated water open to the atmosphere, the nitrogen gas in

the atmosphere again dissolves into the water through its free surface.

We calculate the the influx of gas species i into the bubble, jin,i = Mi(dni/dt)/(4πR2)

where Mi is the molecular weight of species i, and plot its evolution in Fig. 2.7(b). For

experiments (i) and (ii) where the DO supersaturation is relatively high, the oxygen influx

is dominating over the nitrogen influx (except in the initial stage at which the growth is

sensitive to the initial condition X1(0)); the bubble growth is driven mainly by the transfer

of DO into the bubble. When we look at the evolution of mole fraction of gas species i

inside the bubble Xi (Fig. 2.7(c)), mole fraction of oxygen X1 is also dominating over the

mole fraction of nitrogen gas X2. It is interesting to note, on the contrary, that the negative

influx (i.e., outflux) of the DO arises when the DO supersaturation is not sufficiently high

as in experiments (iii) and (iv); to be specific, the right-hand side of Eq. (2.4) is negative

because of pi > p∞,i(ζi + 1). As the DN is transferred into the bubble, the mole fraction

of oxygen X1 is reduced so that the influx of the DO is eventually obtained, regardless of

the initial condition X1(0).

2.4.3 Nitrogen aeration to air-saturated water

So far, we have studied the aeration of water with oxygen microbubbles and its role of

purging nitrogen gas originally dissolved in the water. We performed another experiment

same as in Section 2.2, but aerating with nitrogen microbubbles. As mentioned in Section

2.2.1, after the 30-minutes aeration, the value of ζ1 decreases to min(ζ1) = −0.8 (i.e., DO

subsaturation), which means that the DO is effectively purged by the nitrogen aeration.

The growth of a surface-attached bubble in the aerated water is then observed (Fig. 2.8);

the experimental conditions (v) and (vi) are summarized in Table 2.2.

To detect the supersaturation of DN, we calculate the multi-species Epstein–Plesset

equations in Section 2.3 and fit them to the experiments. Since the water is now supersat-

urated with DN, the bubble just after nucleation is expected to consist mainly of nitrogen

gas so that X1(0) = 0; the (unknown) DN supersaturation is treated as a fitting parameter
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Fig 2.9: (a) Evolution of the growth of the bubble in experiments (v) to (vii). These
measurements are compared with the multi-species Epstein–Plesset formula with the DN
concentration fitted (see table 2.2). (b) Simulated evolution of the mass influx of gas
species i into the bubble, jin, i. (c) Simulated evolution of the mole fraction of gas species
i inside the bubble, Xi.

as in Section 2.4.

In Fig. 2.9(a), the simulated evolution of the bubble growth is compared with the

experiments (v) and (vi). The experiments are found to be well fitted to the calculations,

meaning that the bubble growth is caused mainly by diffusive effects. At the minimum DO

concentration in experiment (v), we predict the maximum DN supersaturation at max(ζ2)

from the fitting. It should be pointed out that the maximum DO supersaturation obtained

from the oxygen aeration is 2.4 times higher than the maximum DN supersaturation from

the nitrogen aeration; indeed the ratio (max(ζ1)/max(ζ2) = 2.4) agrees with that of the

Henry’s constants between oxygen and nitrogen (KH,1/KH,2 = 2.4 at the room tempera-

ture). The evolution of mass influx jin,i in experiments (v) and (vi) is also computed in
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Fig 2.10: As Fig. 2.6, but with the oxygen aeration applied to DN-supersaturated water at
ζ2 = 1.3 (fitted according to Section 2.4.3).

Fig. 2.9(b). We can confirm, in this case, that the bubble growth is driven mainly by the

transfer of DN into the bubble, and mole fraction of nitrogen X2 is also dominating over

the mole fraction of oxygen X1.

2.4.4 Oxygen aeration to DN-supersaturated water

In all the above experiments, the water we used is originally saturated under the atmo-

sphere. To examine the influence of the initial state of dissolved gases on the purging

performance, we performed another experiment of applying the oxygen aeration to DN-

supersaturated water that is prepared by the nitrogen aeration beforehand. Aeration with

nitrogen microbubbles was first applied to (gas-saturated) tap water for 20 minutes, pro-

ducing DO subsaturation at ζ1 = −0.64 from the DO reading and DN supersaturation at

ζ2 = 1.3 from the analysis as in Section 2.4.3. Then, the oxygen aeration was applied

to the DN supersaturated water for 30 minutes. The bubble growth observation and its

fitting to the theory followed in Fig. 2.8 and 2.10, which allowed us to calculate the DN

concentration at ζ2 = −0.88 (see also Table 2.2) in the water after the oxygen aeration;

namely, the dissolved nitrogen was purged effectively as well. We can thus say that the

purging effect arises from the aeration, regardless of the initial state of dissolved gases in

water.
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2.5 Conclusions

To study whether nitrogen gas originally dissolved in water can be purged by aeration

with oxygen microbubbles, we devised a technique to measure the concentration of DN.

Oxygen microbubbles were continuously injected to the circulation system of tap water

that was originally saturated with gases at one atmosphere or was first aerated with nitro-

gen microbubbles. The gradual growth of a surface-attached bubble in the aerated water

was visualized and was then compared with the extended Epstein–Plesset theory that ac-

counts for mass diffusions of multiple gas species. In the comparison, the (unknown) DN

concentration is treated as a fitting parameter. It follows from the fitting that the DN can

be effectively purged by the oxygen aeration, regardless of the initial state of dissolved

gases in the water. From the supplemental experiment, such a purging effect was con-

firmed also in the cases of aeration with nitrogen microbubbles and of oxygen aeration to

DN-supersaturated water. We say that these purging effects, which are well known partic-

ularly in food industry and fishery, can be evaluated quantitatively by our technique based

on the bubble growth observation and its fitting to the extended Epstein–Plesset theory.
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Chapter 3

Laser-induced nucleation of bubbles in
oxygen-supersaturated water

Cavitation is a ubiquitous phenomenon in hydraulics (e.g., pumps) and underwater acous-

tics (e.g., ultrasonic cleaning). However, it is an experimental challenge to quantify effects

of cavitation on liquid base flow, for the inception (and subsequent) dynamics of cavita-

tion bubbles depend significantly on the (unknown) extent of contamination (such as gas

bubble nuclei and solid particles) in liquids. The stability of gas bubble nuclei, which

float in a bulk of liquids or are attached to contaminant particles, is determined by the

concentration of dissolved gases and surfactants. Here, we select dissolved oxygen (DO)

supersaturation in (unfiltered) tap water as a controlling parameter and relate it to the

probability of having cavitation bubble nucleation. The DO supersaturation is controlled

by oxygen microbubble aeration. The concentration of contaminant particles in the aer-

ated water is examined by nanoparticle tracking analysis based on Brownian motion and

turns out to be rather insensitive to the bubble aeration (and the DO supersaturation).

Nanosecond pulse laser at 532 nm is shot into the water to trigger gas bubble nucleation;

the number of nucleated bubbles of optically visible sizes is counted. It is experimentally

confirmed that the number of the nucleated bubbles increases as the DO supersaturation

increases, meaning that the number of stable nuclei that contribute to cavitation inception

is augmented under the supersaturation.
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3.1 Introduction

Cavitation occurs widely in applications of hydraulics and underwater acoustics. Ultra-

sonic cleaning is one of the remarkable application of acoustic cavitation, which leads

to cleaning forces such as shear stress, acoustic streaming, re-entrant liquid jetting, and

shock wave emission due to violent collapse and water hammer from the liquid jet col-

lision [24]. Such high local pressures induced by cavitation is also responsible for the

occurrence of mechanical erosion on the surfaces of the cleaning materials [141, 227]. One

of the critical parameters affecting cavitation is the amount of dissolved gas as it affects

threshold for cavitation inception, composition of nucleated bubbles, and their subsequent

growth rate [187] Our experiments (see Chapter 4) employ DO supersaturated water with

fine-tuning its supersaturation toward realization of erosion-free ultrasonic cleaning. The

key idea is that (gaseous) cavitation is triggered easily even with low-intensity sonication

in the water, allowing us to buffer violent bubble collapse. Although particle removal

efficiency is confirmed to be increased as the DO supersaturation is increased, there is no

clear insight into the effect of the supersaturation on the cavitation inception dynamics.

It is a tremendous challenge to quantify the effects of cavitation, for the inception

dynamics of cavitation bubbles (in very fast and small scale) depend significantly on

the extent of contamination (such as gas bubble nuclei and solid particles) in liquids [35].

The thermodynamic stability of gas bubble nuclei, which float in a bulk of liquids or

are attached to contaminant particles, is in principle determined by the concentration of

dissolved gases and surfactants.

In the present study, we trigger bubble nucleation by an intense nanosecond laser ir-

radiation in DO-supersaturated water and relate the supersaturation to the probability of

having the bubble nucleation. The DO supersaturation is controlled by oxygen microbub-

ble aeration. We also discuss the effect on the nucleation of contaminant particles floating

in the water whose concentration is measured by nanoparticle tracking analysis.
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Fig 3.1: (a) Schematic of the NTA. A focused laser is passed through the liquid sample.
The scattered lights from the particles in liquid are detected by a CCD camera. The NTA
2.0 identifies the Brownian motion of each particle to obtain its radius by Stokes-Einstein
equation. (b) Typical photograph of the captured scattered light from the particles moving
under Brownian motion (random walk).

3.2 Experimental methods

According to Chapter 2, DO supersaturation in tap water is produced by aeration with a

microbubble generator of spiral flow type (Japan Patent No. 2011-088079). We select

oxygen for the aeration since DO can easily be monitored by a fluorometric sensor (SG9,

Mettler Toledo). According to Eq. (2.1), we define DO supersaturation ζ in the aerated

water. Because of the purging effect of aeration with single gas species, the other dis-

solved gases such as nitrogen are effectively removed and DO is thus dominant. The DO

supersaturation is controlled simply by leaving the aerated water under the atmosphere.

