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Chapter 1

General Introduction
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1.1. Ultrasound

Ultrasound is an inaudible sound wave which is greater than the upper hearing limit
of human beings, ranges from 20 kHz to 10 MHz. Through a medium, ultrasound
propagates and causes the displacement of pressure of high frequency acoustic waves and
particle. Ultrasound can propagate through any elastic medium consisting of water, gassaturated water, and slurry. Generally, in terms of frequency, ultrasound can be categorized
into three basic regions as the followings:
-

20 – 100 kHz: low frequency, applied in homogenizing, cleaning, detecting

-

100 kHz – 1 MHz: high frequency, applied in cleaning, detecting

-

1 – 10 MHz: very high frequency, applied in cleaning, atomization, medicine
The frequency ranges of sound are demonstrated in Fig. 1. 1. Ultrasound has been

used in a wide range of applications in various fields of chemical, physical, and biological
engineering, medical science, and waste treatment. Ultrasound with frequencies in the
range of 20 kHz – 1 MHz (high power ultrasound) is applied in industry, nanotechnology,
ultrasonic therapy, and sonochemistry. Ultrasound with frequencies in the range of 2 – 10
MHz (low power ultrasound), on the other hand, is applied in medical imaging,
nondestructive testing. The energy generated from ultrasound at a relatively high frequency
can be focus into very small volumes less than several millimeters in length. Therefore,
high frequency ultrasound is usually used for ultrasonic therapy especially for very small
treated area [1]. It is known that when ultrasound is irradiated into a liquid medium,
chemical and mechanical effects are caused owing to generated cavitation events [2-3].
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Fig. 1. 1 Frequency range of sound wave and application of ultrasound for different
ultrasonic frequency
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1.2. Acoustic cavitation

When ultrasound passes through a liquid medium, it causes mechanical vibration
and acoustic streaming in the liquid. Under ultrasonic irradiation condition, with the
presence of dissolved gas nuclei containing in the liquid, the gas nuclei grow and collapse.
The formation and collapse of bubbles due to the decrease in liquid pressure induced by
ultrasonic irradiation is defined as acoustic cavitation. The generated bubbles in acoustic
cavitation are defined as acoustic cavitation bubbles. These processes of bubbles are
illustrated in Fig. 1. 2.
Cavitation is categorized into two forms: transient and stable cavitation [4]. That
means there are transient and stable cavitation bubbles. In terms of lifetime or stability of
cavitation bubble, transient cavitation bubble is defined as the one which disintegrate into
daughter bubbles just in a very short time about one or a few acoustic cycle. Owing to
extremely high pressure inside the bubbles, the daughter bubbles dissolve into the liquid, or
combine with others to form a larger active bubble. Meanwhile, stable cavitation bubble
stays unchanged and oscillates around its equilibrium position over some refraction and
compression cycles. In terms of the activity of the bubble, in transient cavitation, the
bubbles are highly active in light emission from sonoluminescence or sonochemical
reactions, whereas in stable cavitation, the bubbles are inactive. It is known that cavitation
bubble size, life, and fate have a tight relationship with ultrasonic frequency, intensity,
kinds of solvent, bubbled gas, temperature, and pressure. That relationship is a complicated
one.
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Physical effects, namely shockwaves, microjets, turbulence, and shear forces are
originated from the oscillating and collapsing of cavitation bubble. Applications of physical
effect can be listed as emulsification, extraction, and cleaning [5]. Acoustic cavitation
produces high local pressure around 1000 atm, temperature to 5000 K, and velocity fields
in liquid with very short lifetimes, causing extremely high heating and cooling rates higher
than 109 K/s. The field which localized with high pressure and temperature is called the hot
spot. Under the condition of extreme temperature, highly active radicals are formed, H and
OH radicals are generated by the homolysis of water. High energy chemical reactions might
occur under ultrasonic irradiation condition and a unique interaction of energy and matter is
generated by acoustic cavitation. Taking advantages of these highly active radicals,
ultrasonic cavitation is found to be useful in the synthesis of nanomaterials, polymers, and
degradation of pollutants [6-8].
.

5

Fig. 1. 2 Growth and collapse of bubble in acoustic cavitation process [9]
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1.3. Sonochemistry and its application

Sonochemistry is a scientific field that relates to phenomena and reactions
originated from ultrasonic cavitation which is the formation of small cavities in a liquid that
undergo highly energetic collapse. The phenomena are induced by shock waves or radicals
generation in and around bubbles from the thermal decomposition of molecules in the
liquid. In chemical industry, sonochemistry is the application of ultrasound to chemical
reactions and processes in which cavitation is produced. The widespread examples of
sonochemical equipment can be named as cleaning units, ultrasonic humidifiers, and
ultrasonic atomizers.
Sonochemistry was firstly reported by Wood and Loomis [10] who investigated
effects of ultrasound on emulsion preparation, atomization, particle aggregation, the
acceleration of chemical reactions, crystal segregation and growth, and the dispersion of
colloidal soil. In 1929, the chemical reaction effects of ultrasound were studied by Schmitt
et al. [11]. Later in 1934, Frenzel and Schultes found out sonoluminescence and
sonochemiluminescence phenomena [12]. In 1935, the first study of the effects of
ultrasound on electrochemistry was reported by Claus and Hall [13]. They found out that
the synthesizing of microparticles of silver and mercury in an electrode reaction by
ultrasonic irradiation could make fine particles and high dispersibility. In 1938, first study
on the application of ultrasound in organic chemistry was reported by Porter and Young,
which showed that ultrasound induces the rearrangement of molecules and accelerate
phenyl isocyanate generation from benzamide (C6H5CON3) [14].
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From 1993, chemical reactions by ultrasonic irradiation has been conducted by
many groups of researchers including Moriguchi, Sata, and Kusano [15, 16]. In the late
1930s, polymer ultrasonic degradation which is popularly applied in recent times was
investigated by Schmid and Weissler [17]. It is reported that when the sonication time
increases, the molecular weight and viscosity of polystyrene decrease. At that time,
cavitation threshold was determined as a certain level of ultrasonic intensity needed to
generate cavitation by observing the instantaneous decrease of viscosity in toluene
solutions containing polystyrene and hydroxyethyl cellulose solution [18].
The first important report about ultrasonic organic synthesis can be seen in the study
of

Kitazume

and

Ishikawa

synthesizing

trifluorotrimethyl

carboninols

by

trifluormethylation of carbonyl compounds with trifluorotrimethyl carboninols [19]. From
1991 sonoluminescence experiments were conducted by Barber and Puttermann, Gaitan et
al.,

Young,

Flannigan

and

Suslick

[20-23].

Together

with

contribution

on

sonoluminescence, at this time, material and environmental engineering by ultrasonic
irradiation also bring much benefit. Nowadays, there are so many applications of
sonochemistry

available

such

as

chemical

engineering,

biological

engineering,

environmental engineering, and medicine.
Compared to other conventional processes, sonochemisty produces highly
beneficial effects in chemical industry by the following advantages:
-

Useful reactive species are generated

-

Reaction time decreases and reaction yield enhances

-

Lower reaction temperature is needed
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-

Induction period is short

-

Reaction pathway could be switched

-

Less phase transfer catalysts are required

-

Reactivity of reagents and catalysts is enhanced

-

Metals and solids are strongly activated
The reaction process in sonochemistry is classified into gas – liquid, liquid – liquid,

and solid – liquid reactions [10]. Solid – liquid process is applied in ultrasonic cleaning,
extraction, separation, aggregation, and dispersion.
-

In the industrial applications of ultrasound, ultrasonic cleaners are normally utilized
in precision instruments, optical components, and certain semiconductor products.
Owing to the object being cleaned and contamination removed, a variety of
ultrasonic frequency is used in ultrasonic cleaners. Ultrasound at low frequency in
the range of 20 – 100 kHz is used for the disengagement of oil spots attaching
firmly on processing machine. However, ultrasound at high frequency above 1 MHz
is useful for withdrawal of fine particles from silicon wafers.

-

In extraction process, ultrasound promotes the separation of two immiscible phases.
Mechanical effect of acoustic cavitation is strongly needed in extraction process,
therefore, low frequency less than 100 kHz is usually used for the enhancement of
active substance extraction. Ultrasound can be used in the extraction of active
substances from plants, bitumen from oil shale, pungent compounds from ginger in
supercritical carbon dioxide.

-

In separation, when ultrasound is applied in the process, it promotes the permeate
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flux of materials propagating through a separation membrane. The mechanism is
that ultrasonic cavitation breaks up layers of deposited material and prevents
membrane fouling. Furthermore, the micromixing caused by acoustic streaming
reduces the solute concentration near the membrane surface. Ultrasonic frequencies
less than 100 kHz are usually used for ultrasonic separation.
-

The ultrasonic frequency applied in ultrasonic aggregation is normally greater than
100 kHz. Ultrasound is comparatively efficient in aggregation because no
aggregation enhancing additives are required, consequently no contamination is
caused, and it is easily operated.

-

Various kinds of particles including titanium oxide, pigment, silicon, magnetic
powder, microbe, and microcapsule have been applied in ultrasonic dispersion. The
process is promoted by the localized and high fluid flow caused by ultrasonic
cavitation and strong vibration acceleration from the penetrating of the ultrasound
through the medium. The suitable ultrasonic frequency for dispersion is less than
100 kHz.
Liquid – liquid process is applied in emulsification. Some emulsified substances

have been applied namely oil, fuel, mayonnaise, cosmetics, biodiesel, and lotion. Ultrasonic
frequency around 20 kHz is normally used. Using ultrasound, when it is irradiated into an
oil – water medium, oil droplets with several µm in diameter are dispersed into the water
phase and an emulsion is formed in which no surfactants are used. The main reasons for the
formation of emulsion by ultrasound are explained by the breakage of capillary waves at
the interface of oil – water medium and the refinement of droplets induced by cavitation.
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Gas – liquid process is applied in atomization. Atomization is known as the fountain
arises from the liquid surface and fine droplets are generated from that fountain when a
high-power ultrasound is irradiated in the liquid. Ultrasound with frequency ranging from
500 kHz to 2.4 MHz is usually used for ultrasonic atomization. The capillary wave at the
fountain surface and the cavitation inside the fountain are considered as the mechanism for
ultrasonic atomization. A variety of liquid such as water, insecticide, fragrance substance,
drug, and fuel has been applied in ultrasonic atomization. The advantage of ultrasonic
atomization is its compactness. Additionally, it is easily to obtain the desired droplet size
and amount of atomization by adjusting the ultrasonic frequency and intensity, respectively.

1.4. Objective of this study

Ultrasonic cavitation, and its chemical and mechanical effects are powerful tools
which have been utilized in a variety of industrial applications at various frequencies. A
sufficient understanding of cavitation and its effects on the sound pressures at different
frequency components is necessary to effectively to apply ultrasonic cavitation into
industry. The outline of this study is divided into 7 chapters.
-

Chapter

1,

general

introduction.

In

this

chapter,

ultrasonic

cavitation,

sonochemistry, and applications of sonochemistry are explained.
-

Chapter 2, theory. Theory of ultrasound, ultrasonic cavitation, and broadband noise
are explained.
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-

Chapter 3, sound pressure and cavitation threshold. Cavitation threshold is
determined and sound pressures at the second harmonic and the first harmonic
frequencies are measured. Dependence of cavitation threshold and sound pressures
at those frequency components are reported.

-

Chapter 4, chemical and mechanical effects. Chemical and mechanical effect
thresholds are measured by KI oxidation and aluminum foil erosion, respectively.
The frequency dependence of chemical effect, and mechanical effect thresholds in
the wide frequency range from 22 to 4880 kHz is clarified.

- Chapter 5, measurement of distribution of broadband noise and sound pressures in
sonochemical reactor. In this chapter, to estimate reaction fields in the sonochemical
reactor, the measurement of cross-sectional area distribution of broadband noise is
performed. Besides, because it is known that the sound pressure and bubbles largely
effect the reaction field, the cross-sectional area distribution of sound pressures at
the fundamental and second harmonic frequencies are also measured.
- Chapter 6, application of ultrasonication and silica gel on removal of silicic acid in
geothermal water. The experiments are conducted at various experimental
conditions to investigate the potential of removal of silicic acid in water by the
combination of ultrasonication and silica gel.
- Chapter 7, summary. The thesis is summarized and the future perspective is
provided.
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Chapter 2

Theory

15

2. 1. Ultrasound
2.1.1. Basic equations

When a sound wave is applied to a continuous and uniform medium, the particles
translationally vibrate parallel to the sound wave propagating direction. In an equilibrium
state, the pressure and density of the fluid are denoted by P0 and ρ0, respectively. Velocity u
is different at each position on the propagation path or density. The increment of the density
from ρ0 is denoted by ρ, and then the increment of pressure accompanying ρ is defined as
the sound pressure p. The following equation is often used to determine the vibration of a
fluid by velocity potential ∅ instead of u

𝑢 = −∇∅ = −(

𝜕∅ 𝜕∅ 𝜕∅
,
, )
𝜕𝑥 𝜕𝑦 𝜕𝑧

(2. 1)

The values of u, ρ, and p change with time t. A one-dimensional wave in x direction
is used to simplify. The difference of the pressure at two positions of x and x+∆𝑥 is
𝑝(𝑥) − 𝑝(𝑥 + ∆𝑥) ≈ −(𝜕𝑝⁄𝜕𝑥)∆𝑥. This force is applied to a mass of 𝜌0 ∆𝑥. It is known
that the acceleration of u can be evaluated as

lim∆𝑡→0 [𝑢(𝑥 + 𝑢∆𝑡, 𝑡 + ∆𝑡) − 𝑢(𝑥, 𝑡)]/∆𝑡 = lim∆𝑡→0 [𝑢(𝑥 + 𝑢∆𝑡, 𝑡 + ∆𝑡) − 𝑢 (𝑥, 𝑡 +
∆𝑡) + 𝑢(𝑥, 𝑡 + ∆𝑡) − 𝑢(𝑥, 𝑡)]/∆𝑡 = 𝑢𝜕𝑢/𝜕𝑥 + 𝜕𝑢/𝜕𝑡

(2. 2)

16

Then the motion for the acceleration du/dt is obtained in the next equation

𝜕𝑢
𝜕𝑢
𝜕𝑝
𝜌0 ( + 𝑢 ) = −
𝜕𝑡
𝜕𝑥
𝜕𝑥

(2. 3)

When 𝑢 ≈ 0, Eq 2.3 is approximated as

𝜕𝑢
𝜕𝑝
𝜌0 ( ) = −
𝜕𝑡
𝜕𝑥

(2. 4)

While the mass at x is 𝜌0 𝑢(x)per unit area and unit time, the mass at x+∆𝑥 is 𝜌0 𝑢(𝑥 + ∆𝑥).
The difference 𝜌0 [𝑢(𝑥) − 𝑢(𝑥 + ∆𝑥)]= −𝜌0 (𝜕𝑢/𝜕𝑥)∆𝑥 is the increase of mass between x
and x + ∆𝑥 per unit area and unit time. Thus, the equation becomes

𝜕𝑝
𝜕𝑢
= −𝜌0
𝜕𝑡
𝜕𝑥

(2. 5)

The change in density, ρ/𝜌0 , represents the change in pressure by the following equation

𝑝=𝐾

𝜌
𝜌0

(2. 6)
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where K is the volume elasticity. In a condition of ideal gas, 𝐾 = 𝛾𝑃0 , where 𝛾 is the
specific heat ratio. Thus, the acoustic pressure can be obtained from the velocity potential.
𝑝 = 𝜌0

𝜕∅
𝜕𝑡

(2. 7)

Finally, Eq 2. 8, which is called the d’ Alembert’s wave equation in one dimension is
obtained

𝜕 2𝑝 1 𝜕 2𝑝
−
=0
𝜕𝑥 2 𝑐02 𝜕𝑡 2

𝑐02 =

Where

(2. 8)

𝐾
𝜌0

(=

𝜕𝑝
𝜕𝜌

)

(2. 9)

2.1.2. Physical Quantities of Sound

There are several units of the sound pressure such as N/m2, Pa, atm, or dB. Under
ambient condition, the static pressure in the water is 1 atm. In order to generate ultrasonic
cavitation, pressure amplitude above 1 atm is required to overcome the tensile strength of
the liquid.
For a harmonic wave radiating from ultrasound at frequency f, the local variation of
sound pressure at a certain time of 1 s after ultrasonic irradiation is demonstrated along the
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propagation pathway c0 is the distance from the source to the position being monitored after
a period of 1 s. In the range c0, there is f-cycle waves and the length of a single cycle is
called wavelength λ, is given by λ= c0/f. Since the phase changes by 2π for each single
cycle (λ distance), the phase changes by 2π /λ = 2πf/ c0 per unit distance (1m). k = 2πf/ c0 is
called the wave number. Angular frequency ω = 2πf is the change of the phase of a
harmonic frequency f per unit time (1s). A harmonic plane wave with an amplitude P
propagating along x direction is expressed as

𝑝 = 𝑃𝑐𝑜𝑠(ω𝑡 − 𝑘𝑥)

(2. 10)

2.1.3. Relationship between sound pressure and particle velocity

A particle velocity of a sound wave is assumed as

𝑈 = 𝑈1 exp(−𝑗𝑘𝑥) − 𝑈2 exp(𝑗𝑘𝑥)

(2. 11)

In Eq. 2. 11, the forward wave travelling in the +x direction is denoted by the first
term, the backward wave travelling in the -x direction is denoted by the second term. To
make certain the particle velocity in the propagating direction of sound wave is always
positive, a negative sign is attached to the backward wave. Using Eqs. 2. 5, 2. 6, 2. 9, and 2.
11 is approximated as
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𝑃 = 𝜌0 𝑐0 𝑈1 exp(−𝑗𝑘𝑥) + 𝜌0 𝑐0 𝑈2 exp(−𝑗𝑘𝑥)

(2. 12)

Comparing Eq. 2. 11 and Eq. 2. 12, it is shown that the difference between sound
pressure and particle velocity is a multiplied value of a constant 𝜌0 𝑐0 . The constant
𝑍0 = 𝜌0 𝑐0 is named as the characteristic impedance of the specific acoustic impedance.
Depending on kind of gases and liquids the value of 𝜌0 , 𝑐0 , and 𝑍0 vary differently. Some
examples are listed in Table 2. 1
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Table 2. 1 Acoustic properties in some media [1]

Density 𝝆𝟎

Sound speed 𝒄𝟎

Characteristic impedance 𝒁𝟎

(kg/m3)

(m/s)

(106 kg/m2s)

Water

1000

1500

1.5

Ice

1000

3980

4.0

Air

1.3

330

0.00043

Methanol

790

1120

0.88

Ethanol

790

1180

0.93

Glycerin

1260

1920

2.42

Olive oil

900

1380

1.24

Rubber

950

1500

1.5

Steel

7700

5850

45

Aluminum

2700

6260

17

Silicon glass

2700

5570

15

Medium

In another word, the relation of sound pressure and particle velocity is shown as
𝑢 = 𝑝/𝜌0 𝑐0 or 𝑝𝑢 = 𝑝2 /𝜌0 𝑐0 (instantaneous power per unit area). Thus, the acoustic
power of the sound wave is calculated by

𝐼=

|𝑃|2
2𝜌0 𝑐0

(W/m2)

(2. 13)
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2. 2. Ultrasonic cavitation
2.2.1. The condition for large expansion of a bubble (Blake threshold)

The surface tension, σ of the bubble-gas interface is one of the most important
factors affect the pressure inside a bubble. Surface tension is the surface energy per unit
area. As the bubble radius is R, the surface area is 4πR2, and the total surface energy of a
bubble is 4πσR2.
When a bubble grows, its radius expands by dR, hence, the surface area increases
into 4π(R+dR)2. The energy needed to expand the bubble is 8πσRdR, (dR)2 term is
neglected because dR is sufficiently small. As this energy equals the force multiplied by the
distance travelled, the force equals 8πσR. Hence, between inside and outside of the bubble
the force balance is demonstrated by4𝜋𝑅 2 𝑝𝑖𝑛 = 4𝜋𝑅 2 𝑝𝐵 + 8π𝜎𝑅, here pin is the pressure
inside the bubble and pB is the liquid pressure outside the bubble. Finally, the relationship
between force inside and outside of the bubble is obtained as follow:

𝑝𝑖𝑛 = 𝑝𝐵 +

2𝜎
𝑅

(2. 14)

The second term on the right side of Eq. 2. 14 is named as the Laplace pressure. It is
deduced that Laplace pressure indicates the difference between the bubble internal pressure
and the liquid pressure outside the bubble. In another word, the pressure inside the bubble
is higher than the pressure outside the bubble by the amount of the Laplace pressure.
Figure 2. 1 shows the relationship between the pressure inside and outside of a
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bubble. As seen in the Fig. 2. 1, the internal pressure of the bubble is the sum of the gas
pressure and vapor pressure. According to the expansion and collapse of the bubble, the gas
pressure dramatically changes, while the vapor pressure is assumed to keep unchanged at
the saturated vapor pressure, even during the pulsation period of the bubble.

Liquid
(ambient pressure: p0)
Bubble
Radius: R
Pressure
pg+pv

Liquid pressure at the
bubble wall: pB

Fig. 2. 1 The relationship between the internal pressure of a bubble and the surrounding
liquid pressure
The gas pressure inside the bubble is approximately expressed by Eq. 2. 15

𝑝𝑔 𝑉 𝑘 = 𝑐𝑜𝑛𝑠𝑡

(2. 15)

where V is the volume of bubble and k is a constant. When the heat transfer between inside
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and outside of a bubble is negligible, the pulsation process of bubble becomes adiabatic,
hence, 𝑘 = 𝛾 = 𝐶𝑝 ⁄𝐶𝑣 , here 𝛾 is called the specific-heat ration, 𝐶𝑝 is the specific at
constant pressure, and 𝐶𝑣 is specific heat at constant volume. In the case bubble pulsation is
mild, bubble pulsation becomes an isothermal process, hence, k = 1. In reality, the bubble
pulsation could not be adiabatic or isothermal, therefore, k varies between 1 and 𝛾.
When there is no ultrasonic irradiation in a liquid, a bubble is considered static, and
the gas pressure inside a static bubble is expressed by Eq. 2. 16 using Eq. 2. 14 with both of
𝑝𝐵 and 𝑝0 are the static ambient pressure. Usually the static ambient pressure is equivalent
to 1 atm.

𝑝𝑔,𝑠 = 𝑝0 +

2𝜎
− 𝑝𝑣
𝑅0

(2. 16)

where g and s indicate gas and static bubble, 𝑅0 is the ambient bubble radius (bubble in the
condition of without ultrasound), and the relationship 𝑝𝑖𝑛 = 𝑝𝑔,𝑠 + 𝑝𝑣 is used.
When the liquid is irradiated by ultrasound, the bubble radius temporally changes.
When the instantaneous bubble radius is R, the gas pressure inside the bubble pg is
calculated by

𝑝𝑔 = 𝑝𝑔,𝑠 (

𝑅0 3𝑘
2𝜎
𝑅0
) = (𝑝0 +
− 𝑝𝑣 )( )3𝑘
𝑅
𝑅0
𝑅

(2.17)

using 𝑉 = 4𝜋𝑅 3 /3, then, the liquid pressure at the bubble wall (pB) is expressed by Eq.
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2.18.