The DO supersaturation in the range of 0 ≤ ζ ≤ 4.7 is studied. Surface tension in the wa-

ter is measured by Wilhelmy method (DY-300, Kyowa Interface Science Co.) and turns

out to be close to the value of pure water at 72 mN/m under the range of ζ.

Particle size distribution and concentration in the DO supersaturated water are mea-

sured by NANOSIGHT (LM10, NanoSight Ltd., Salisbury, UK) which uses particle track-

ing analysis [228]. The technique shown in Figure 3.1 is based on the simultaneous tracking

and analysis of the trajectories of individual particles moving under Brownian motion with

a random walk. As shown in Figure 3.1(a), NANOSIGHT irradiates a CW laser at the

wave length of 405 nm and energy of 75 mW on nano-sized particles in liquid, captures
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Fig 3.2: Concentration of particles (contaminant solid particles and possibly bubbles) as a
function of their radius in the water at two different DO supersaturation. The total particle
concentration (the number of particles per cm3) at ζ = 0.0, 2.0, and 3.0 is 1.51×108,
1.57×108, and 1.73×108, respectively.
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Fig 3.3: Schematic of laser-induced nucleation of gas bubbles by the pulse laser irradia-
tion to the DO-supersaturated water.

the scattered light by a CCD camera at 30 frames per second with a microscope objective

lens (×20). With an analytical software, nano-particle tracking analysis (NTA 2.0), we

automatically obtains the particle size by analyzing the Brownian motion of the particles

within its field of view (80 µm × 100 µm). The relationship between Brownian motion and

the particle size is derived from Einstein-Stokes equation [228] d
2
= kBTts/6πRµ where d

is the displacement of a particle in two-dimensions, T is liquid temperature, ts is the sam-

pling time, and µ is liquid viscosity. The broad range of measurable size and concentration
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Fig 3.4: Typical images of nucleated gas bubbles by the pulse laser irradiation to DO-
supersaturated water (ζ = 4.5).

of particles are from 10 – 1000 nm and 1 × 109 particles/mL, respectively. Samples of

the aerated water with oxygen is examined with different ζ. Nano-sized particle track-

ing analysis shows that the size distribution and total number of contaminant particles in

the water remain similar before and after the aeration (Fig. 3.2). This implies that the

possibility of having nanometer-sized bubbles (the so-called bulk nanobubbles [185]) under

the DO supersaturation may be excluded. But the total particle concentration increases

with ζ, suggesting the possibility that larger number of stabilized gas bubble nuclei are

expected to exist in the aerated water.

As shown in Fig. 3.3, the water in a glass container is exposed to a laser beam of 3

mm in diameter from a Q-switched Nd:YAG laser (ULTRA 50 GRM, Quantel), which

produces a 6 ns pulse duration of the second harmonic light (532 nm). The average

laser intensity is measured by a power meter (PE50BF-C, Ophir). We confirm that the

absorption of laser energy is independent of DO supersaturation. At each laser energy,

the laser is shot into the water once per every 30 seconds to trigger bubble nucleation.

Nucleated gas bubbles of optically visible sizes are captured by a digital camera (EX-
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Fig 3.5: Diffusion-driven evolution of bubbles radii nucleated in the water under different
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Fig 3.6: The number of nucleated bubbles (captured in the camera image) as a function
of the laser energy with different DO supersaturation, ζ = 1.1, 2.4, and 4.5.

100PRO, Casio) at 30 frames per second. A LED light (SLG-150V, Revox) is illuminated

at 90 degree from the camera axis to capture the scattered light from the bubbles. Note

that plasma-induced vaporous bubbles are not observed in this experiment, which are

often obtained by pulse laser focusing [35, 229]. Filtered water by 0.2 µm membrane filters

(Nalgene Rapid-Flow, Thermo Fisher Scientific) is also used for comparative purposes.
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Fig 3.7: Threshold laser energy for nucleation of a gas bubble as a function of DO super-
saturation ζ.

3.3 Results and discussion

A typical image of gas bubbles nucleated by the green laser pulse irradiation to the DO-

supersaturated water (ζ = 4.5) is presented in Fig. 3.4. As seen in Fig. 3.4, the laser

light is scattered due to contaminant particles and nucleated bubbles in the water. The nu-

cleated bubbles start to move upward by buoyancy. We observed that the bubble motion

gets faster as the bubble grows due to the incoming transfer of DO under the supersat-

uration (Fig. 3.5). This trend becomes clearer as the DO supersaturation increases due

to the larger gradient of DO concentration around the bubble. From the upward motion

of bubbles, we roughly estimate the bubble size under different supersaturation. We con-

firm that each pulse produced a range of bubble sizes, suggesting bubbles nucleate and

grow under slightly different conditions. We note that bubble nucleation does not occur

in the saturated tap water with no aeration (ζ = 0) and in the filtered water under the

supersaturation even with the maximum laser energy approximately at 30 mJ, implying

that bubbles are nucleated selectively from gas bubble nuclei trapped at the surface of

contaminant particles [230] that are stabilized under DO supersaturation (see Fig. 1.3(b)).

In Fig. 3.6, we summarize the results from the parameter studies where the laser en-

ergy and the DO supersaturation are varied. Here, we plot the mean number of nucleated
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gas bubbles (captured in the camera image) as a function of the laser energy with varying

DO supersaturation at ζ = 1.1, 2.4, and 4.5. The number of nucleated bubbles is found

to increase non-linearly as the laser energy increases, as observed in the previous study

using CO2-supersaturated water [178, 179]. These show that the nucleation event becomes

more probable as the DO supersaturation increases, suggesting that a larger number of

gas bubbles attaching at contaminant particles are stabilized under higher DO supersatu-

ration and thus activated as cavitation nuclei by the laser irradiation. Finally, the threshold

laser energy of the bubble nucleation is summarized in Fig. 3.7. The nucleation threshold

decreases as the DO supersaturation increases.

3.4 Conclusion

We produced DO-supersaturated tap water (in which other dissolved gas species are ef-

fectively purged and the extent of contaminant particles remains similar) and irradiated

green pulse laser to the water in order to trigger gas bubble nucleation. It follows from

a series of the experiments with varying the DO supersaturation (and the laser energy)

that the number of nucleated gas bubbles increases as the DO supersaturation increases,

implying that the number of stable gas bubble nuclei attaching at contaminant particles

is augmented under the supersaturation. As expected, the nucleation threshold is reduced

by increasing the DO supersaturation.
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Chapter 4

Low-intensity ultrasonic cleaning in
oxygen-supersaturated water

A number of acoustic and fluid-dynamic phenomena appear in ultrasonic cleaning baths

and contribute to physical cleaning of immersed surfaces. Propagation and repeated re-

flection of ultrasound within cleaning baths build standing-wave-like acoustic fields; when

an ultrasound intensity gradient appears in the acoustic fields, it can in principle induce

steady streaming flow. When the ultrasound intensity is sufficiently large, cavitation oc-

curs and oscillating cavitation bubbles are either trapped in the acoustic fields or advected

in the flow. These phenomena are believed to produce mechanical action to remove con-

taminant particles attached at material surfaces. Recent studies suggest that the mechan-

ical action of cavitation bubbles is the dominant factor of particle removal in ultrasonic

cleaning, but the bubble collapse resulting from high-intensity ultrasound may be violent

enough to give rise to surface erosion. In this paper, we aim to carefully examine the role

of cavitation bubbles from ultrasonic cleaning tests with varying dissolved gas concen-

tration in water. In our cleaning tests using 28-kHz ultrasound, oxygen-supersaturated

water is produced by oxygen-microbubble aeration and used as a cleaning solution, and

glass slides spin-coated with silica particles of micron/submicron sizes are used to de-

fine cleaning efficiency. High-speed camera recordings and Particle Image Velocimetry

analysis with a pressure oscillation amplitude of 1.4 atm at the pressure antinode show

that the population of cavitation bubbles increases and streaming flow inside the bath

is promoted, as the dissolved oxygen supersaturation increases. The particle removal is
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found to be achieved mainly by the action of cavitation bubbles, but there exists opti-

mal gas supersaturation to maximize the removal efficiency. Our finding suggests that

low-intensity ultrasound irradiation under the optimal gas supersaturation in cleaning so-

lutions allows for having mild bubble dynamics without violent collapse and thus cleaning

surfaces without cavitation erosion. Finally, observations of individual bubble dynamics

and the resulting particle removal are reported to further support the role of cavitation

bubbles as cleaning agents.

4.1 Introduction

The main objective of the present study is to develop an erosion-free ultrasound clean-

ing technique with the aid of cleaning solutions that are supersaturated with dissolved

gases. Here, we produce dissolved oxygen (DO) supersaturation by applying oxygen-

microbubble aeration to tap water and use the DO-supersaturated water as cleaning so-

lutions. In our cleaning tests, 28-kHz ultrasound with a fixed power inputted to the

ultrasound transducer is used to clean glass substrates at which silica particles of mi-

cron/submicron sizes are spin-coated. The acoustic and fluid-dynamic events in our clean-

ing bath are examined by high-speed camera recordings and Particle Image Velocimetry

(PIV) analysis. To examine the cleaning efficiency as a function of DO supersaturation,

the particle removal efficiency (PRE) is defined by an optical technique based on light

scattering. In what follows, we first introduce the details of the experimental methods and

then discuss the role of cavitation bubbles as cleaning agents from the visualization and

the PRE tests with varying the DO supersaturation.

4.2 Experimental methods

4.2.1 Production of DO-supersaturated water

According to Chapter 2, DO-supersaturated water is produced by aerating tap water with

a microbubble generator of spiral flow type [201] (Japan Patent No. 2011-088079). We em-

ploy pure oxygen gas for the aeration since DO can easily be monitored by a fluorometric
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Fig 4.1: SEM images of the silica particles attached at the glass substrate of diameter Dp.

sensor (SG9, Mettler Toledo). According to Eq. (2.1), we define DO supersaturation ζ in

the aerated water. Note that ζ = 0 means the DO saturation level at the atmosphere that

consists of 0.2 atm oxygen and 0.8 atm nitrogen. Because of the purging effect of oxygen

aeration, the other dissolved gases such as nitrogen are effectively removed so that DO is

dominant in the aerated water. The DO supersaturation of the water used as the cleaning

solution is in the range of 0 < ζ < 4.2, which is obtained by leaving the aerated water

(with the maximum DO supersaturation at ζ ≈ 6.0) in a container open to the atmosphere.