2𝜎
𝑅0 3𝑘
2𝜎
𝑝𝐵 = (𝑝0 +
− 𝑝𝑣 ) ( ) + 𝑝𝑣 −
𝑅0
𝑅
𝑅

(2. 18)

To determine the acoustic pressure required for a large expansion of bubble, a
minimum value of 𝑝𝐵 is calculated. 𝑝𝐵 in Eq. 2. 18 is differentiated with respect to R

𝜕𝑝𝐵
2𝜎
2𝜎
= −3𝑘 (𝑝0 +
− 𝑝𝑣 ) 𝑅03𝑘 𝑅 −(3𝑘+1) + 2
𝜕𝑅
𝑅0
𝑅

(2. 19)

When 𝑝𝐵 is at minimum value, 𝜕𝑝𝐵 /𝜕𝑅 =0. In this case, R is expressed by Rcrit, Eq.
2. 19 becomes

(𝑅𝑐𝑟𝑖𝑡 )3𝑘−1 =

3𝑘
2𝜎
(𝑝0 +
− 𝑝𝑣 ) 𝑅03𝑘
2𝜎
𝑅0

(2. 20)

Under ultrasonic irradiation, the expansion of a bubble is relatively slow due to the
affect of the compression of surrounding liquid. Therefore, bubble expansion in most cases
is nearly isothermal, that is the temperature of internal bubble and the liquid surrounding
the bubble approximately equal. In this condition, k = 1
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3𝑅 3
2𝜎
𝑅𝑐𝑟𝑖𝑡 = √ 0 (𝑝0 +
− 𝑝𝑣 )
2𝜎
𝑅0

(2. 21)

Inserting Eq. 2. 21 into Eq. 2. 18, the minimum value of pB is obtained as below

𝑝𝐵,𝑚𝑖𝑛 = 𝑝𝑣 −

4𝜎
2𝜎
√
3 3𝑅 3 (𝑝 + 2𝜎 − 𝑝 )
0
𝑣
0
𝑅0

(2. 22)

Under ultrasonic irradiation condition, the liquid pressure far from a bubble is
expressed by 𝑝0 + 𝑝𝑠 (𝑡), here 𝑝0 is the static ambient pressure and 𝑝𝑠 (𝑡) is the sound
pressure at time t. The bubble will expand when this pressure is smaller than the liquid
pressure at the bubble wall (𝑝𝐵 ). If this pressure is even smaller than the minimum value of
𝑝𝐵 given by Eq. 2. 22, the bubble will continuously expand. As the pressure amplitude of
ultrasound is A and its angular frequency is ω, hence 𝑝𝑠 (𝑡) = 𝐴𝑠𝑖𝑛𝜔𝑡 and the minimum
value of 𝑝𝑠 (𝑡) is –A. The bubble will dramatically expand when 𝑝0 − 𝐴 is smaller than the
minimum value of 𝑝𝐵 from Eq. 2. 27. The condition for bubble dramatically expanding is
that the threshold condition is adapted, 𝐴 ≥ 𝐴𝐵𝑙𝑎𝑘𝑒 . 𝐴𝐵𝑙𝑎𝑘𝑒 is called Blaked threshold and
expressed by Eq. 2. 23
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𝐴𝐵𝑙𝑎𝑘𝑒 = 𝑝0 − 𝑝𝐵,𝑚𝑖𝑛 = 𝑝0 − 𝑝𝑣 +

4𝜎
2𝜎
3 √3𝑅 3 (𝑝 + 2𝜎 − 𝑝 )
0
𝑣
0
𝑅0

(2. 23)

Because a bubble often violently collapses after a large radical expansion, the Brake
threshold is referred to as the cavitation threshold.

2.2.2. The primary Bjerknes force

The Eq. 2. 24 expresses the ultrasonic radiation force on a pulsating bubble in a
standing wave field of ultrasound which is called the primary Bjerknes force.

𝐹⃗𝐵 = −〈𝐹⃗𝑝 〉 = −〈𝑉∇𝑝〉

(2. 24)

where 𝐹⃗𝑝 , 〈𝐹⃗𝑝 〉, and V are the instantaneous radiation force on a bubble, the time-averaged
value, and the bubble volume, respectively. In a standing wave field, the acoustic pressure p
is expressed by the next equation

𝑝(𝑧, 𝑡) = −𝐴𝑐𝑜𝑠(𝑘𝑧)sin(𝜔𝑡)

(2. 25)

where A is the pressure – amplitude of ultrasound, 𝑘 = 2𝜋/λ is wave number, 𝜔 = 2𝜋𝑓 is
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the angular frequency, and f is the ultrasonic frequency. When ultrasound is irradiated from
the transducer attached to the bottom of a liquid reactor, a standing wave is formed at the
positions of 𝑧 = (2𝑛 + 1)𝜋/2𝑘. It is should be noted that z-axis is in the vertical direction
of the reactor and n is a natural number. Thus, the primary Bjerknes force is expressed by

𝐹⃗𝑝 = (−

4𝜋 3
) 𝑅 𝑘𝐴𝑠𝑖𝑛(𝑘𝑧)sin(𝜔𝑡)𝑒⃗𝑧
3

(2. 36)

where R is the instantaneous radius of bubble and 𝑒⃗𝑧 is a unit vector in z direction.
During the rarefaction phase of an ultrasonic wave at the initial half-wave period, a
bubble expands, whereas during the compression phase of ultrasonic wave at the latter halfwave period, a bubble collapses and continuously repeats small pulsations. In the former
case, at the pressure antinode the smallest acoustic pressure is obtained, and the
instantaneous radiation force is directed toward the pressure antinode. On the other hand, in
the latter case, at the pressure antinode the highest acoustic pressure is obtained, and the
instantaneous radiation force is directed away from the pressure antinode. From Eq. 2. 24, it
can be seen that the instantaneous radiation force is proportional to the volume of a bubble,
comparing the force during bubble expansion and bubble collapse, the force in the former
phase is stronger. Consequently, the time-averaged value in Eq. 2. 24 is directed toward the
pressure antinode. Nevertheless, if the force is over a critical value, the bubble continuously
expands at the beginning of the second phase of the ultrasound wave, that is, the
compression phase. As a result, the repulsion force from the pressure antinode in the
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compression phase is stronger than the attractive force generated in the rarefaction phase.
Then, a bubble is moved away from the pressure antinode. Bubbles will gather at the
positions between pressure node and antinode in the liquid. At those regions, a jellyfish or
double-layer structure of bubbles is formed.
Large bubbles whose ambient radius are larger than the resonance radius, bubble
pulsation is an antiphase mode of the ultrasound wave. Instead of collapsing, bubble
expands during the compression phase, and the time-averaged radiation force is directed
away from the pressure antinode of the standing wave. Consequently, those large bubbles
are trapped at the pressure nodes in the liquid.

2.3. Broadband noise

Under acoustic cavitation condition, pulsating of bubbles leads to the emitting of
acoustic wave which is called acoustic cavitation noise. The frequency spectra of acoustic
cavitation noise contain various components consisting of the driving frequency,
harmonics, ultraharmonics, subharmonics and broadband noise. Broadband noise is defined
as a continuum part of the frequency spectrum [2]. The intensity of the broadband noise
has been used as an indicator for the intensity of the acoustic cavitation [3]. There are
several hypotheses of the origin of the broadband noise. Non-periodic pulsation of bubbles
which is called chaotics pulsations is one of the reasons [4]. An acoustic wave radiated
from the chaotics pulsation which is temporally non-periodic results in the broadband
noise. The second hypothesis is that broadband noise originates from shock waves emitted
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from bubble collapse [5, 6]. At the end of bubble collapse, shock wave is emitted and hits a
hydrophone as a strong pulse. Broadband noise is originated from a single strong pulse
which is likely a delta function pulse. Lately, Yasui et al. confirmed that shock waves
emitted from stable bubbles do not generate broadband noise [7]. The explanation is that
the frequency spectrum from collapse of stable bubble only contains fundamental
frequency and its harmonics. It is reported that the temporal fluctuation in the number of
bubbles leads to the formation of broadband noise. The result from numerical simulations
showed that in the case of no temporal fluctuation in the number of bubbles, the pressure of
acoustic waves radiated from bubbles is a periodic function of time with acoustic period. As
a result, the hydrophone signal is also a periodic function of time and its frequency
spectrum consists of peaks at driving frequency and harmonics due to the nature of any
periodic function. Therefore, there is no broadband noise in the frequency spectrum in the
case of temporally periodic bubble pulsation and constant bubble number. On the other
hand, if bubbles could disintegrate into daughter bubbles, then the number of bubbles
change, that is, there is a temporal fluctuation in the number of bubbles. It leads to the
random variation of pressure of shock waves with time. As a result, beside of peaks at
driving frequency and its harmonics, the frequency spectrum of the hydrophone signal also
contains the broadband noise. Therefore, it is concluded that the temporal fluctuation in the
number of transient bubbles results in the broadband noise. Broadband noise is directly
attributed to bubble collapse, hence, it is used to measure cavitation intensity.
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Chapter 3

Sound pressure and cavitation threshold
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3.1. Introduction

High-intensity ultrasound in liquid has practical applications such as ultrasonic
cleaning, homogenization [1], and atomization [2, 3], and has potential applications in
extraction [4], emulsification [5], crystallization [6], sonochemical reactions [7-9], droplet
coalescence [10], pharmaceutical processing [11], and therapy [12-15]. The evaluation of
sound intensity in liquid is important for the development of ultrasonic devices. Sound
intensity was evaluated by, for example, sound pressure measurement [16], radiation force
measurement [17], and calorimetry [18].
Among these techniques, sound pressure measurement has been proposed as a
particularly effective method to obtain the spatial distribution of sound pressure [19]. For
example, the measurement of sound pressure distribution in a cleaner is important to
analyze the nonuniform sound field when continuous ultrasound is irradiated and a standing
wave is formed [20]. In sound pressure measurement, a hydrophone is normally used.
Acoustic cavitation is a phenomenon when tiny bubbles are created through the irradiation
of ultrasound into a liquid, and then these tiny bubbles oscillate and collapse. It is known
that acoustic cavitation makes high local pressure, temperature, and velocity fields in a
liquid. Since a hydrophone easily breaks owing to acoustic cavitation, the sound pressure
measurement using a continuous wave at a high sound intensity has not been sufficiently
conducted in a wide range of driving ultrasonic frequencies. A tough needle-type
hydrophone has been fabricated by a hydrothermal synthesis method. This hydrophone can
measure high sound pressures in a wide range of ultrasonic frequencies within which a
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high-intensity continuous ultrasound is irradiated and many cavitation bubbles occur [21,
22].
Cavitation threshold refers to the minimum acoustic pressure amplitude required to
initiate acoustic cavitation. Study on cavitation threshold is necessary to prevent cavitation
damage to objects and medium during irradiation in its applications. It is considerably
important to know the cavitation threshold to effectively avoid cavitation damage. Many
methods including broadband noise [23, 24], acoustic emission [25-27], bubble observation
[28], sonochemical luminescence [29], sonoluminescence [30], and aluminum foil erosion
[31] have been used to measure the cavitation threshold. Under ultrasonic irradiation, the
acoustic emission from bubbles is composed of harmonics (integer multiples of
fundamental), subharmonics (fundamental frequency divided by integer), ultraharmonics
(integer multiples of subharmonics excepting the fundamental and harmonics), and
broadband noise components. A hydrophone is used to detect these frequency spectra. In
recent times, in order to measure cavitation threshold, broadband noise is used because it is
directly attributed to cavity collapse. The broadband integrated voltage (BIV) which is an
integration value of broadband noise is used to quantify the broadband noise. Specifically,
Hodnett and Zeqiri irradiated ultrasound at 25 kHz and measured broadband noise in the
frequency range of 1.5 - 8 MHz [24]. Uchida et al. used much higher driving frequency at
150 kHz and measured broadband noise in the narrower region from 1 to 5 MHz [32, 33].
Shiiba et al. investigated spatial distribution of cavitation in the same level of ultrasound at
150 kHz sonoreactor and calculated BIV in the much wider frequency range from 1 to 10
MHz [34]. However, in order to measure broadband noise accurately, it is necessary to
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completely eliminate a fundamental, all harmonic, all subharmonic, and all ultraharmonic
components in the frequency spectra.
The sound intensity in the liquid from low to high electric power is evaluated,
especially near the vicinity of cavitation threshold to know the effect of ultrasonic
cavitation on the sound intensity measurement. Theoretically, the sound intensity is
proportional to the effective electric input power applied to a transducer [35]. Thus the
sound pressure is proportional to the square root of the electric input power. However,
Neppiras reported that received sound pressure from a microphone decreased rapidly in the
vicinity of applied sound pressure of cavitation threshold. He detected the cavitation
threshold by the appearance of the broadband noise. He also measured the subharmonic
(fundamental frequency divided by integer) component and reported that the subharmonic
signal drastically arose in the vicinity of applied sound pressure of cavitation inception and
visible bubbles were observed. The broadband noise has been utilized by several
researchers to detect cavitation generation. Additionally, the harmonic (integer multiplies of
fundamental) component has been used as an indicator for bubble generation. The effect of
driving frequency on the relationship between the broadband noise and the sound pressures
of the fundamental, harmonics, and subharmonics was little investigated.
For the evaluation of ultrasonic apparatus, it is important to measure sound pressures
of some components in the presence of cavitation bubbles. Therefore, a broadband
integrated pressure (BIP) and sound pressures at the fundamental (f1), first harmonic (f2),
and first ultraharmonic (1.5 multiplies of fundamental, f1.5) frequencies were measured by
the needle type tough hydrophone with increasing effective input power applied to a
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transducer. The driving frequencies of transducer were chosen specifically from low to high
frequency at 22, 43, 98, 304, and 488 kHz. In order to visualize bubbles in the presence of
cavitation, an ultrasonic diagnostic equipment was used.
Ultrasonic applications are utilized at various frequencies. However, until now the
measurement of cavitation threshold has been mainly conducted below frequency of 100
kHz used for the cleaner and homogenizer. Threshold data in the frequency range from 100
kHz to 1 MHz are important for sonochemical reactor because the performance of
sonochemical reaction is high [36]. Cavitation threshold for this frequency range are few
reported. In this chapter, cavitation threshold will be reported at wide range of frequency
from 22 to 4880 kHz and the dependence of cavitation threshold on frequency will be
clarified. In addition, the sound pressures at the second harmonic and the first
ultraharmonic frequencies in the spectra were measured for an indicator of bubble
occurrence in water [37]. The minimum sound pressure amplitude required to emit the
second harmonic and the first ultraharmonic components, that is, thresholds of the second
harmonic and the first ultraharmonic signals were estimated.