4.2.2 Preparation of cleaning samples

Silica particles whose size is fairly monodisperse (Dp = 1.0 µm±0.2 µm, 0.5 µm±0.2 µm,

or 0.10 µm± 0.04 µm in diameter) are used as contamination. For the particle sizes of our

target, van der Waals force is the dominant adhesive force that is linearly proportional to

the particle size [231]. The particles are suspended in isopropyl alcohol (IPA) and deposited

by a spin drying method at 4,000 rpm for 30 s (1H-D7, Mikasa), on an optically polished,

glass disk (30 mm in diameter and 1 mm in thickness) whose surface roughness is below

10 nm. Scanning Electron Microscope (SEM; FEI Inspect S50 or Hitachi S-4700) images

of the particles are presented in Fig. 4.1. As will be explained in Section 4.2.4, the

concentration of the particles attached at the glass substrate is quantified by an optical

technique based on light scattering.
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Fig 4.2: (a) Schematic of the ultrasonic cleaning test. Bubbly cavitation structure is cap-
tured by the high-speed camera with side illuminations. Individual bubble dynamics are
captured with back illumination (not depicted) and a magnification lens. (b) Photograph
of the ultrasonic cleaning bath. The diameter of the glass sample is 30 mm.

4.2.3 Ultrasonic cleaning system and acoustic pressure measurement

Figure 4.2 illustrates our ultrasonic cleaning tests. For visualization of acoustic and fluid-

dynamic phenomena, we created an ultrasonic cleaning bath with transparent, acrylic

plates. A cylindrical-shaped transducer with the resonant frequency at 28 kHz (0.028Z45I,

Japan Probe) we used is a hermetically sealed structure in which a cylindrical piezo-

electric ceramic of 45 mm in diameter is embedded in a cylindrical ABS container of 65

mm in diameter. The transducer is mounted on the bottom of a rectangular-shaped bath

whose lateral dimensions are 90 mm × 90 mm. We measure the horizontal (x) and vertical

(z) distances from the center of the transducer’s surface. For the cleaning, 28-kHz sinu-

soidal wave in the bath is generated continuously for 30 s by a multi-function generator

(WF1973, NF Co.), magnified by a power amplifier (HSA4014, NF Co.), and fed to the

transducer.

The aerated water (with different DO supersaturation ζ) as the cleaning solution is

poured into the cleaning bath. The water temperature is at the room temperature (approx-

imately 20 ◦C), so that the corresponding wavelength of the ultrasound ( f = 28 kHz) in
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Fig 4.4: (a) The pressure waveform at the pressure antinode (x, z) = (0, λ/2). (b) Effec-
tive pressure intensity distributions in the bath (without cavitation bubbles and the glass
sample) along the z direction at five different horizontal positions x.

water of sonic speed cl = 1483 m/s is computed as λ = cl/ f = 53 mm. The water surface

is set at five quarters of the wavelength, z = 5λ/4 = 66 mm (see Fig. 4.2).

Pressure distributions (without inserting the glass sample) along the z direction at dif-

ferent horizontal positions at x = 0,RT/4,RT/2, 3RT/4, and RT (where RT = 32.5 mm de-

notes the radius of the cylindrical transducer) are measured using a needle hydrophone of

3 mm in diameter (HCT0310, Onda Co.) and recorded with an oscilloscope (TDS2024C,

Tektronix) at a sampling frequency of 1 MHz. In these pressure measurements, low-

intensity ultrasound whose pressure amplitude is at most 0.1 atm inside the bath is used to

prevent bubble nucleation that can give rise to the liquid pressure field contamination and

the hydrophone damage from bubble collapse. Each measurement is performed during
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Fig 4.5: (a) Effective acoustic intensity of fundamental (driving) frequency and all the
frequency as a function of input voltage. (b) Frequency spectra of acoustic emission
under different effective acoustic intensity.

1-ms sonication and the root-mean-square value (or the effective value) of the pressure

signal is extracted; this procedure is repeated ten times to calculate the average of the ef-

fective pressure intensity. The measurements showed that the pressure oscillations reach

a steady state approximately 0.3 ms after the sonication starts (Fig. 4.4(a)). All the mea-

surements are summarized in Fig. 4.4(b) that presents the distribution of the effective

pressure intensity. It turns out that a standing-wave-like acoustic field appears along the

z direction, which results from superposition of repeated wave reflections within the wa-

ter column. Pressure antinodes appear around z = λ/2 and z = λ (measured from the

transducer), while one pressure node will appear exactly at the water surface (z = 5λ/4)

that remains atmospheric and two more pressure nodes appear between the two antinodes

(z = 3λ/4) and close to the transducer (0 < z < λ/4). We note that the acoustic inten-

sity distribution is non-uniform in the x direction; such a multidimensional pressure field

results from wave reflection from the side walls [232] and non-uniform ultrasound emis-

sion from the (finite-sized) transducer surface. In particular, the acoustic intensity at the

pressure node (z = 3λ/4) near the z axis does not approach zero amplitude, which is the

so-called damped standing wave [233].

Additionally, in order to examine nonlinearity of acoustic cavitation bubbles in bubbly

structure, acoustic emission from the cavitation bubbles is measured at (x, z) = (0, λ/2)
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Fig 4.6: (a) Schematic of the optical system for the PRE measurement in a dark room.
(b) Images of the scattered light from the glass sample with different particle diameters
(Dp = 1, 0.5, and 0.1 µm). The scale bar shows 5 mm.

in the water with different ζ. Each measurement is performed during 5 ms sonication

at a sampling frequency of 250 kHz. We extract the frequency spectra of the pressure

signal, which is the average over a large number of acoustic emissions from the oscil-

lating bubbles [234]. Figure 4.5(a) shows effective acoustic intensity prms of fundamental

(driving) frequency and all the frequency as a function of input voltage Vpp. Below cavi-

tation threshold prms ≈ 1.5 atm, prms linearly increases with Vpp and frequency spectrum

contains only fundamental frequency (Figure 4.5(b1) and (b2)). With acoustic cavitation

bubbles nucleated above the threshold, prms nonlinearly increases with Vpp and its com-

ponent of the fundamental frequency suddenly decreases. Then the harmonic frequencies

begin to emerge and their intensity grow as input voltage is increased (Figure 4.5(b3)).

Thus, the acoustic emission at subharmonic and ultraharmonic peaks can be taken as the

indictor of cavitation inception and the nonlinear level of the bubbles’ oscillations, de-

pending on the void fraction.

The glass sample spin-coated with the small particles (see Section 4.2.2) is immersed
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vertically into the bath and its center is located at the pressure antinode at z = λ/2, where

cleaning effects are expected to be maximal. A cramp (not depicted in Fig. 4.2(a)) is used

to position the glass sample in the cleaning spot (see Fig. 4.2(b)). The power inputted

to the transducer is tuned to obtain prms = 1 atm at the pressure antinode z = λ/2 for

the case of saturated water (ζ = 0). When the glass samples coated with the three-sized

particles are sonicated under prms |z=λ/2= 1 atm in the saturated water (ζ = 0.0), each

cleaning efficiency (obtained from haze method in Section 4.2.4) is achieved about 10% in

maximum. Thus the fixed power input is adopted for all the subsequent experiments. See

Appendix E for cleaning tests under higher ultrasound intensity at prms = 1.4 atm. Note

that this sonication intensity (1 atm) is lower than that in commercial ultrasonic cleaning

baths (several atm). The sonication with the fixed power is applied continuously for 30 s to

each sample. Finally we note that the DO saturation level in the water remains unchanged

before and after the sonication. In other words, the effect of ultrasonic degassing is minor

in this sonication period (30 s).

4.2.4 Evaluation of the ultrasonic cleaning efficiency and cavitation
erosion

In order to evaluate the concentration field of the surface-attached particles, scattered

light from the glass sample in a dark room is captured by a digital camera (ILCE-6000,

Sony) equipped with a macro-lens (SEL30M35, Sony) at 45◦ from back illumination by

a halogen lamp (SHLA-150, Sigma Koki) (see Fig. 4.6(a) for the optical setup), which

is the so-called haze method [235, 236]. The light passes through a rod homogenizer (RHO-

13S-E2, Sigma Koki) and shows a rectangular projected area (15 mm × 15 mm) on the

sample. The captured images in Fig. 4.6(b) show that the particles are attached uniformly

on the glass surface. Average intensity of the scattered light is measured using an image

processing software ImageJ [237]. Under the assumption that there exists a proportionality

between the light scattering intensity and the residual particle density, we define particle

removal efficiency (PRE) according to

PRE =
σ0 − σ
σ0

× 100 [%] , (4.1)
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Fig 4.7: (a) Schematic and demonstrating images for the PIV analysis: (b1) Original im-
age including both the fluorescence from the seeding particles and the scattered light from
the cavitation bubbles. (b2) Fluorescence from the seeding particles captured by filtering
the scattered light (green). (b3) Scattered light from the cavitation bubbles. Note that
these images post-processed by analyzing the maximum intensity from the 3-s sonica-
tion.

where σ0 and σ are the area-averaged intensities of the light scattering, respectively, be-

fore and after the cleaning tests.

In order to evaluate surface erosion by mechanical effects of cavitation bubbles, we

perform the classical test [121, 238–240], in which an aluminum foil (65 mm × 66 mm and 11 µm

in thickness) is aligned with z axis in the bath and subjected to a continuous sonication

for 10 s under the same power input to the transducer as in the cleaning tests.