3.2. Experiment
3.2.1. Apparatus

This study was carried out with various frequencies of acoustic wave at 22, 43, 98,
304, 488, 1000, 2000, and 4880 kHz using a directly sonochemical reactor. A stainless steel
reactor with inner diameter of 56.8 mm was used for all experiments. The stainless steel
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reactor was connected to a cooling system with the aim of giving the constant temperature
of solution inside the reactor at 298 K during entirely experimental period. Corresponding
to frequency needed to be generated, Langevin and disc transducers were used at low and
high frequencies, respectively. A Langevin transducer 45 mm in diameter with multiple
frequencies (HEC45242M, Honda Electronics) was used for 22, 43, and 98 kHz. Disc
transducers 50 mm in diameter were used for 304, 488, 1000 and 2000 kHz. A disc
transducer 20 mm in diameter was used for 5000 kHz. Details of transducers at all
frequencies utilized in the experiments are summarized in Table 3. 1.

Table 3. 1 Details of transducers

Frequency

Diameter of transducer
Type of transducer

(kHz)

(mm)

22

Langevin

45

43

Langevin

50

98

Langevin

50

304

Disc

50

488

Disc

50

1000

Disc

50

2000

Disc

50

4880

Disc

20
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3.2.2. Sound pressure and broadband integrated pressure detection

Figure 3. 1 schematically illustrates the experimental system for measurement the
sound pressures and broadband noise. To measure generated sound pressure and BIP in a
wide range of frequency, the tough needle-type hydrophone (HUS-200S, Honda
Electronics) was submerged into the irradiation vessel at the position of highest sound
pressure. An XYZ-axis stage and a stage controller (SHOT-204, Sigmakoki) were used to
precisely adjust the hydrophone position. The needle-type hydrophone was calibrated the
sound pressure in the frequency range from 20 kHz to 20 MHz. The hydrophone was
connected to a spectrum analyzer (8595E, HP) through a preamplifier (HUS-200A, Honda
Electronics) which converted impedance. The electric power applied to the transducer was
calculated from the voltage of both ends of the transducer measured by an oscilloscope
(TDS3014B, Tektronix) and current through the transducer measured by a current probe
(TCP202, Tektronix). Electric noise from experimental apparatus and surrounding
environment was minimized by averagely recording as 16 sweeps in the oscilloscope. The
effective electric power was transferred to PC via general purpose interface bus (GPIB). A
continuous sinusoidal wave signal was generated by a signal generator (WF1974, NF) and
amplified by a power amplifier (1040L, E&I). The output waveform amplitude of signal
generator was set by PC via GPIB. At 22 kHz, an impedance matching circuit was
connected between the amplifier and the transducer. To keep the electric power applied to
the transducer constant, the amplitude of signal was controlled by a program (Honda
Electronics) and PC.
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It was reported that a hysteresis effect was observed in sound pressures at the
harmonic frequency, subharmonic frequency, and broadband noise when the sound intensity
changed [37]. This effect could be impeded through a procedure of sound pressure
measurement which was carried out by increasing the electric power applied to the
transducer. The sample of distilled water with 100 mL in volume was air-saturated and put
into the resonance condition beforehand by adjusting driving frequency.
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Spectrum analyzer

Preamplifier

GPIB

Electric control system

Water bath

PC

Hydrophone
Vessel
Transducer

Oscilloscope

XYZ stage

GPIB

Signal generator

Power amplifier

Cooling fan

Current probe

GPIB

GPIB

Stage controller

Fig 3. 1. Setup of experimental apparatus
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3.2.3. Broadband integrated pressure and sound pressures at fundamental, harmonic, and
ultraharmonic frequencies

In this study, the BIP was utilized as the broadband noise to estimate the ultrasonic
cavitation generated in water. An example of a sound pressure spectrum at a driving
frequency of 304 kHz was illustrated in Fig. 3. 2 in which the sound pressure spectrum was
measured by the tough needle-type hydrophone. In this case, the effective electric input
power applied to the transducer is 4 W. This hydrophone was calibrated sound pressure in
the frequency range from 20 kHz to 20 MHz. The value of BIP was figured out by the
following equation:

𝑓e

BIP = ∫ [𝑃S (𝑓) − 𝑃N (𝑓)] 𝑑𝑓

(3. 1)

𝑓s

where PS(f) represents broadband sound pressures excluding the fundamental, harmonic,
subharmonic, and ultraharmonic components and PN(f) represents sound pressures of the
background noise. The start frequency of the integration region, fs, was decided as 20 kHz
and the end frequency, fe, was 20 MHz for all driving frequencies. The broadband sound
pressure represented in decibels (dB) and was employed to calculate the BIP identified as
the shaded area in Fig. 3. 2.
Acoustic signals at the fundamental, second harmonic and first ultraharmonic
frequencies were obtained by the needle type tough hydrophone, the preamplifier, and the
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spectrum analyzer. The signals were converted to sound pressure.

240
4W
Background noise

Sound pressure [dB]
( 0 dB = 1 Pa )
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f2

200
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3

4

5

Frequency [MHz]
Fig 3. 2. Example of sound pressure spectrum at a driving frequency of 304 kHz and an
electric power of 4 W

3.2.4. Bubbles observation

In order to visualize bubbles in water under ultrasonic irradiation, an ultrasonic
diagnostic equipment (Honda Electronics HS–2100) with a 10 MHz probe (Honda
Electronics HLS–513M) was used. Figure 3. 3 shows an experimental setting for the bubble
observation. The ultrasound irradiation system was the same as that for the measurement of
sound pressures. Ultrasound was irradiated horizontally by an immersed transducer. To
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reflect ultrasound in the same proportion at the water surface, a polystyrene foam reflector
was used. The experimental setting of bubbles observation is illustrated in Fig. 3. 3.

Oscilloscope
Ultrasonic
diagnostic
equipment

Current probe
Power amplifier

Signal generator

Probe

Transducer
Hydrophone

Reflector

Fig 3. 3. Experimental setting for the bubble observation
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3.3. Results and discussion
3.3.1. Determination of cavitation threshold

The ultrasonic frequency was adjusted to a minimum impedance of the transducer in
order to obtain resonance condition of water. The vertical distribution of hydrophone output
voltage at fundamental frequency on the axis of the transducer center is described on Fig. 3.
4. The abscissa indicates the distance between the hydrophone and the transducer. The
driving frequency and effective electrical power applied to the transducer are 43 kHz and
0.01 W, respectively. A standing wave can be seen and the output voltage achieves its
highest value when the hydrophone position is at 33 mm. The cavitation threshold was
determined by experiments in which the hydrophone position was adjusted to its highest
sound pressure for each driving frequency.

Sound pressure [dB]
(0dB = 1µPa)

40

35

30

25

20

0

10

20

30

40

Distance from transducer [mm]

Fig 3. 4. Vertical distribution of sound pressure at fundamental frequency on the axis of
transducer center at 43 kHz and 0.01 W
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The sound pressure at the fundamental frequency and BIP against the square root of
electric power at 1000, 2000, and 4880 kHz are demonstrated on Figs. 3. 5 (a, b, c). The
sound pressure is zero-to-peak amplitude. As seen in Fig. 3. 5 (a), the sound pressure
increases linearly with increase square root of electric power at low electric power and BIP
is almost zero. However, above the square root of electric power of 1.3 W 1/2, an increasing
tendency can be found for BIP meanwhile an unstable trend for sound pressure. This result
proves that acoustic cavitation begins to generate at 1.3 W1/2. In order to obtain the
cavitation threshold, the sound pressure is assumed to be proportional to the square root of
electric power at high electric power. The sound pressure at 1.3 W1/2 is regarded as the
cavitation threshold (dotted lines). The average value of cavitation threshold measured at
three times at the same experimental condition at 1000 kHz is 169 kPa. The similar trend is
also observed at 2000 and 4880 kHz as shown in Figs. 3. 5 (b, c). The cavitation threshold
at 2000 kHz is 412 kPa. The cavitation threshold at 4880 kHz is 621 kPa.
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Fig 3. 5. Determination of cavitation threshold at (a) 1000 kHz, (b) 2000 kHz, (c) 4880 kHz

3.3.2. Sound pressure at the fundamental frequency and broadband integrated pressure
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In this session, effect of ultrasonic cavitation on the sound pressure at the
fundamental frequency and broadband integrated pressure will be discussed. The sound
pressure at the fundamental frequency and the BIP are plotted as functions of the square
root of the effective electric power applied to the transducer in Figs. 3. 6 (a – e). The
driving frequencies are 22, 43, 98, 304, and 488 kHz, respectively. At each frequency, Fig
(a – 1) – (a – 2) at the left side shows the sound pressure and BIP in the low-electric-power
range, Fig (2) at the right side shows the sound pressure and BIP in the high-electric-power
range. The broadband noise has been used as an indicator for ultrasonic cavitation. The
main mechanism behind the generation of the broadband noise is the sound signals due to
shockwaves emitted from cavitation bubbles. The shock-waves are detected by a
hydrophone as vibrations which result in the broadband component of the frequency
spectrum. The broadband noise is generated by the temporal fluctuation in the number of
bubbles due to the fragmentation of cavitation bubbles at a variety of bubble sizes.
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Fig 3. 6. Sound pressure at the fundamental frequency and BIP as functions of the square
root of the effective electric power applied to the transducer at a driving frequency of (a) 22
kHz, (b) 43 kHz, (c) 98 kHz, (d) 304 kHz, and (e) 488 kHz.
Figure (1) at left side shows low-electric-power range and figure (2) at right side shows
high-electric-power range

49

BIP [kHz·kPa]

300

At 22 kHz, to easily observe the tendency of the sound pressure near the cavitation
threshold, the electric power is changed from 0 to 9 W in Fig. 3. 6 (a-1). As the square root
of the electric power increases, the sound pressure at the fundamental frequency is
proportional to the square root of the electric input power. This linear increment agrees to
theory earlier reported by Hamonic et al. [35]. As explained in the last part (3.2.2), the
electric power which the BIP starts to appear is defined as the electric power of cavitation
threshold. In other words, cavitation threshold is defined at the sound pressure at which BIP
starts to occur. In the vicinity of the square root of the electric power of cavitation
threshold, the sound pressure at the fundamental frequency, however, instantaneously
decreases. This unstable change of sound pressure was similarly reported by Neppiras
which the microphone output at the fundamental frequency in bars was plotted against the
applied acoustic pressure at 40 kHz, a rapid decrease in signal was obtained near the
cavitation threshold. The sound pressure decreased notably around cavitation threshold.
This drop of sound pressure at the fundamental frequency can be explained by the
attenuation in the solution by cavitation bubbles. The BIP increases with electric power
above the electric power of cavitation inception.
In the whole range of electric power from 0 to 100 W, as square root of electric
power increases, the sound pressure at the fundamental frequency linearly increases
initially, decreases around cavitation threshold and then increases again, as can be seen in
Fig. 3. 6 (a-2). Nevertheless, the sound pressure no longer increases and becomes unstable
when it comes to very high electric power of 50 W. In the similar way, the BIP accelerates
up to above of cavitation threshold then does not increase as well when it comes to the
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same high value of electric power.
In this study, the effective measurement range of the hydrophone was investigated
with the degassed water. The sound pressure at the fundamental frequency increased
linearly in relation to the increment of the square root of the electric power applied to the
transducer as far as the sound pressure reached roughly 8 MPa [22]. According to this
result, it is obvious that the sound pressure in Fig. 3. 6 (a-2) is within the effective
measurement range. In terms of the conversion efficiency of the transducer which
transforms the electric power to ultrasonic power above cavitation threshold, a calorimetry
was adopted for ultrasonic power measurement. This result indicates that the ultrasonic
power was proportional to the effective electric power applied to the transducer at high
electric powers, which means that the conversion is properly under these experimental
conditions.
In respect of the cavitation bubbles’ size, the performance at low driving
frequencies produces larger ones than those at high driving frequencies. Those large
bubbles exist in water and on the hydrophone surface could explain for the instability of
sound pressure at a high electric power. Therefore, they enhance the scattering and
absorbance of ultrasound in water.
In the cases of 43 and 98 kHz, the similar bents in sound pressure at the
fundamental frequency and the BIP are observed in Fig. 3. 6 (b) and (c) not only at low
electric power near cavitation threshold but also at the whole range of electric power up to
100 W. That is, in the low range of ultrasonic frequency from 22 to 98 kHz, as the square
root of the electric power increases, the sound pressure at the fundamental frequency is
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proportional to the square root of the electric power at first, thereafter instantaneously
decreases near the vicinity of cavitation threshold, and then increases again. However, at
very high electric power, the sound pressure at the fundamental frequency becomes
unstable instead of continuously increases.
At 304 kHz, at the low range of electric power, a similar trend of changes in sound
pressure at the fundamental frequency and the BIP as those at low frequencies is reported in
Fig. 3. 6 (d-1). Meanwhile, at the whole range of electric power up to 100 W, both the
sound pressure at the fundamental frequency and the BIP increase with electric power
above the cavitation threshold. There is no unstable phase of the sound pressure at the
fundamental frequency and the BIP at very high electric power as seen at low frequencies.
At a high electric power, there is a fact that the sound pressure in the reflected wave is
significantly lower than that in the incident wave owing to ultrasonic attenuation by a great
amount of cavitation bubbles and water. This phenomenon enhances an acoustic radiation
force. The ultrasonic attenuation is enhanced with increasing driving frequency. As a
consequence, the trapped bubbles on the hydrophone surface and in standing waves mostly
removed by the acoustic radiation force. It leads to the increase of sound pressure again
when a high electric power is used.
At 488 kHz, at the low range of electric power, the sound pressure at the
fundamental frequency drops drastically towards nearly the zero value in the vicinity of
cavitation threshold, as can be clearly seen in Fig. 3. 6 (e-1). It is considered that numerous
cavitation bubbles were generated in water. In order to clarify the existence of bubbles in
water under ultrasonic irradiation, visualization was achieved by the ultrasonic diagnostic
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equipment with the probe located between the hydrophone and the transducer as shown in
Fig. 3. 3. The images from the diagnostic equipment in water without and with ultrasonic
irradiation when the driving frequency is 488 kHz and the effective electric power applied
to the transducer is 1 W as can be seen in Fig 3. 7 (a) and (b), respectively. In the absence
of ultrasonic irradiation in Fig. 3. 7 (a), the image is black as a whole, which implies that no
bubbles exist in the water. On the contrary, in the presence of ultrasound irradiation in Fig.
3. 7 (b), many white dots indicating bubbles in water are observed, and horizontal interval
of dots corresponds to one half of ultrasonic wavelength in water. This result indicates the
presence of many bubbles trapped in standing waves of ultrasound. Since the ultrasound at
high frequency has a short wavelength which emits a high level of energy, hence, the
number density of bubbles is high in water. In additional, bubbles might be attached on the
hydrophone surface and causes largely obstruct for the detection of sound pressure. This
could be the reason for the drastic drop of the sound pressure at the fundamental frequency
of 488 kHz above the electric power of cavitation threshold. For the whole range of electric
power as illustrated in Fig (a – 2) – (e – 2), the sound pressure at the fundamental frequency
and the BIP show the same behavior as that at 304 kHz, that is, they increase when the
electric power increases until 100 W.
Even so, at a high electric power, for the whole range of ultrasonic frequency from
22 to 488 kHz, all plots in Figs 3. 6 (a-e) show that the sound pressures are lower than the
values extrapolated from the linear relationship between the sound pressure at the
fundamental frequency and the square root of the electric power of cavitation threshold.
This can be explained by the absorption and scattering caused by bubbles in water.
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(a)

(b)

Fig 3. 7. Images obtained using ultrasonic diagnostic equipment in water (a) without and
(b) with ultrasonic irradiation at a driving frequency of 488 kHz and an electric power of 1
W

3.3.3. Sound pressure at the second harmonic and first ultraharmonic frequencies

In this part, the effect of ultrasonic cavitation at different driving frequencies on the
sound pressures at the second harmonic (f2) and first ultraharmonic (f1.5) will be explained.
Figures 3. 8 (a – e) show the sound pressures at the second harmonic and first
ultraharmonic frequencies as functions of the square root of the effective electric power
applied to the transducer at 22, 43, 98, 304, 498 kHz, respectively. In the circumstance of
22 kHz in Fig. 3. 8 (a) as the square root of the electric power accelerates, the sound
pressure at the second harmonic frequency is initially zero then increases. The square root
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of the electric power of threshold of the second harmonic is slightly lower than that of the
cavitation threshold. It was stated from Neppiras that the harmonic signals are derived from
nonlinear oscillations of stable bubbles in water [23]. It should be noted that when the
driving frequency is above 1 MHz, the nonlinear propagation of ultrasound affects the
harmonic signals [38]. In this study, the effect of nonlinear propagation of ultrasound is
small. The bubbles occur at first when the electric power applied to the transducer
increases, then they oscillate with ultrasound and finally collapse at a high electric power,
that is, ultrasonic cavitation is generated. This can be the commentary for the occurrence of
the second harmonic component of sound pressure below the electric power of cavitation
threshold.
Concerning with the mechanism of the generation of half-order subharmonics,
Yasui undertook the study using numerical simulations and found that the generation of
half-order subharmonics is mainly attributed to the sound waves from relatively large
bubbles, which oscillate with a doubled period of driving frequency [38]. From a Fourier
series, the spectrum of any arbitrary periodic function with doubled period of driving
frequency consists of the half-order subharmonics and ultraharmonics (integer multiples of
subharmonics

excluding

the

fundamental

and

harmonics)

such

as

the

first

ultraharmonic, f1.5. At first, the sound pressure at the first ultraharmonic frequency is zero,
and then with increasing electric power, it increases at a relatively high electric power.
Besides that, the square root of the electric power of threshold of the first ultraharmonic is
higher than that of cavitation inception. Accordingly, it is thought that there are few
relatively large bubbles oscillating with a doubled period in the vicinity of the electric
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power of cavitation threshold, whereas they would be large bubbles formed by coalescence
of bubbles at a high electric power.
When it comes to the cases of the driving frequencies of 43 and 98 kHz, thresholds
of the second harmonic and first harmonic appear at the same behavior at that of 22 kHz.
As can be seen in Figs. 3. 8 (b) and (c), the electric power of threshold of the second
harmonic is lower than that of cavitation threshold. The electric power of threshold of the
first ultraharmonic is far beyond from that of cavitation threshold.
When the driving frequencies are 304 and 488 kHz, as shown in Figs. 3. 8 (d) and
(e), respectively, the electric power of threshold of the second harmonic is also lower than
that of cavitation threshold which is the same manner at frequencies below 98 kHz.
However, the square root of the electric power of threshold of the first ultraharmonic at 304
kHz is slightly higher than that of cavitation threshold, and the square root of the electric
power of threshold of the first ultraharmonic at 488 kHz is mostly similar with that of
cavitation threshold. It can be extracted from this result that a higher driving frequency
favors for the formation of large bubbles at the electric power of cavitation threshold.
Particularly, at 488 kHz, the sound pressures at the second harmonic and first ultraharmonic
frequencies are small when the square root of electric power spans from 0.5 to 1.5 W0.5.
This result is due to the fact that the number density of bubbles is high and many cavitation
bubbles are trapped at the standing waves, as shown in Fig. 3. 7 (b).
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Fig 3. 8. Sound pressures at the second harmonic and first ultraharmonic frequencies as
functions of the square root of effective electric power applied to the transducer at (a) 22
kHz, (b) 43 kHz, (c) 98 kHz, (d) 304 kHz, and (e) 488 kHz
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3.3.4. Cavitation threshold

As being calculated as shown in section 3.3.1, the average values of cavitation
threshold at 22, 43, 98, 304, 488, 1000, 2000, and 4880 kHz are summarized in Table 3. 2.

Table 3. 2. Cavitation threshold

Frequency
22

43

98

304

488

1000

2000

4880

22.4

27.9

63.7

113

152

169

412

621

[kHz]
Cavitation
[kPa]

The dependence of cavitation threshold on the ultrasonic frequency is demonstrated
on Fig. 3. 9. When we increase the ultrasonic frequency, the cavitation threshold also
increases. As the ultrasonic frequency increases, the duration of the rarefaction phase
decreases because the pressure oscillation period decreases [39, 40]. As a result, the
occurrence of cavitation bubbles becomes more difficult. Therefore, in order to generate
acoustic cavitation at high frequency, it is necessary to supply a high sound pressure.
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Fig 3. 9. Dependence of thresholds of cavitation, the second harmonic and first
ultraharmonic on ultrasonic frequency
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Figure 3. 9 also includes the values of the cavitation thresholds using broadband
noise and bubble observation reported in previous studies. For instance, Neppiras
researched on broadband noise measurement and confirmed that cavitation threshold at 40
kHz was 27 kPa [16]. This result is close to the finding of this research. Moreover, he also
pointed out that the cavitation threshold at 28 kHz was 84 kPa [23]. This data is very much
different with that of Barger. Barger revealed that the cavitation threshold at 27 kHz was 42
kPa [41]. Hodnett and Zeqiri disclosed that the cavitation threshold at 25 kHz was given as
82 kPa [24]. The existence of bubble nucleus originated from fine bubbles and roughness
on surface of transducer and reactor might be a reason for the differences of cavitation
thresholds. Using numerical analysis to estimate cavitation threshold, Gaete-Garreton et al.
stated that cavitation threshold at 20 kHz was 30 kPa in the case of diameter of collapsing
bubbles at 0.12 mm [31]. In the ultrasonic frequency range from 400 to 2000 kHz, Gabrielli
and Iernetti carried out bubble observation by using a lateral light source [28]. The
cavitation thresholds increased as the frequency became higher and their data almost
coincide with that of this study.