4.2.5 Video recording of bubbly cavitation structure and individual
bubble dynamics

Video recording at different scales is performed to visualize acoustic and fluid-dynamic

phenomena associated with ultrasound-induced cavitation inside the cleaning bath. To

explore the relation between the ultrasound-induced bubble dynamics and PRE (Section
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4.2.2), the front view of bubbly cavitation structure with the glass sample immersed in

the bath is recorded, at 60 frames per second (with exposure time of 1.33 ms), by high-

speed camera units (VW-9000 and VW-300M, Keyence) equipped with a microscope

(VW-Z5, Keyence). The spatial resolution is 163 µm per pixel. LED light sources (SLG-

150V, Revox) are used as side lighting (see Fig. 4.2) in order to effectively capture light

scattering due to the ultrasound-induced bubbles. The sonication and the video recording

are synchronized through a digital delay generator (DG535, Stanford Research Systems).

The same recording is repeated, but without the glass sample, for clearer visualization of

bubbly cavitation structure.

Bubbly cavitating flow (for the case without the glass sample) is analyzed by PIV

[241]. Fluorescent particles (FA-207, Sinloihi Co.) whose diameter and density are 4 µm

and 1,300 kg/m3, respectively, are seeded as tracers in the water in order to extract the

liquid-phase velocity. According to [242], we confirm that our particles seeded in the liquid

are so small that the hydrodynamic drag force overwhelms the acoustic radiation force;

the particles’ slip caused by the acoustic radiation force is expected to be negligible. See

Appendix C for detailed calculation of the threshold diameter of the seeding particles.

An Nd:YAG CW laser sheet (G100-KA, Kato Koken Co.), whose wavelength, thickness,

and mean energy are 532 nm, 1 mm, and 100 mW, respectively, is illuminated along

the z-axis from the top. A filter is used to reduce scattered light of 532 nm from the

cavitation bubbles. The fluorescence (610 nm) is recorded, at 60 frames per second (with

exposure time of 4 ms) by the high-speed camera units (VW-9000, VW-300M, and VW-

Z5, Keyence). A field of view of the recording is set in the range of −40 ≤ x ≤ 40 mm and

0 ≤ z ≤ 66 mm with the resolution of 155 µm per pixel. The recording is performed for the

10-s sonication (with the same power input to the ultrasound transducer) that is applied to

the water with different ζ. PIV analysis, using a commercial software (Flow Expert 2D2C,

Kato Koken Co.) with a direct cross correlation method, is applied to the recorded images

and the evolution of the liquid velocity averaged over 10 frames is obtained every 10

frames. In addition, the bubbles’ translation is analyzed by tracking their scattering of the
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Fig 4.8: (a) Typical snapshots of steady-state bubbly structure of acoustic cavitation in
the water (at DO supersaturation ζ = 0.0, 1.0, 2.0, 3.0, and 4.0) with the cleaning sample
(2.5 s after the sonication started). (b) Initial evolution of the cavitation structure at DO
supersaturation ζ = 4.0. Each scale bar shows 20 mm. (c) Evolution of the normalized
intensity of the scattered light from the cavitation bubbles.

laser sheet in the x-z plane. In this case, the fluorescent particles are not added to the water.

Here, the scattered light is recorded, at 1,000 frames per second (with exposure time of

998 µs), by a high-speed camera (FASTCAM SA-X2, Photron) equipped with a lens (AI

AF Zoom-Nikkor 80–200mm, Nikon) and a teleconverter (Teleplus MC7, Kenko). The

recording is performed for the 5-s sonication (with the same power input). A field of view

of the recording is set at −40 ≤ x ≤ 40 mm and 0 ≤ z ≤ 66 mm with the resolution of 110

µm per pixel.

Finally, the dynamics of individual bubbles nucleated at the glass surface near the
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pressure antinode (at z = λ/2) are recorded, at 200,000 frames per second (with exposure

time of 4 µs), by the high-speed camera (FASTCAM SA-X2, Photron) equipped with a

lens (CX-5040SZ, Hirox). Its optical system is similar to Fig. 4.2, but with the back

illumination, instead of the side illuminations. The spatial resolution is 3.0–9.2 µm per

pixel. Technically, DO-supersaturated water (ζ > 0) is used to promote bubble nucleation

at the sample surface. Surface-attached bubble nuclei are first captured by the camera and

the subsequent dynamics driven by the sonication are recorded by the high-speed camera.

Note that the rectified mass diffusion does not play a role during this observation period.

Moreover, to see whether the particle removal is achieved by the bubble dynamics, the

largest-sized (Dp = 1 µm) particles of density approximately at 2,000 kg/m3, are tracked

via light scattering from the 30◦-off-axis back illumination.

4.3 Results and discussion

4.3.1 Macroscopic observation of cavitation in the bath

First, we present the macroscopic observations of (steady-state) cavitation activity that

was recorded at t = 2.5 s after the sonication started. Figure 4.8(a) shows entire view of

the cavitation activity in the water (DO supersaturation ζ = 0.0, 1.0, 2.0, 3.0, and 4.0) with

the cleaning sample. We can clearly see that there appears a larger number of (visible-

sized) cavitation bubbles in the bath as ζ increases, meaning a reduction in the cavitation

inception threshold under DO supersaturation. This tendency is quantified by analyzing

the intensity of the scattered light from the cavitation bubbles (see Fig. 4.8(c)). For the

cases of ζ = 0.0 and 1.0, the intensity remains unchanged, which originates from the

scattered light from the cramp or acrylic wall. However, when ζ ≥ 2, the evolution rate of

the intensity is enhanced due to the higher nucleation rate under higher DO supersatura-

tion. Under higher DO supersaturation, there will exist a larger number of oxygen bubble

nuclei stabilized in the water or at the bath and the rectified mass diffusion rate will be

augmented under the sonication. It is also interesting to note that the surface tension is

reduced under gas supersaturation [170, 171] and cavitation can in principle occur more easily.
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For the cases of ζ = 2.0 and 3.0, we can see jellyfish structures (the so-called Acous-

tic Lichtenberg Figure [134, 243–245]) around (x, z) = (0, λ/2) and (±RT , λ) where the pressure

amplitude has the local maximum (see Fig. 4.4) and bubbles smaller than the resonant

size are thus expected to migrate toward its center [50, 246]. When the DO supersaturation

is further increased to ζ = 4.0, the population of cavitation bubbles seems to be dense

enough to absorb a large part of the incident ultrasound and thus these bubbles destroy

the standing-wave-like acoustic field as observed in Fig. 4.4. This may support the fact

that the jellyfish structure does not appear in the highest supersaturation case.

In Fig. 4.8(b), we present the transient evolution of the cavitation activity for the case

of the highest DO supersaturation (ζ = 4.0); see also Appendix D with and without the

cleaning sample (for the cases of ζ = 0.0, 1.0, 2.0, 3.0, and 4.0) as supplemental materials.

Before the steady state (Fig. 4.8(a)) is achieved roughly at t = 2.5 s, the population of

visible-sized bubbles is gradually increased via the rectified mass diffusion. Before the

sonication (t = 0), the transducer’s surface shows significant light scattering (due to a

large number of oxygen bubble nucleation under the DO supersaturation) and is thus a

major nucleation site for the cavitation bubble. Shortly after the sonication starts (say,

up to t = 1 s), bubbles nucleated from the transducer’s surface translate upward, i.e., in

the direction of the incident ultrasound propagation and form a jellyfish structure around

(x/RT , z/λ)= (0,1/2) and (±1,1) as simulated by Louisnard [247]. Thereafter, the bubble

population is further increased via the rectified mass diffusion and becomes dense enough

to destroy the standing-wave-like acoustic field in the bath. It is expected that a large

amount of the ultrasound energy from the transducer is absorbed into cavitation bubble

dynamics and the incident wave thus shows a significant decay before reaching the water

surface or the bath wall, leading to the formation of a traveling-wave-like acoustic field,

not a standing-wave-like one [247]. Under such a traveling-wave-like field, bubbles are

no longer trapped midway and show a strong bubbly streaming after the steady state

is achieved, say, at t = 2 s. These bubbles either escape from the water through the

free surface or circulate inside the bath; the bubbles’ translation (and the induced liquid
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Fig 4.9: (a) As Fig. 4.8(a), but without inserting the cleaning sample. The scale bar
shows 20 mm. (b) Liquid-phase velocity field extracted from the PIV analysis based on
the fluorescent particles. (c) Translating bubbles’ velocity field extracted from the PIV
analysis based on the light scattering from the bubbles.

motion) without the cleaning sample will be examined by PIV in Section 4.3.2. Finally,

we note again that the DO supersaturation was almost unchanged before and after the

sonication; namely, the sonication period was short enough to ignore ultrasound degassing

effect.

Finally, we report on the phenomenon in the bath after the sonication stopped If the

DO supersaturation is sufficiently high (say, ζ > 2), strong light scattering appears after

the sonication and its intensity looks almost uniform within the bath. In this case, acoustic

waves propagating and reflecting within the bath are expected to be damped via bubble-

dynamic dissipation soon after the sonication stopped, implying that the primary Bjerknes

force disappears in the post-sonication phase. That is, bubbles grow gradually under the

supersaturation and tend to be distributed uniformly within the bath.

4.3.2 PIV analysis of liquid flow and bubbles’ translation

To more clearly see liquid flow and bubbles’ translation in the bath, we performed the

same experiment as in Section 4.3.1, but without the cleaning sample. In Fig. 4.9(a),
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Fig 4.10: Normalized intensity of the scattered light from the cavitation bubbles with and
without inserting the cleaning sample in Fig. 4.8(a) and 4.9(a), respectively, as a function
of DO supersaturation ζ.

we present the images of the steady-state cavitation activity that were recorded with the

LED side lighting. We postprocessed the scattered light from cavitation bubbles with

and without inserting the cleaning sample, in (the movie version of) Fig. 4.8(a) and

4.9(a), respectively, with imageJ, calculated the average of the scattering intensity over the

sonication time (15 s) and the captured area (65 mm × 66 mm), and plotted it as a function

of DO supersaturation ζ in Fig. 4.10. As expected, the light scattering intensity, for both

cases of with and without inserting the cleaning sample increases, monotonically as the

supersaturation increases, supporting our claim that the cavitation inception threshold

can be reduced by having higher DO supersaturation. For PIV analysis, as explained in

Section 4.2.5, we used the green laser sheet, instead of the LED lighting; the liquid-phase

velocity, ū = (ūx, ūz), was calculated based on the fluorescent particles seeded in the water

and the velocity of translating bubbles, v̄ = (v̄x, v̄z), was extracted from light scattering

from the bubbles.