3.3.5. Thresholds of the second harmonic and the first ultraharmonic signals

In Fig 3. 2, the signals of the second harmonic and first ultraharmonic frequency in
the spectrum are clearly demonstrated. As the sound pressure at the fundamental frequency
increased in water, the sound signal at the second harmonic frequency (f2) was not observed
at first and it appeared above a certain threshold. The nonlinear oscillations of stable
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bubbles in water are the main source of the harmonic signals [16]. However, the harmonic
signal in megahertz range of ultrasound can be influenced by the nonlinear propagation of
sound. The minimum sound pressure required to emit sound signal at the second harmonic
frequency is defined as the threshold of the second harmonic signal.
The sound signal at the first ultraharmonic (f1.5) frequency also appeared above a
certain sound pressure. The half-order subharmonic signals are mainly attributed to the
sound waves from relatively large bubbles which oscillate with a doubled period of driving
frequency [38]. From Fourier series of subharmonic components, the spectrum of any
arbitrary periodic function is composed of the subharmonics and ultraharmonics for
example the first ultraharmonic. The threshold of the first ultraharmonic signal was defined
in the same way as threshold of the second harmonic. Thresholds of the second harmonic
and the first ultraharmonic signals are shown in Table 3. 3 and plotted against ultrasonic
frequency in Fig. 3. 9. The threshold of the second harmonic signal increases with
increasing ultrasonic frequency in the frequency ranges of 22 - 488 kHz. This is because the
low pressure period of ultrasound decreases at high frequency and it is difficult to generate
stable bubbles. The threshold of the second harmonic signal approximates to the cavitation
threshold below 1000 kHz. Above 1000 kHz, the threshold of the second harmonic signal
declines as the frequency increases because of the nonlinear propagation of sound.
There is a parallel between the threshold of the first ultraharmonic signal and the
ultrasonic frequency. When the latter increases, the former also gets higher. Above 98 kHz,
the threshold of the first ultraharmonic signal is close to the cavitation threshold. However,
below 98 kHz, the threshold of the first ultraharmonic signal is higher than the cavitation
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threshold. At low ultrasonic frequency and low sound pressure, large bubbles were found to
be difficult to be trapped at standing waves because of large buoyant force. At high sound
pressure, large bubbles which oscillate with a doubled period of driving frequency are
easily trapped at standing waves because primary Bjerknes force exceeds buoyant force.
Therefore, the threshold of the first ultraharmonic signal is higher than the cavitation
threshold at low ultrasonic frequency.

Table 3. 3: Thresholds of the second harmonic and first ultraharmonic

Frequency [kHz]

22

43

98

304

488

1000

2000

4880

20.8

23.0

60.1

96.2

118

103

75.5

75.8

56.9

74.5

94.6

136

152

163

426

543

Second harmonic
[kPa]
First ulharmonic
[kPa]
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3.4. Conclusion

In chapter 3, the cavitation threshold was examined in a wide range frequency from
22 kHz to 4880 kHz by broadband noise using the tough needle-type hydrophone. The
broadband noise in the integration region from 20 kHz and 20 MHz for all frequencies was
used to determine the BIP. In order to increase its credibility, all fundamental, harmonic and
subharmonic components were totally abolished from signal spectrum before being
calculated. The results showed a tendency of increasing cavitation threshold as ultrasonic
frequency increased.
This chapter also considered the possible effect of bubble occurrence in a liquid.
Therefore, the thresholds of the second harmonic and the first ultraharmonic components
were measured to detect the occurrence of bubbles in the liquid. At the frequencies of
below 1000 kHz, the threshold of the second harmonic and cavitation threshold were
similar to each other. On the other hand, the threshold of the first ultraharmonic was higher
than the cavitation threshold below 98 kHz and near to the cavitation threshold at high
frequency.
Besides that, we investigated how the ultrasonic cavitation affects the sound pressures
at the fundamental, second harmonic, and first ultraharmonic frequencies, and BIP at 22,
43, 98, 304, and 488 kHz. For the fundamental frequency, sound pressure increased linearly
with increasing square root of the effective electric power when there were no cavitation
bubbles in water. On the other hand, sound pressure drastically decreased at around the
electric power of cavitation threshold because of ultrasonic attenuation, caused by
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numerous bubbles trapped in standing waves and on the hydrophone surface. Above the
electric power of cavitation threshold, sound pressure increased again. The possible reason
is that trapped bubbles were mostly removed by the acoustic radiation force. However, at a
high electric power, the sound pressure was lower than the value extrapolated from the
linear relationship between the sound pressure at the fundamental frequency and the square
root of electric power below the electric power of cavitation threshold.
For the second harmonic signal, the electric power of threshold was relatively lower
than that of cavitation threshold. This means that stable bubbles are generated at a lower
electric power than cavitation bubbles. The first ultraharmonic component was detected
near the electric power of cavitation threshold at 304 and 488 kHz, and above that at 22, 43,
and 98 kHz. It is considered that at low driving frequencies, relatively large bubbles that
oscillate with a doubled period were few at the electric power of cavitation inception and
large bubbles were formed by coalescence of bubbles at a high electric power.
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Chapter 4
Thresholds of chemical
and mechanical effects
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4.1. Introduction

There are chemical and mechanical effects resulted from acoustic cavitation in a
liquid. These effects can be seen as powerful tools for industrial applications of ultrasound.
Chemical effect is produced during the process of free radical production and pyrolysis
owing to local high temperature and pressure [1-4]. Meanwhile mechanical effect is mainly
generated by shockwaves and microjets with high velocity. With such different generation
mechanisms, the thresholds of chemical and mechanical effects should be separately
examined as well as distinguished with cavitation threshold.
Various methods such as Frickle [5], Weissler [6, 7], hydrogen peroxide [8, 9],
sonochemical luminescence [10], phenolphtalein [11], porphyrin [12], rhodamin B [13],
and potassium iodide (KI) [14, 15] have been used to quantify chemical effect. Carbon
tetrachloride and strong acid are respectively used in Frickle and Weissler methods.
However, both carbon tetrachloride and strong acid show high toxicity, the concentration
measurement of hydrogen peroxide in the solution is not simple. A transparent reactor is
used to detect sonochemical luminescence with high sensitivity. Also, luminescence is
gathered from the whole reactor into a photodetector in a dark room. The reaction
mechanism of phenolphtalein, porphyrin, and rhodamin B are complex. A safer and easier
method is KI solution. The KI solution is considered as a popular chemical dosimetry and
standard method for the estimation of sonochemical efficiency [15]. In the KI method, it is
safer to handle the solution. The concentration measurement is also easier.
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There are few detection methods of mechanical effect. Polymer degradation has been
utilized to determine mechanical effect. However it is known the degradation of polymer
under ultrasonic sonication is caused by both chemical and mechanical effects. Chemical
materials such as radical trap agent and tert butanol were used to quench the generation of
radicals, therefore, mechanical effect can be determined by extracting the chemical effect.
Under ultrasonic irradiation, an aluminum foil is pitted in the solution by shock waves and
micro-jet generated from the collapse of bubbles. Observing the erosion on the surface of
aluminum foil under ultrasonic irradiation, the mechanical effect threshold can be specified
[16]. Aluminum foil erosion is an easy and simple method to investigate mechanical effect.
Until now, thresholds of chemical effect and mechanical effect have been still
insufficiently investigated. Its available data are much lesser than those of cavitation
threshold. This study focuses on examining the frequency dependence of chemical effect,
and mechanical effect thresholds in the wide frequency range from 22 to 4880 kHz and
comparing with those of cavitation threshold. KI oxidation, and aluminum foil erosion are
respectively used to measure the chemical effect, and mechanical effect thresholds.

4.2. Experiment
4.2.1. Materials

Air-saturated distilled water was used in all experiments. KI solution was prepared as
a concentration of 0.1 mol·dm-3 to study chemical effect threshold. For mechanical effect
threshold, aluminum foil was used as 12 µm. Sample volumes were 0.100 dm3. All
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experiments were carried out at 298 ±1 K. Before ultrasonic irradiation, all the samples
were put at rest in the reactor for 30 minutes. In order to ensure its credibility, in each
experiment, the fresh solution was used to replace the used one. Also, each threshold value
was measured three times.

4.2.2. Apparatus

The experimental apparatus setup can be seen in Chapter 3. The range of driving
ultrasonic frequencies was 22, 43, 98, 304, 488, 1000, 2000, and 4880 kHz, respectively. A
stainless steel reactor was used for all experiments. Its inner diameter was 56.8 mm. A
Langevin type transducer with multiple frequencies (HEC45242M, Honda Electronics) in
which its diameter was 45 m, was used from 22 to 98 kHz. For 304, 488, 1000, and 2000
kHz, the disc type transducers (Honda Electronics) with 50 mm in its diameter were
utilized. For 4880 kHz, the usage of a disc type transducer with 20 mm in diameter was
applied. The transducer was installed at the bottom of the reactor. In order to avoid heating
the transducer, a cooling fan was also attached. To maintain the sample temperature at 298
± 1 K, a circulating water bath was connected to the annular section of the reactor.
In order to produce a continuous sinusoidal wave signal, a signal generator
(WF1974, NF) was put in use. A power amplifier (1040L, E&I) was installed to amplify
the signal. To match the impedance of transducer at 22, 43, 98, 1000, 2000, and 4880 kHz,
an impedance matching circuit (Honda Electronics) was connected between the power
amplifier and the transducer. In order to measure the voltage at the both end of transducer
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and the current through the transducer, an oscilloscope (TDS3014B, Tektronix) and a
current probe (TCP202, Tektronix) were respectively used. The effective electric power
applied to the transducer was calculated from these voltage and current. Using PC via a
general purpose interface bus (GPIB), the output waveform amplitude of signal generator
was chosen. To set a constant electric power applied to the transducer, an electric control
system (Honda Electronics) was utilized.

4.2.3. Measurements
4.2.3.1. Threshold of chemical effect

KI oxidation method was used to identify the chemical effect threshold. The
ultrasound is irradiated to KI aqueous solution at a concentration of 0.1 mol·dm-3. As a
result, I- ions are oxidized by OH radical, and I2 is produced. Then, I2 reacts with the excess
I- in the solution to form I3- ion by the next reaction [15],

I2 + I− ⇆ I3−

(4. 1)

The concentration of I3- ions was measured by an ultraviolet spectrometer (UV-1600,
Shimadzu) at 355 nm using quartz cuvettes with 5 cm in length. The reaction rate of KI
oxidation was calculated by the following equation,
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𝑘=

𝐴𝑊
𝜀𝑙𝑡

(4. 2)

In which k is reaction rate (mol·s-1), ε is the molar extinction coefficient of I3− (ε = 26,303
dm3 mol-1 cm-1), A is absorbance, l is the cuvette length (cm), W is the solution volume
(dm3), and t is sonication time (s). The total irradiation time of ultrasound was 120 minutes.

4.2.3.2. Threshold of mechanical effect

The aluminum foil pitted by ultrasonic irradiation in air-saturated water was used to
determine mechanical effect threshold. The thickness, length, and width of an aluminum
foil were 12 µm, 200 mm, and 50 mm, respectively. The surface of aluminum foil was
placed perpendicular to the transducer surface and its center was located on the axis of the
transducer center. The irradiation duration of ultrasound was within 180 minutes.

4.3. Results and discussion
4.3.1. Threshold of chemical effect

The generation of cavitation causes the present of OH radicals which are initial for a
great deal of chemical effect in the solution due to water pyrolysis. The OH radicals oxidize
KI to I2. They combine with the excess of I- to form I3- ion via reaction (4. 1) [17].
Therefore, the generating rate of I3- has a relationship with chemical effect in the solution.
Figs. 4. 1 and 4. 2 display the effect of electric power applied to the transducer on the
reaction rate of I3- ion formation at 43 and 2000 kHz. The reaction rate is zero when the
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electric input power of below 2 and 8 W at 43 and 2000 kHz, respectively. Thereafter, the
reaction rate accelerates along with the increment of electric power. The former behavior
reveals that KI reaction starts to take place at the electric power of 2 W at 43 kHz and 8 W
at 2000 kHz.
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Fig 4. 1. Effect of electric power on reaction rate of I3- ion formation at 43 kHz
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Fig 4. 2. Effect of electric power on reaction rate of I3- ion formation at 2000 kHz

For example, to calculate the chemical effect threshold at 43 kHz, the linear
relationship between the sound pressure at the fundamental frequency and the square root
of electric power at 43 kHz (Fig. 3. 6 (b), chapter 3) is utilized. Using the averaged value of
this linear relationship from three independent experiments, the chemical effect threshold is
proved to be obtained at 39.0 kPa. As calculated in the same way, the chemical effect
threshold at 2000 kHz is 362 kPa. It means that chemical effect threshold is regarded as an
acoustic pressure when KI oxidation first takes place by increasing electric power applied
to the transducer. Table 4. 1 summarizes the chemical effect thresholds at all frequencies.
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Table 4. 1 Thresholds of chemical and mechanical effects

Frequency [kHz]
Chemical effect
[kPa]
Mechanical effect
[kPa]

22

43

98

304

488

1000

2000

4880

22.4

39.0

84.2

156

197

188

362

723

20.0

23.1

149

1840

3220

Fig. 4. 3 indicates the dependence of chemical effect threshold on the ultrasonic
frequency through the variables of sound pressure (kPa) and frequency (kHz) which are
drawn from results of this study and other references. Data of this study show that
increasing frequency results in the increasing of chemical effect threshold. Yanagita et al.
used luminol aqueous solution and measured the threshold of sonochemical luminescence
[10]. The thresholds were achieved as 130 and 180 kPa at 1100 and 1700 kHz, respectively.
It indicated that there is a frequency dependence of sonochemical luminescence. The reason
of this behavior lies in the fact that the maximum size of the cavitation bubble becomes
smaller at high frequency. Therefore at higher frequency, lower temperature after cavies
collapse is generated, consequently higher threshold is obtained. Besides of that at a
frequency of 0.5 MHz, the threshold was reported at 70 kHz. This threshold value is
considered as an experimental error because it is lower than the atmospheric pressure and
much lower than data at 1100 and 1170 kHz as well as the data of this study. However, it
should also be considered that chemical effect threshold is possible to be lower than
atmospheric pressure because cavity occurs from cavity nuclei such as nanoscale bubble. In
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his study, the diffraction intensity was measured, thereafter equation using Raman-Nath
parameter was used to calculate the sound pressure. The obtained intensity is an averaged
value and contains some contribution from the edge region of the sonication cell with low
pressure. Pickworth measured sonoluminescence from water and possessed the threshold
value as 126 kPa at 1000 kHz [18]. These findings seem to be in the same line with the
chemical effect threshold measured by KI oxidation in this study.
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Fig 4. 3. Dependence of chemical effect threshold on ultrasonic frequency
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4.3.2. Threshold of mechanical effect

In order to investigate mechanical effect threshold, the aluminum sheet which was
fixed by a stainless steel frame was placed perpendicular to the transducer surface at the
center of the transducer. The aluminum sheet was place in the reactor before ultrasound was
applied, and then was irradiated within 180 minutes. The pitted points on the surface of
aluminum sheet by ultrasound stand for mechanical effects of ultrasound. By increasing
electric power applied to the transducer, aluminum foil was eroded at a certain electric
power. Figure 4. 4 illustrates one example of the erosion of aluminum foil by the
mechanical effect of acoustic cavitation. The driving frequency and electric power are 43
kHz and 1 W, respectively. The pit of aluminum foil is displaced by the white part in the
diagram. The minimum sound pressure at the fundamental frequency which is capable of
pitting aluminum foil is used to estimate the mechanical effect threshold. The mechanical
effect threshold is obtained from the linear relationship between the sound pressure at the
fundamental frequency and the square root of electric power. The data are shown in Table
4. 1.
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Water surface

Fig 4. 4. Aluminum foil erosion at 43 kHz and 1 W
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The dependence of mechanical effect threshold on the ultrasonic frequency can be
seen on Fig. 4. 5. From 22 kHz to 488 kHz frequency ranges, the erosion of aluminum foil
caused by acoustic cavitation is observed. However, above 1000 kHz, the erosion process
of aluminum foil by ultrasound with the electric power applied to transducer of 100 W and
irradiation time of 180 minutes is not observed. This result indicated that the increasing of
ultrasonic frequency leads to the increasing of mechanical effect threshold. Gaete-Garreton
et al. carried out the erosion of a thin aluminum film at 20 kHz, which is nearly same the
frequency of this study at 22 kHz [16]. This threshold of aluminum film erosion behaves in
a close manner with the performance at 20 kHz from the study of Gaete-Garreton. As
illustrated in Fig. 4. 5, their threshold seems to be close to the mechanical effect threshold
in this study.
Kling and Hammitt [19] carried out their research about the damage of aluminum foil
by cavitation bubbles. Their observation indicated that when the jet velocity produced by
collapse of cavitation bubbles reached 120 m/s, the damage of aluminum foil with 50 µm in
thickness was recorded. With the focus on frequency dependence, Wang and Manmi [20]
simulated microbubble dynamics near a wall subject to high intensity ultrasound. Their
experiment revealed that the maximum bubble radius just before collapse and the jet
velocity generated by the collapse of cavitation bubbles decreased as the frequency became
higher. In the low frequency region, the size of bubbles is comparatively large because their
radii are likely to be in the order of the bubble resonant radius in the acoustic field given by
next equation [17]:
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𝑅 = (3𝛾𝑝⁄𝜌𝜔2 )

1⁄2

(4.3)

where 𝛾 is the ratio of specific heats of the gas in the bubble, 𝜌 is the density of water, 𝜔 is
the radical frequency of the ultrasound and 𝑝 is the pressure. Therefore, the lower the
frequency the larger the bubble size. The collapse behavior of cavitation bubble near a
gelatin surface using a high-speed framing photography was investigated by Kodama and
Tomita [21]. Their results indicated that the liquid jet had the potential to damage the
gelatin. As the initial bubble radius increased from 0.33 to 1.12 mm, the penetration depth
of the liquid jet increased. That means at low frequencies with larger bubble size, the liquid
jet showed more violent damage on gelatin surface due to higher liquid jet velocity. In the
same vein, Mason and Lorimer [22] reported that bubbles tended to be smaller by an
increase of frequency and therefore the bubble collapse was less strong. The abovementioned studies proved that the ultrasonic erosion at higher frequency needs higher
sound pressure because the generated jet velocity decreases. That is the reason why the
mechanical effect threshold greatly increases with increasing frequency. In another word,
the mechanical effect threshold and frequency is closely related to each other.
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Fig 4. 5. Dependence of mechanical effect threshold on ultrasonic frequency

4.3.3. Comparisons of cavitation, chemical effect, and mechanical effect thresholds

Figure 4. 6 is the summary on the comparison of chemical effect and mechanical
effect thresholds, as well as the cavitation threshold from Chapter 3. Data show that
increasing frequency leads to the increasing of all thresholds. For instance, on the wide
range of frequency from 22 kHz to 4880 kHz, the chemical effect threshold is close to the
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cavitation threshold. This result indicated that the sonochemical reaction commences to
occur almost under the same condition for acoustic cavitation generation. On the other
hand, at lower frequency range of 22 and 43 kHz, the mechanical effect threshold is nearly
equal to the cavitation threshold. However, in the higher range of ultrasonic frequency from
98 kHz to 488 kHz, mechanical effect threshold is much higher than cavitation and
chemical effect thresholds. The reason of this phenomenon is that the jet velocity generated
by cavitation is low. The ultrasonic cleaner used the sound pressure range between
cavitation threshold and mechanical effect threshold are effective for non-damage cleaning.
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Fig 4. 6. Comparison of cavitation, chemical effect, and mechanical effect thresholds
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4. 4. Conclusion
In this chapter, threshold of chemical effect was investigated by KI oxidation and
threshold of mechanical effect was investigated by aluminum erosion. Those data were
combined with cavitation threshold from chapter 3 to show the frequency dependence of
cavitation, chemical effect and mechanical effect thresholds. The results showed a tendency
of increasing thresholds of cavitation, chemical effect, and mechanical effect as ultrasonic
frequency increased. Specifically, on the whole range of frequency, the chemical effect
threshold was confirmed to be close to the cavitation threshold. For the case of mechanical
effect threshold, two different tendencies were found. Mechanical effect threshold was
almost equal to the cavitation threshold at frequencies below 98 kHz, but greatly higher
than the cavitation threshold at high frequencies.
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Chapter 5
Measurement of distribution of
broadband noise and sound pressures
in sonochemical reactor
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5.1. Introduction

Ultrasonic cavitation is a phenomenon that originated from irradiation of high
intensity ultrasound, consequently generating fine bubbles are, which oscillated and
collapsed in the liquid. Ultrasonic cavitation causes localized fields with high temperature,
pressure and fluid velocity. In these localized fields, chemical and mechanical effects are
generated. Sonochemistry is chemical effect of ultrasonic cavitation that attracts attention
because it applies to many areas such as synthesis of nanoparticles with high catalyst
activity [1-3] and decomposition of harmful material in water under normal temperature
and pressure [4-6]. It is proven that sonochemical technique shows advantages in low
environmental load and safety operation.
To put sonochemical method into practical use, it is necessary to develop a highefficiency sonochemical reactor which has high reaction rate per unit ultrasonic energy. The
enlargement of reaction fields in the reactor is important for the development of the highefficiency sonochemical reactor. Simultaneously, an accurate method of evaluating reaction
fields should be developed. So far, fields of sonochemical reaction and ultrasound were
evaluated by several methods such as distribution of sound pressure at the fundamental
frequency [7-9], observation of bubble clouds [10-12], distribution of aluminum foil
erosion [13-15], observation of sonochemical luminescence [16-18], and distribution of
broadband noise [19-21].
Distribution of sound pressure at the fundamental frequency was measured using a
hydrophone and an XYZ-stage. The obtained sound pressure is accurate and can compare
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with that by numerical simulation [7, 9, 22-24]. However, fields with high sound pressure
do not necessarily correspond to those with high reaction [20, 21] since cavitation
generation is influenced by bubble behavior under ultrasound. Bubble clouds have been
often observed by high-speed video camera. Mettin classified several bubble clouds in
terms of shapes and explained its formation mechanism [10]. However, it is difficult to
distinguish bubbles contributing to reaction from other bubbles. In the distribution of
aluminum foil erosion, an aluminum foil tailored to the size of the reactor is immersed into
a sample. After ultrasonic irradiation, erosion positions and areas are measured [13, 15].
This method is simple and requires short measurement time. Nevertheless, there is a
concern that sound fields may change by immersion of the aluminum foil. Observation of
sonochemical luminescence by luminol solution is the most frequently used method since
sonochemical luminescence directly originates from sonochemical reaction and it is easy to
observe reaction fields in the whole reactor. However, it is impossible to estimate crosssectional area distribution of reaction field in the reactor because the observation could be
only taken from a window or wall of the reactor. In the case of a sonochemical reactor
surrounded by cooling water, measurement of reaction fields is difficult.
The sound emissions generated by cavitation bubbles are composed of its
characteristic noise and frequency components. A significant contributor to broadband
noise comes from shockwaves arising from collapse of cavitation bubbles. Extent of
broadband noise relates to the amount of bubble collapse at a certain measurement point in
the reactor. The broadband noise ranging from kilohertz to megahertz frequencies is
measured using the hydrophone and a spectrum analyzer. This method is possible to
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estimate cross-sectional area distribution of reaction fields in the reactor since
sonochemical reaction originates from collapse of cavitation bubbles. Still, the distribution
of broadband noise in the reactor has been only conducted one-dimensional measurement
[20, 21]. The value of broadband noise is a relative value varied according to the type of
hydrophone. Recently, Shiiba et al. [25] have developed a tough needle-type hydrophone
fabricated by a hydrothermal synthesis method. This hydrophone can measure high sound
pressures in a wide range of frequencies under ultrasonic cavitation.
In this chapter, the cross-sectional area distribution of broadband noise in the
sonochemical reactor was measured to estimate reaction fields. The tough needle-type
hydrophone fabricated by a hydrothermal synthesis method scanned the reactor in
horizontal and vertical directions at one-millimeter interval. Average of broadband sound
pressure was defined to show an absolute value of broadband noise. The sonochemical
reactor surrounded by cooling water was driven at 130 and 43 kHz. The cross-sectional
area distribution of sound pressures at the fundamental and second harmonic frequencies
were also measured to clarify effects of sound pressure and bubbles on reaction fields.