We summarize the velocity fields of the liquid (with varying ζ) and the bubbles, re-

spectively, in Fig. 4.9(b) and (c). For the case of the saturated water (ζ = 0.0), visible-

sized bubbles did not appear and the light scattering was insufficient for the PIV analysis;

the velocity field of the bubbles cannot be defined. In this case, the liquid is found to
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Fig 4.11: Distribution of the averaged z-velocity (at x = 0) obtained from the PIV analysis
in Fig. 4.9: (a) liquid-phase velocity uz and (b) translating bubbles’ velocity vz.
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Fig 4.12: Distribution of the averaged z-velocity (at z = 30 mm) obtained from the PIV
analysis in Fig. 4.9: (a) liquid-phase velocity uz and (b) translating bubbles’ velocity vz.
(c) Comparison of uz and vz at z = 20 and 30 mm at ζ = 2.0.

be essentially stagnant, which is consistent with the fact that acoustic streaming in water

(having no bubbles) is very weak for the case of low-frequency (say, several 10 kHz) ul-

trasound. On the other hand, once visible bubbles appear in the water under the higher
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Transducer

Fig 4.13: Illustration of the translation directions of bubbles (of equilibrium radius R0)
for the cases of DO supersaturation ζ = 1.0 and 2.0 (0 ≤ r/RT ≤ 1 and 1/2 ≤ z/λ ≤ 1).
Superresonant-sized bubbles (R0 > Rr) translate toward the pressure node (black lines) but
subresonant-sized bubbles (R0 < Rr) translate toward the pressure antinode (gray lines).

DO supersaturation, the liquid streaming is built up and its structure looks similar to the

bubbles’ streaming. This suggests that the liquid phase is entrained by bubbles trans-

lating by the primary Bjerknes force. However, the entrainment effect is rather limited;

the liquid-phase velocity is one-order-magnitude lower than the bubbles’ velocity. Up-

ward liquid streaming becomes dominant under higher DO supersaturation. Such upward

streaming is generated under the ultrasound intensity gradient caused by populated cav-

itation bubbles [60]. The relatively-slow streaming of liquid is expected to continuously

generate shear flow on the cleaning target, which may possibly assist in preventing reat-

tachment of removed particles from the cleaning sample [248]. In Fig. 4.11, we plot the

averaged z-velocity along z-axis (at x = 0) , obtained from the PIV analysis (Fig. 4.9) of

the velocity fields from both the liquid and bubbles. The upward liquid streaming from the

transducer becomes faster as the DO supersaturation increases (see Fig. 4.11(a)). In Fig.

4.12, we plot the averaged z-velocity along x-axis (at z = 0.56λ). For the cases of ζ = 1.0

and 2.0 (where the standing-wave-like structure as in Fig. 4.4(b) is expected to exist), we

see downward movement (or negative velocity v̄z) of bubbles around z = 0.56λ (below

the pressure antinode z = λ = 53 mm), which can be explained according to the primary

Bjerknes force (see the following paragraph). Although the liquid streaming globally fol-
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lows the bubbles translation, the liquid streaming does not partially correspond with that

of the bubbles’ streaming (see Fig. 4.12(c)). On the contrary, when bubbles are populated

more densely (ζ = 3.0 and 4.0 in Fig. 4.9(a)), the bubbles’ entrapment becomes weak,

meaning that the standing-wave-like pressure field is broken by dissipative effects associ-

ated with bubble dynamics. To be more specific, the energy of the ultrasound propagation

from the transducer is effectively converted into dynamics of the densely populated bub-

bles, resulting in formation of the pressure field where the component of traveling waves

is more dominant. The bubbles’ upward translation from the transducer becomes faster as

the DO supersaturation increases (see Fig. 4.9(c)), which is consistent with the observa-

tion that the primary Bjerknes force becomes stronger when the component of traveling

waves is dominating over that of standing waves [247].

Finally, we carefully examine the bubbles’ translation for the relatively low DO cases

(ζ = 1.0 and 2.0) with relevance to the pressure field; we can see bubbles trapped at the

node and antinode of the standing-wave-like pressure field (as well as bubbles’ translation

between the node and antinode). In these cases, bubbles are less populated and the pres-

sure field is expected to be similar to that for the case without bubbles (Fig. 4.4(b)). We

now relate the PIV analysis in Fig. 4.9(c) and 4.12 to the pressure field for the case with-

out bubbles (Fig. 4.4 (b)). Note that the resonant radius corresponding to the ultrasound

frequency f is approximated by Minnaert’s formula Rr =
√

3γp∞/ρl/(2π f ) = 103 µm

[249], where γ = 1.4 is the ratio of specific heats for oxygen gas, p∞ is the ambient pres-

sure (one atmosphere), and ρl = 998 kg/m3 is the water density. According to the primary

Bjerknes force, oscillating bubbles translate along the acoustic intensity gradient; namely,

superresonant-sized bubbles (R0 > Rr where R0 is the equilibrium radius of gas bubble

nuclei) translate toward the pressure node but subresonant-sized bubbles (R0 < Rr) trans-

late toward the pressure antinode (see Fig. 4.13). When oscillating bubbles experience

pressure gradients in both the x and z directions, they will translate favorably toward the

stronger gradient where the primary Bjerknes force is larger. Although the bubble size is

not fully resolved in Fig. 4.9(a), the relatively larger bubbles are expected to have super-
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Fig 4.14: (a) Examples of the haze-method-based images of the backlight scattering from
the cleaning sample (with different particle diameters Dp) after the 30-s sonication with
varying the DO supersaturation ζ. The scale bar shows 5 mm. (b) Spatial distributions of
the light scattering intensity from the haze-method-based images (a).

resonant size (R0 > Rr) and some seem to be trapped at the node z = 3λ/4. It is interesting

to note that around the pressure antinode (x, z) = (0, λ/2), there exists an inflection point

of the translating bubbles’ velocity (see Fig. 4.11(b) and 4.12(c)), suggesting that oscil-

lating bubbles are attracted, from its upper and lower points, toward the jellyfish’s center.

We speculate that this attraction is caused by the secondary Bjerknes force among densely

populated bubbles in the jellyfish-structure cloud of bubbles.
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Fig 4.15: PRE from the ultrasonic cleaning tests as a function of DO supersaturation ζ.

Fig 4.16: Cavitation erosion on an aluminum foil after the 10-s sonication under different
DO supersaturation ζ.

4.3.3 PRE and erosion by the sonication in DO-supersaturated water

To evaluate the cleaning efficiency of the ultrasound irradiation in DO-supersaturated wa-

ter, we present the haze-method-based images of the cleaning samples after the sonication;

in Fig. 4.14(a), representative images of backlight scattering of the samples are presented

with varying the DO supersaturation ζ and the particles’ diameter Dp. We postprocessed

these images with ImageJ and obtained the scattering intensity maps (see Fig. 4.14(b)),

which allows us to define PRE according to Eq. (4.1). In Fig. 4.15, all the PRE results

for each value of Dp are summarized as a function of ζ. The case of the saturated water

(ζ = 0.0) results in very low PRE, regardless of the size of the attached particles. Noting

that visible-sized cavitation bubbles do not appear in this case (Fig. 4.8(a)), mechanical

actions directly from the 28-kHz ultrasound (such as fluid acceleration by instantaneous

pressure gradients or acoustic streaming) do not play a major role in the particle removal,
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which is consistent with finding from the previous studies [29, 32, 33, 77, 87]. On the other hand,

cavitation bubbles appear in the DO supersaturated water and their dynamics play a more

important role as cleaning agents; the PRE becomes much higher in the supersaturated

cases, provided that the particle size is large (Dp = 1 µm and 0.5 µm). Taking a care-

ful look at the light scattering pattern in Fig. 4.14, we may say that cleaned spots appear

preferentially in the vertical direction, particularly in the samples after the sonication with

the supersaturated water. This suggests that bubbles advected vertically in the cleaning

spot by the Bjerknes force, as observed in Section 4.3.2, contribute to the particle re-

moval through their dynamics. It is interesting to note that there exists an optimal DO

supersaturation to maximize PRE. In our cleaning tests, the optimal supersaturation is

found approximately at ζopt ≈ 3, regardless of the particle diameter Dp. We speculate that

beyond the optimal DO supersaturation, the bubbles’ population becomes large enough

to absorb a large part of the energy of the ultrasound propagating from the transducer,

which is consistent with the observation in Section 4.3.2 that bubbly streaming flow is

augmented by increasing the DO supersaturation. Once the ultrasound attenuates in the

cleaning spot, the forced oscillation of cavitation bubbles tends to be damped, giving rise

to a reduction in their fluid-dynamic effects [250]. In other words, the optimal supersat-

uration is determined by the trade-off between individual bubble dynamics and bubbly

streaming. We may say that, to be more specific, bubbly streaming where bubble oscilla-

tion is yet active is a key phenomenon toward realization of effective ultrasound cleaning.

Finally, we discuss the case of the smallest particles (Dp = 0.1 µm) that resulted in the

lowest PRE. We note that when it comes to modeling flow around such small particles,

continuum assumptions may fail. When steep velocity gradients exist above solid sur-

faces, flow can slip, giving rise to a reduction in wall shear stress [251]. When the size of

attached particles is approaching the slip length, shear stress acting on the particles may

be smaller than the prediction from continuum theory equipped with the no-slip boundary

condition.

To demonstrate the possibility of making the cleaning less erosive with the use of
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Fig 4.17: Frequency spectra of acoustic emission in the bath under different DO supersat-
uration.

DO-supersaturated water, we next present results of the erosion test using the aluminum

foil; see Fig. 4.16. For the case of the saturated water (ζ = 0.0), the large hole that is

centered near the first pressure antinode (see Fig. 4.4(b)) at (x, z) = (0, λ/2) was created

by continuous attack from oscillating bubbles during the 10-s sonication. Also note that a

number of micropits, rather than such a large hole, was created near the second pressure

antinode at (x, z) = (0, 3λ/2). Since the pressure amplitude at the second pressure antin-

ode is lower, erosive effects of cavitation bubbles will become milder. However, once DO

supersaturation is created in the cleaning solution, such a large hole created in the case

of the saturated water does not appear. For the case of relatively low DO supersatura-

tion (ζ = 1.0 and 2.0), micropits appear preferentially near the first and second pressure

antinodes. When the DO supersaturation increases further (ζ = 3.0 and 4.0), the extent of

micropits is reduced especially near the second pressure antinode. This definitely means

that much of the ultrasound energy is absorbed into dynamics of cavitation bubbles that
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exist between the transducer’s surface and the first pressure antinode. Namely, the DO

supersaturation can contribute to mild bubble dynamics (and thus less erosive cleaning),

but may give rise to less efficient cleaning as observed in the PRE results. Note that, even

for the cases of the higher DO supersaturation, such micropits still appear near the trans-

ducer’s surface, suggesting that more nucleation sites exist or stronger secondary Bjerknes

force (attractive force on bubbles) appear on the edge of the aluminum foil whose rough-

ness surpasses the lateral surfaces (captured surfaces). Finally, we point out the effect of

DO supersaturation on individual bubble collapse. Since the content of cavitation bubbles

under DO supersaturation is expected to be gaseous (not vaporous), their collapse will be

milder, in comparison to vaporous bubble collapse, by compressibility of the (nonconden-

sible) gas [150, 186, 187]. To be more precise, collapsing gaseous bubbles can rebound before

reaching a very small collapse size (and a very fast collapsing speed) by high pressure of

the compressed gas. As a result, shock emission from gaseous bubble collapse is believed

to be weaker, which is another reason to support the result of smaller damage under higher

DO supersaturation in our erosion test.

Figure 4.17 shows frequency spectra from acoustic cavitation bubbles in the water at

different ζ over the sonication time (5 ms) under the same power input to the transducer

as in the cleaning and erosion tests. As mentioned in Section 4.2.3, averaged acoustic

emission from the individual bubbles shows frequency spectra whose subharmonic and

ultraharmonic peaks can be taken as the indictor of cavitation inception and the nonlinear

level of the bubbles’ oscillations. Under the lower DO supersaturation (ζ = 0.0 and 1.0),

peaks at harmonic and several ultraharmonic frequencies are observed over the whole fre-

quency range. Ultraharmonic peaks are expected to be caused by acoustic emissions from

bubbles smaller than the resonant size. We observe almost no broadband signal (namely,

white-noise) and even subharmonic peaks, which originates from violent collapse of bub-

bles causing shock waves, supporting the relatively mild oscillation of gas bubbles under

low-intensity ultrasound . When ζ is further increased, bumps at ultraharmonic frequen-

cies decreases with increasing the DO supersaturation and harmonic component remains
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Fig 4.18: Evolution of the dynamics of individual surface cavitation in top view (normal to
the glass surface): (a) R0/R̂r = 1.56, (b) R0/R̂r = 1.14, and in side view: (c) R0/R̂r = 1.22.
(d) Particle removal by single bubble oscillation (R0/R̂r = 0.8). Each scale bar shows 200
µm.

unchanged. This suggests that, at higher DO supersaturation (namely, under higher void

fraction), bubbles’ oscillation becomes less intense due to attenuation of effective ultra-

sound energy and bubble-bubble interaction [44], which also supports the result of smaller

damage under higher DO supersaturation in our erosion test.

4.3.4 Individual bubble dynamics at the glass surface

We report on observations of individual bubble dynamics on the sample under the same

sonication amplitude as the cleaning test. Here, we put a focus on the dynamics of the

resonant-sized bubble, which is expected to produce the major cleaning effect. Now that

the bubbles of our concern is attached to the glass surface, the resonant radius is decreased

from the Minnaert prediction Rr and may be approximated by R̂r = 0.82Rr with the

assumption that the glass surface is rigid and hydrophilic [252]. In Fig. 4.18(a), we present

the temporal evolution of a surface-attached bubble (top view) whose radius is a bit larger

than the resonant radius (R0/R̂r = 1.56) just after the sonication starts. Note that this
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Fig 4.19: Evolution of the dynamics of two-equally-sized cavitation bubbles on surfaces
in top view (normal to the glass surface) for the cases of different initial inter-bubble
distances: (i) 374 µm, (ii) 552 µm, and (iii) 1.0 mm. The numbers in the first frame
(t = 0) show Ri(t = 0)/R̂r for each bubble. Each scale bar shows 200 µm.

bubble is located at the first pressure antinode (z = λ/2) and the pressure amplitude

shows a transient increase in the observation period (see Fig. 4.4(a)). It follows that

the dynamics of the bubble are nonspherical due to the existence of the glass surface in

its neighbor [137], involving jetting toward the glass surface, fission, and cloud oscillation

[253]. As the bubble size approaches further toward the resonant size (R0/R̂r = 1.14), the

bubble oscillation becomes more violent and its fission appears sooner (Fig. 4.18(b)). It

is important to note that the bubble images in Fig. 4.18(a) and Fig. 4.18(b) remain clear

(without a blur) during the observation period. This indicates that the oscillating bubbles

keep their position near the rigid boundary via the secondary Bjerknes force that arises

from interaction with the imaginary bubble at the opposite side of the boundary [254, 255], this

fact is indeed confirmed by the side view of a surface bubble near the resonant condition

(see Fig. 4.18(c)) and is of great importance to achieve cleaning effect continuously from

the dynamics of surface cavitation bubbles. The effective stand-off distance from the

single bubble collapse is well-documented in a previous study [33]. Figure 4.18(d) shows

the side view of the bubble dynamics (R0/R̂r = 0.80) on the glass surface. Once the
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Fig 4.20: Evolution of (a) nondimensional radii Ri/R̂r and (b) nondimensional inter-
bubble distance between the bubbles centres d/max(Ri) as a function of time for each
bubble obtained from Fig. 4.19.

cloud is formed between t = 425 µs and 460 µs, we can clearly see effective removal of

particles (Dp = 1 µm in diameter) as suggested in [256]; the removed particles are marked

with a black circle in the figure.

The case of two surface-attached bubbles with equally sized of the resonant radius

(R0/R̂r ≈ 1) are shown in Fig. 4.19 and 4.20 under three different initial inter-bubble

distances: (i) 374 µm, (ii) 552 µm, and (iii) 1.0 mm. These oscillating bubbles are at-

tracted via the secondary Bjerknes force [47, 48] and the inter-bubble distance d becomes

shorter as time progresses whose acceleration becomes larger when initial inter-bubble

distance is shorter. For the case of the strong bubble-bubble interaction in experiment

(i), the displacement of each bubble’s centre can be clearly seen to follow its radial os-

cillation: attracts and repels each other during its expansion and shrink, respectively. At
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Fig 4.21: Evolution of the dynamics of multi cavitation bubbles on surfaces in top view
(normal to the glass surface) for the cases of (a) three bubbles, (b) four bubbles, and (c)
five bubbles. The numbers in the first frame (t = 0) show Ri(t = 0)/R̂r for each bubble.
Each scale bar shows 200 µm.

t = 123 µs and 140 µs, the bubbles’ collapse accompanies reentrant jet formation due

to the strong bubble-bubble interaction. Eventually, these bubbles merge at t = 160 µs.

While the direction of the reentrant jet is normal to the wall in the cases of single bubble

collapse or relatively weak bubble-bubble interaction as in experiment (ii) and (iii), these

jets are attracted as well through the bubble-bubble interaction and their direction is thus

tilted as in experiment (i) [257–259]. This tendency depends on the relative strength of the

secondary Bjerknes force from nearby bubbles or nearby solid surfaces (mirror effect).

As a result of the tilted jet impact against the wall, the bubble-bubble interaction, which

plays a more important role among more populated cavitation bubbles at the higher DO

supersaturation, will result in suppression of both the generated wall shear stress (clean-

ing effect) and water-hammer pressure (damaging effect), supporting the dependency of

PRE and erosion on the supersaturation (see Section 4.3.3). The case of multi surface-

attached bubbles (three-bubbles, four-bubbles, and five-bubbles) with equally sized less

than the resonant radius (0.5 < R0/R̂r < 1) are shown in Fig. 4.21. When d/max(Ri) < 5,
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Fig 4.22: Images of the particles (white dots) of Dp = 1 µm in the vicinity of an oscillating
bubble of R0 = 0.78R̂r = 66 µm at different times after the sonication starts. The velocity
field of the removed particles (red arrows) are obtained by PIV analysis. The scale bar
shows 200 µm.

Fig 4.23: Macroscopic images of the particles removal (white dots) of Dp = 1 µm in the
vicinity of an oscillating cloud of bubbles .

individual bubble initially moves toward and merge with the nearest bubble, and then the

merged bubbles subsequently attract with each other, forming a single cloud of bubbles.

This suggests the cloud dynamics is dominant for the case of more populated cavitation

bubbles at the higher DO supersaturation due to the strong bubble-bubble interaction.

Finally, we apply PIV analysis based on the scattering light from the largest particles

(Dp = 1 µm in diameter) removed by the dynamics of a surface cavitation bubble R0/R̂r =

0.78 (Fig. 4.22). Here, the oblique backlighting was used to track motion of the removed

particles, so that the bubble image becomes unclear. Yet, we can confirm that the bubble

shows nonspherical dynamics (including jetting and fission) as observed in Fig. 4.18. The

scattering light was recorded in the direction normal to the glass surface. Since the lens

has a depth of field (≈ 100 µm), comparable to the bubble size, spatially-averaged liquid

velocity in the tangential direction approximately 100 µm above the glass surface can

be extracted from the captured particle images as PIV tracers. The instantaneous liquid

flow is built up by the oscillation of the resonant-sized bubbles or a cloud of split bubble

fragments; the visible range of the induced flow is found to be several times larger than the

bubble size [260]. The liquid flow (outward/inward) pulsation is also found to be in phase
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with the bubble (growth/shrinkage) oscillation, for the liquid’s velocity field is essentially

incompressible. After the sonication, the removed particles are advected away from the

sample [260–262] perhaps by microstreaming from the bubble oscillation (see Fig. 4.23).

4.4 Conclusions

In summary, we experimentally clarified, from both macroscopic and microscopic obser-

vations, the role of cavitation bubbles in ultrasonic cleaning from our tests with varying

DO supersaturation in water.

From the macroscopic observation, we obtained the findings as follows. The cavita-

tion inception threshold is reduced by having higher DO supersaturation in the water, so

that the population of cavitation bubbles is increased. As the bubble population becomes

denser, the bubbles’ advection is found to be strengthened by the primary Bjerknes force.

The liquid flow is induced by entrainment effect of the moving bubbles but is rather lim-

ited in our tests. However, we may say that the liquid streaming may possibly assist in

preventing the reattachment of removed particles. It is found from the PRE result that

the particle removal is achieved mainly by the action of cavitation bubbles, but there ex-

ists the optimal supersaturation to maximize the cleaning efficiency, which is determined

by the trade-off relation between individual bubble dynamics and bubbly liquid steam-

ing. Furthermore, it follows from the simple erosion tests with aluminum foils that DO

supersaturation could play a role in minimizing cavitation erosion with milder bubble

dynamics.

From the microscopic observation of individual bubble dynamics, we confirm that

cloud dynamics of split bubble fragments play a dominant role in particle removal. As a

result of the tilted jet impact against the wall, the bubble-bubble interaction, which plays

a more important role among more populated cavitation bubbles at the higher DO su-

persaturation, will result in suppression of both the generated wall shear stress (cleaning

effect) and water-hammer pressure (damaging effect), supporting the dependency of PRE

and erosion on the supersaturation. In conclusion, our findings suggest that low-intensity
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ultrasound irradiation under optimal gas supersaturation in cleaning solutions allows for

having mild bubble dynamics (without violent collapse) and thus cleaning surfaces effec-

tively with minimal cavitation erosion.

In the present study, we put a focus on the case of low-frequency ultrasound that

matters in degrease cleaning. The present finding indicates that the use of dissolved gas

supersaturated water is also useful in the case of higher-frequency ultrasound such as

megasonic cleaning for silicon wafers. The cavitation inception threshold even for the

case of megasonic waves can in principle be reduced under the supersaturation, which

allows for nucleating bubbles with lower-intensity acoustic power and thus for less erosive

cleaning with milder bubble dynamics. Stronger acoustic bubbly flow is expected under

the higher-frequency ultrasound irradiation and may contribute to more efficient particle

removal.
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Chapter 5

Conclusions and outlook

5.1 Conclusions

In this thesis, we have investigated the gas bubble nuclei driven by mass diffusion under

gas supersaturation, and acoustics cavitation with underwater ultrasound and gas supersat-

uration. The overall objective of this thesis was to experimentally develop an erosion-free

ultrasound cleaning technique with the aid of cleaning solutions that are supersaturated

with dissolved gases.

First, to study whether nitrogen gas originally dissolved in water can be purged by

aeration with oxygen microbubbles, we devised a technique to measure the concentration

of DN. Oxygen microbubbles were continuously injected to the circulation system of tap

water that was originally saturated with gases at one atmosphere or was first aerated with

nitrogen microbubbles. The gradual growth of a surface-attached bubble in the aerated

water was visualized and was then compared with the extended Epstein–Plesset theory

that accounts for mass diffusions of multiple gas species. In the comparison, the (un-

known) DN concentration is treated as a fitting parameter. It follows from the fitting that

the DN can be effectively purged by the oxygen aeration, regardless of the initial state of

dissolved gases in the water. From the supplemental experiment, such a purging effect

was confirmed also in the case of aeration with nitrogen microbubbles. We say that these

purging effects, which are well known particularly in food industry and fishery, can be

evaluated quantitatively by our technique based on the bubble growth observation and its

fitting to the extended Epstein–Plesset theory.
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Second, to relate DO supersaturation to the probability of having cavitation bubble

nucleation, we irradiated green pulse laser to the DO-supersaturated water in order to

trigger gas bubble nucleation. It follows from a series of the experiments with varying

the DO supersaturation (and the laser energy) that the number of nucleated gas bubbles

increases as the DO supersaturation increases, implying that the number of stable gas

bubble nuclei attaching at contaminant particles is augmented under the supersaturation.

As expected, the nucleation threshold is reduced by increasing the DO supersaturation.

Finally, we experimentally clarified, from both macroscopic and microscopic observa-

tions, the role of cavitation bubbles in ultrasonic cleaning from our tests with varying DO

supersaturation in water. From the macroscopic observation, we obtained the findings as

follows. The cavitation inception threshold is reduced by having higher DO supersatura-

tion in the water, so that the population of cavitation bubbles is increased. As the bubble

population becomes denser, the bubbles’ advection is found to be strengthened by the

primary Bjerknes force. The liquid flow is induced by entrainment effect of the moving

bubbles but is rather limited in our tests. However, we may say that the liquid streaming

may possibly assist in preventing the reattachment of removed particles. It is found from

the PRE result that the particle removal is achieved mainly by the action of cavitation

bubbles, but there exists the optimal supersaturation to maximize the cleaning efficiency,

which is determined by the trade-off relation between individual bubble dynamics and

bubbly liquid steaming. Furthermore, it follows from the simple erosion tests with alu-

minum foils that DO supersaturation could play a role in minimizing cavitation erosion

with milder bubble dynamics, which is supported by the frequency spectrum analysis of

the acoustic emissions from the oscillating bubbles. From the microscopic observation

of individual bubble dynamics, we confirm that cloud dynamics of split bubble fragments

play a dominant role in particle removal. As a result of the tilted jet impact against the

wall, the bubble-bubble interaction, which plays a more important role among more pop-

ulated cavitation bubbles at the higher DO supersaturation, will result in suppression of

both the generated wall shear stress (cleaning effect) and water-hammer pressure (damag-
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ing effect), supporting the dependency of PRE and erosion on the supersaturation. In con-

clusion, our findings suggest that low-intensity ultrasound irradiation under optimal gas

supersaturation in cleaning solutions allows for having mild bubble dynamics (without

violent collapse) and thus cleaning surfaces effectively with minimal cavitation erosion.

5.2 Outlook

In this thesis, we have contributed to better understand the diffusion-driven dynamics

under gas supersaturation, and acoustics and fluid dynamics with underwater ultrasound

and gas supersaturation. There are still many topics and questions that could be tackled

in future.

For generating gas-supersaturated water, we have mainly applied oxygen gas due to

the availability of the commercial DO meter. However, in more practical viewpoints, it is

important to apply air for the aeration and fundamental understanding of air-supersaturated

water is necessary such as solubility of nitrogen and oxygen gas and cleaning ability of

the water, which will be taken up using the similar experimental set-up in this thesis. Ad-

ditionally, it would be interesting to further study the neglected effect in this thesis, which

includes the surface wettability and diffusion through solid surfaces. As for diffusion-

driven dynamics under sonication, the rectified diffusion phenomena also could be studied

to evaluate the promoted nucleation with area and shell effect [41].

In topic of acoustics and fluid dynamics with underwater ultrasound and gas super-

saturation, there is a long way to pursue because of the complicated external parameters

described in Section 1.1. Here, we pick up several approaches related to the acoustics

and fluid dynamics influenced by mass transfer under gas supersaturation. It would be

interesting to study the void fraction using capillary technique [263] or electric sensor [219] to

improve the accuracy of scattered light analysis in this thesis. The void fraction measure-

ment could estimate the degassing effect by acoustic cavitation compared with dissolved

gas measurement. Acoustic shielding effect and the resulting bubbly acoustic streaming

could be evaluated experimentally using additional transducer [51] and numerically using
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a comercial Finite Element Method (FEM) software (COMSOL) [73]. We believe that the

void fraction, the acoustic shielding, and the bubbly acoustic streaming could be quanti-

tatively correlated in future.

For a better understanding of the cleaning force on particle removal by acoustic cav-

itation, it is desirable to directly measure wall shear stress induced by the dynamics of

ultrasonic cavitation bubbles. The wall shear stress for the case with laser-induced bub-

bles has been measured together with a high-speed recording and a hydrophone measure-

ment [78]. It is also possible to extend the experiment for the case of acoustic cavitation

dynamics [45, 264]. In order to control acoustic cavitation in time and space, we propose here

the generation of a single bubble from a gas-filled micro-pippete by a single cycle of ul-

trasound. The method is believed to be applied for the direct measurement of wall shear

stress induced by the dynamics of acoustic cavitation bubble. In addition, although the

particles attaching force is inversely proportional to their size, the smallest particles have

resulted in the lowest PRE in this thesis, which might be caused by the re-attachment of

particles removed once. It would be interesting to study the removal of such submicron-

sized pariticles by total internal reflection fluoresence (TIRF) technique using focused

CW laser [265] and electron-multiplying charge coupled device (EMCCD) camera [266, 267]

that can detect weak intensity of fluorescence at nanometer spatial resolution, minimizing

both autofluorescence and detector noise. Following the previous study of bacteria de-

tachment by moving air-liquid interface in microchannel [268] with additional attachment

of a transducer onto the channel, we also could drive acoustic cavitation and study its

cleaning force on surface-attached particles.

For a better understanding of the surface attachment force of particles, it would be

interesting to devise a microchannels in which surface-attached particles are removed by

laminar flow of liquid. In this study, particles are removed by wall shear stress or by

moving three-phase contact line [89]. The volume flow rate and thus the liquid velocity is

changed to detect the threshold wall shear stress or the threshold velocity of the contact

line for particle removal. The experimental data is compared with the analytical solution
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of laminar flow [269] and particle removal model [270].

As for frequency dependence on ultrasonic cleaning, it is interesting to study the ultra-

sonic cleaning under higher frequency (100kHz–1MHz) with gas-supersaturated water in

more detail. In the present study, we put a focus on the case of low-frequency ultrasound

that matters in degrease cleaning. The present finding indicates that the use of dissolved

gas supersaturated water is also useful in the case of higher-frequency ultrasound such

as megasonic cleaning for silicon wafers. The cavitation inception threshold even for the

case of megasonic waves can in principle be reduced under the supersaturation, which al-

lows for nucleating bubbles with lower-intensity acoustic power and thus for less erosive

cleaning with milder bubble dynamics. Stronger acoustic bubbly flow is expected under

the higher-frequency ultrasound irradiation and may contribute to more efficient particle

removal. Schlieren imaging could be feasible for such higher frequency case and com-

pared with the acoustic pressure measurement [271]. Finally it is noted that silicon wafers

have relatively rough surfaces, which is expected to include three-dimensional configura-

tions and thus to cause the secondary Bjerkness force on the bubbles movement attracted

toward the walls. As described in Section 1.2 and 4.3.3, cavitation phenomena can prefer-

entially and continuously happen on such rough surfaces, likely to be sensitive to surface

erosion.
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Appendix A

Image analysis for bubble size
distribution

The bubble images under aeration with the commercial microbubble generator are cap-

tured by a high-speed camera (FASTCAM SA-X2, Photron) with a microscope (×1.25, 16

µm per pixel) at the frame rate 50,000 frames per second and the shutter speed 1/3410526

s−1; a typical image is presented in Fig. A.1(a). Bubble size distribution is determined

by image processing with MATLAB, based on Otsu’s method [220]. The histogram of the

measured bubble size is shown in Fig. A.1(b). The size distribution (up to 846 µm)

is normalized by the mode radius (Rmode = 13 µm) and is then fitted to the log-normal

distribution [272, 273]

f (R/Rmode | µ, σ) =
Rmode

Rσ
√

2π
exp

[
−{In (R/Rmode) − µ}2

2σ2

]
, (A.1)

where the most probable radius is given by R = Rmodeeµ and σ is the standard deviation.

It follows from Fig. A.1(b) that the distribution has its most probable radius at 59 µm

and its standard deviation at 1.0. It is confirmed that the fitted values (µ and σ) are fairly

repeatable with different bubble images.

72



(a) (b)

Fig A.1: (a) Typical image of the bubbles obtained from the commercial microbubble
generator. (b) Bubble size distribution detected from (a). The detected distribution is
fitted to the log-normal probability density function (P.D.F.). The mode radius in (a) is
Rmode = 13 µm.
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Appendix B

Maximum supersaturation

We discuss the effect of bubble size on the maximum DO supersaturation, max(ζ1). The

microbubble aeration results in max(ζ1) ≈ 6.0, while we obtained max(ζ1) ≈ 2.7 with the

millibubbles aeration (see Fig. B.1). It is of interest that we do not observe strong bubble

formation at the container surfaces even under such a supersaturation state. Namely, the

oxygen supersaturation is metastable against bubble nucleation at solid boundaries. One

possible reason to explain the metastable supersaturation is the existence of nanobubbles

that are closely populated in the bulk of the aerated water. In other words, Laplace pres-

sure effects at bubble interfaces can be manifested as gas supersaturation uniformly in the

bulk phase [274]. From Young–Laplace equation and Henry’s law that are considered to

hold even at nanometer scales [156, 275], the critical radius of a gas bubble that is stable under

supersaturation ζ can be computed by [276]

Rcr =
2γ
p∞ζ
. (B.1)

It follows from Eq. (B.1) that bubbles that are stable under supersaturation ζ needs to be

singe-sized at Rcr. According to Eq. (B.1), the critical radius of bubbles that are stable

under the supersaturation ζmax = 5.0 is calculated by Rcr = 243 nm. Hence, there may

in principle exist nanobubbles in the water aerated with microbubbles. Additionally, bulk

nanobubble can achieve a diffusion-equilibrium when the bubble is partially covered with

hydrophobic material which significantly hinders gas flux [157]. The stable bubble radius

Req is plotted in Fig. B.2 as functions of gas supersaturation ζ and fraction of hydropho-

bic coverage. This model (so-called dynamic equilibrium model) suggests that the bulk
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Fig B.1: Images of the aeration with (a) microbubbles produced by the commercial mi-
crobubble generator and (b) millibubbles. In either case, oxygen gas is ejected from a
polyurethane tube whose inner and outer diameters are 7 mm and 4 mm, respectively.

Fig B.2: Bubble radius under dynamic equilibrium as a function of the fraction of hy-
drophobic coverage and gas supersaturation ζ.

nanobubble can be thermodynamically stable whose size decreases as gas supersaturation

or fraction of hydrophobic coverage increase.
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Appendix C

Threshold diameter of the seeding
particles

According to [242], we can estimate the threshold diameter for the seeding particles below

which the drag force becomes dominant over the acoustic radiation force:

Dp,thresh = 2

√
9µlUλ

κl (1 − κl/κp)p2 ≈ 2.8 mm, (C.1)

where µl = 1.0×10−3 Pa·s is the water viscosity, U = 10 mm/s is the characteristic velocity

of water, λ = 53 mm is the wavelength of the 28-kHz ultrasound, κl = 0.45 (GPa)−1 and

κp = 0.21 (GPa)−1 is the compressibility of water and the particles, respectively, and

p = 0.1 MPa is the characteristic acoustic intensity. The particles’ diameter in the present

study (4 µm) is confirmed to be much smaller than the threshold diameter, suggesting that

our seeding particles are good PIV particles to extract liquid-phase velocity. It is noted

that since some physical parameters (sound of speed and shear modulus) of the seeding

particles (Melamine) are not available, we adopt those of acryl as a similar material to

estimate the threshold diameter.
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Appendix D

Evolution of the cavitation structure
and surface erosion

In Fig. D.1 and D.2, we show supplemental materials for the transient evolution of the

cavitation activity with and without inserting the cleaning sample, respectively, under

different ζ. The bubbly structure of acoustic cavitation in the water is highlighted using

imageJ and the z−distribution of normalized intensity of scattered light from bubbles is

plotted in Fig. D.3 and D.4. The transducer’s surface and air-water interface have a

bright intensity due to the surface-attached bubbles and floating bubbles, respectively.

In Fig. D.3(b), we can clearly see that, as ζ increases, there appears a larger number

of (visible-sized) cavitation bubbles on the cleaning surfaces, whose center is located at

z/λ = 0.5. This supports the higher cleaning efficiency at higher ζ, enhanced by the

translation of acoustic cavitation bubble under attraction to the cleaning surfaces by the

secondary Bjerknes force. Thus we can say that, in our cleaning tests, there is no need

to move the cleaning samples in the tank because the cavitation bubble preferentially

translates toward the surface and uniform cleaning is expected by the enlarged area of

active cavitation.

77



Fig D.1: Evolution of the cavitation structure with the cleaning sample in the water with
different DO supersaturation (a) ζ = 0.0, (b) ζ = 1.0, (c) ζ = 2.0, (d) ζ = 3.0, and (d)
ζ = 4.0. Each scale bar shows 20 mm.
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Fig D.2: As Fig. D.1, but without inserting the cleaning sample. Each scale bar shows 20
mm.
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Fig D.3: (a) As Fig. 4.8, but the snapshots (without inserting the cleaning sample) are
post-processed with imageJ to highlight the bubbly structure of acoustic cavitation in the
water at different ζ. (b) Intensity profile of the scattered light from the cavitation bubbles,
which are obtained from (a).

Fig D.4: (a) As Fig. D.3, but without inserting the cleaning sample.
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Fig D.5: Cavitation erosion on an aluminum foil during the sonication under DO super-
saturation ζ = 0.0.

Fig D.6: Cavitation erosion on an aluminum foil during the sonication under DO super-
saturation ζ = 1.0.
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Fig D.7: Cavitation erosion on an aluminum foil during the sonication under DO super-
saturation ζ = 2.0.

Fig D.8: Cavitation erosion on an aluminum foil during the sonication under DO super-
saturation ζ = 3.0.
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Fig D.9: Cavitation erosion on an aluminum foil during the sonication under DO super-
saturation ζ = 4.0.

In Fig. D.5 to D.9, we show supplemental materials for the transient evolution of the

cavitation activity on aluminum surfaces under different ζ. There appears a larger number

of (visible-sized) cavitation bubbles on the aluminum surfaces as ζ increases. However,

as mentioned in Section 4.3.3, a large hole does not created except for the case of the

saturated water (ζ = 0.0), which is caused by the milder bubble dynamics under higher

DO supersaturation. A number of micropits seem to be created by sub-resonant bubble

near the second pressure antinode at (x, z) = (0, λ). Although the super-resonant bubbles

are observed around the first pressure node at (x, z) = (0, λ), there seems to negligible

erosion by their dynamics, suggesting their milder dynamics. For the case of higher DO

supersaturation (ζ = 3.0 and 4.0), bubbles appear preferentially near the transducer’s

surface at (z = 0), which is the main cause for a larger number of micropits. Near the

transducer’s surface, attenuation of ultrasonic energy is still weak, so that the cavitation

becomes more intense than the location at higher z.
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Fig D.10: PRE from the ultrasonic cleaning tests (prms(z = λ/2) = 1.4 atm) as a function
of DO supersaturation ζ.
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Appendix E

PRE under higher ultrasound intensity

Figure D.10 shows the supplementary results of the PRE after a higher-intensity sonica-

tion at prms(z = λ/2) = 1.4 atm. For the cases of 0.5 and 1 µm particles, PRE reaches

up to mostly 100%. For all the particles, PRE decreases as increasing the supersatura-

tion above ζ ≈ 1.0, which has the optimal supersaturation to maximum PRE. This also

supports the trade-off between individual bubble dynamics and bubbly streaming as dis-

cussed in Section 4.3.3. However, higher input voltage will give rise thermal damage of

the transducer. To stress that our results are for the case of low-intensity ultrasound only,

we put the adjective ”low-intensity” in the main section.
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