5.2. Experiments

Figure 5. 1 shows dimensions of the double layer - sonochemical reactor. Sample
was put in inner layer and cooling water was circulated in outer layer of the stainless steel
reactor. Inner diameter and height of the reactor were 56.8 and 120 mm, respectively. A
Langevin transducer 45 mm in diameter was fixed at the bottom of the reactor, and
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ultrasound was irradiated to the sample in the reactor. The transducer was driven at
ultrasonic frequencies of 130 and 43 kHz. The sample heights in the reactor at 130 and 43
kHz were 40 and 100 mm, respectively. Air-saturated distilled water was used as a sample.
The sample temperature was kept constant at 298 K using a water bath.
The detail explanation of apparatus and experimental setup were shown in chapter
3. The hydrophone scanned the reactor in horizontal and vertical directions at onemillimeter interval by an XYZ-axis stage and a stage controller to get the cross-sectional
area distribution of sound pressure and broadband noise in the sonochemical reactor. The
origin position of distribution measurement was decided at the center of the transducer
surface, and the x and z axes were defined as the horizontal and vertical directions,
respectively.
Using calibration data, sound pressures at the fundamental and second harmonic
frequencies were obtained from their sound signals. The average of broadband sound
pressure was calculated using the next equation,

𝑓

𝐴𝐵𝑃 =

1
∫𝑓 𝑃(𝑓)𝑑𝑓
2

(5. 1)

𝑓2 − 𝑓1

where P(f) is broadband sound pressures excluding the fundamental, subharmonic,
harmonic, and ultraharmonic components [26]. The start frequency of the integration region
f1 was 20 kHz and the end frequency f2 was 10 MHz. Average of broadband sound pressure
shows the absolute value of a broadband noise.
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Fig. 5. 1 Dimensions of the sonochemical reactor
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5.3. Results and discussion
5.3.1. Distribution at 130 kHz

In order to determine the effects of sound pressure and bubbles on reaction fields
in the sonochemical reactor, the experiments for investigating the cross-sectional area
distribution of sound pressures took place at the fundamental frequencies of 130 and 43
kHz by hydrophone measurement. The distribution of sound pressure at the former driving
frequency is shown in Fig. 5. 2. The stripe patterns of standing wave are observed between
the transducer and the water surface at the positions of sound pressure antinodes at z = 12,
19, 26, 32, and 38 mm. The ultrasound wavelength in water is 11.5 mm. Due to a coupled
vibration so-called phenomenon in which the vibration of the progressive wave is
influenced by the radial vibration, the interval between two nearest peaks at high sound
pressure is observed as being pretty longer than a half wavelength [27].
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Fig 5. 2. Distribution of sound pressure at the fundamental frequency at the driving
frequency of 130 kHz.
In many related studies, the broadband noise is often used for the cavitation
detection due to the fact that it is directly attributed to the collapse of cavitation bubbles
[19, 20]. The hydrophone used in these experiments for the sound pressure can detect a
wide range of ultrasonic frequency under cavitation as it is tough [25] and calibrated for the
range of 20 kHz to 20 MHz. Since the collapse of cavitation bubbles generated
sonochemical reaction, thus the average of broadband sound pressure derived from
equation (1) reflected sonochemical reaction fields. In Fig. 5. 3, the distribution of average
broadband sound pressure is illustrated with the display of which pressure is upper than 40
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Pa to improve the visualization of reaction fields. As shown in the figure, the sonochemical
reaction fields are observed above the transducer and have several ellipse shapes centered
at points of (x, z) = (0, 12), (0, 19), (0, 26), (0, 32), (0, 38). Observing from the figure,
reaction fields are powerful in upper part of the reactor which indicates the existence of
many bubbles in this area. Furthermore, the reaction fields are different from the sound
pressure at the fundamental frequency which is shown in Fig. 5. 2. Especially, a turnover
performance was recognized at areas with very high sound pressure such as (x, z) = (0, 12),
(0, 19), (0, 26), (0, 38) where the reactions fields are weak.
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Fig 5. 3. Distribution of average of broadband sound pressure at the driving frequency of
130 kHz.
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Mettin conducted the experiment of observing bubble structure at 20 kHz and
observed double layer structure of bubbles in plate-like standing wave. He clarified that the
bubbles were repelled from the pressure antinode due to primary Bjerknes force and settled
at locations between the pressure antinode and node. Since this force departs bubbles from
the pressure antinode, in Fig. 5. 3, hollow ellipse shape reaction fields can be observed at
points of (x, z) = (0, 12), (0, 19), (0, 26).
The harmonic signals are mainly originated from nonlinear oscillations of bubbles
in water [28]. The distribution of sound pressure at the second harmonic frequency is used
to indicate distribution of bubbles with nonlinear oscillations. Fig. 5. 4 shows the
distribution of sound pressure at the second harmonic frequency. To eliminate noise, the
sound pressure at the second harmonic frequency above 5 kPa is displayed. It is noticed in
the figure that the amount of bubbles are enormous in upper part of the reactor. One
explanation can be drawn out that the bubbles move to the upper part by the difference of
radiation force between progressive wave and reflective wave [29]. The fact that the former
sort of force which is generated from the transducer is higher than that of the latter which is
produced from water surface because of the absorbance of ultrasound into water. It should
be noticed in the figure that bubble clouds with hollow ellipse shape are observed at points
of (x, z) = (0, 12), (0, 19), (0, 26) because of repulsive force at the pressure antinode and the
distribution patterns of bubbles resembles to that of reaction fields closely. In comparison
with distribution of sound pressure in Fig. 5. 2, there is a small amount of bubbles at the
positions of very high sound pressures such as (x, z) = (0, 12), (0, 19), (0, 26), (0, 38).
Since the measurement of sound pressure at the second harmonic frequency is
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suffered by nonlinear propagation of ultrasound above 1 MHz [30], applying the average of
broadband sound pressure to measure the distribution of sonochemical fields is an
apparently effective method.
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Fig. 5. 4. Distribution of sound pressure at the second harmonic frequency at the driving
frequency of 130 kHz.
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5.3.2. Distribution at 43 kHz

When the distribution of sound pressure at the driving frequency of 130 kHz is
examined to understand the behavior of reaction fields in the sonochemical reaction, the
similar investigation at the driving frequency of 43 kHz is also implemented to get the
deeper insight of reaction fields at different frequencies (Fig. 5. 5). This result raises a
notice about the complex distribution of the sound pressure at 43 kHz comparing with that
at 130 kHz. To discuss the distribution of sound pressure at 43 kHz, the simulation is
conducted using a software (Femtet, Murata Software). This software is a kind of finite
method based on linear acoustic. Dimensions and material of reactors imitated in the
simulation were the same as those used in empirical experiments. In the calculation, the
tetrahedral mesh was used and its mesh was set to be less than 1/70 of the ultrasound
wavelength in water. The transducer was assumed to vibrate in a piston motion at a constant
velocity. Figs. 5. 6 (a) and (b) show distributions of sound pressure at the fundamental
frequency by numerical simulation. In this simulation, the dimensions of the reactor are as
same as those of the one shown in Fig. 5. 1. In Fig. 5. 6 (a), the reactor material is made
from stainless steel. The reactor is enclosed with cooling water in the outer layer. A similar
appearance of this result to that by hydrophone measurement (Fig. 5. 5) is remarked which
can contribute to the reliability of the sound pressure distribution measurement. The
ultrasound wavelength in water at 43 kHz is 34.8 mm which closely fit with the inner
diameter of the reactor (56.8 mm). This significantly affects the distribution behavior of
sound pressure by the large effect of coupled vibration and causes a complex distribution
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behavior.
On the other hand, the second simulation with the glass reactor and the air cooling
system was conducted (Fig. 5. 6 (b)). From a glance at both Figs. 5. 6 (a) and (b), it is clear
that there is a much difference in the sound pressure distribution when the reactor system is
changed. When the reactor material is made from stainless steel with a water cooling
system, a part of ultrasound transmitted from the reactor wall out to water (Fig. 5. 6 (a))
whereas total ultrasound can be reflected on the interface between glass and air in the latter
system (Fig. 5. 6 (b)). Normally, to estimate sonochemical reaction fields, the measurement
of sonochemical luminescence by luminol solution has been conducted using a reactor
surrounded by air [17]. Hence, it should be concluded that the estimation of sonochemical
reaction fields by luminol method is not suitable for the sonochemical reactor surrounded
by cooling water.
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Fig. 5. 5. Distribution of sound pressure at the fundamental frequency by measurement at
the driving frequency of 43 kHz.
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Fig 5. 6. Distribution of sound pressure at the fundamental frequency by numerical
simulation at the driving frequency of 43 kHz, (a) stainless steel reactor and(b) glass reactor
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Figure 5. 7 shows the distribution of average of broadband sound pressure at 43 kHz.
It can be seen in the figure that the reaction fields are powerful at roughly z = 20 and 90
above the transducer. The reaction fields are relatively feeble in areas where have very high
sound pressures in Fig. 5. 5. This tendency seems like the appearance at 130 kHz as shown
in Figs. 5. 2 and 5. 3. This phenomenon can be explained by the effect of the primary
Bjerknes force to the movement of bubbles from the pressure antinodes.
In this chapter, the distribution of average of broadband sound pressure by the
hydrophone was measured to estimate the cross-sectional area distribution of reaction field
in the reactor. From the comparison between the distributions of sonochemical reaction
fields and those of sound pressure at the fundamental frequency, a significant difference is
observed. The reasons for this discrepancy are that cavitation bubbles move toward the
upper part of the reactor by the radiation force and repel from the pressure antinode by
primary Bjerknes force.
By optimizing the distribution of sound pressure and bubbles, the sonochemical
reaction fields will be enhanced. For the sake of enhancing the efficiency of the
sonochemical reactor, the method of measurement of distribution of average of broadband
sound pressure can be highly adapted in evaluating the sonochemical reaction field.
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5.4. Conclusion
The reaction field in a sonochemical reactor was investigated by the crosssectional area distribution of broadband noise using a needle-type hydrophone to scan the
sonochemical reactor in both horizontal and vertical directions at one-millimeter interval.
The average of broadband sound pressure was defined with the aim of showing an absolute
value of broadband noise. Besides, the distribution of sound pressures at the fundamental
and second harmonic frequencies were also measured to know the high zones of sound
pressure in the sonochemical reactor. At 130 kHz, the sonochemical reaction fields in
ellipse shape were observed and showed to be strong in upper part of the reactor. It is
known that within the reactor, cavitation bubbles move up by radiation force. The sound
pressure distribution at the fundamental frequency showed existence of standing waves and
reaction fields were weak at pressure antinodes because cavitation bubbles were repelled by
primary Bjerknes force. The sound pressure distribution at the second harmonic frequency
indicated that the pattern of bubbles distribution resembled to that of reaction fields closely.
Compared with 130 kHz, distributions of reaction fields and sound pressures at 43 kHz
were complex due to coupled vibration. The reaction fields were relatively weak in areas
which had very high sound pressures at the fundamental frequency.
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Chapter 6
Application of ultrasonication and silica gel
on removal of silicic acid in geothermal water
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6.1. Introduction
Geothermal power is a renewable and environmentally friendly energy resource,
which is generated by geothermal energy that has been harnessed in many facilities that
require heat. It does not create pollution and is not dependent on weather conditions.
However, geothermal power plant is challenged by formation of silica scale, which adhere
to solid surfaces of process equipment and wells that consequently results to a reduction of
the heat exchange efficiency of geothermal energy plants and increase pressure losses in
pipelines for geothermal water by clogging pipelines. It is therefore beneficial to prevent
silica scale formation while operating geothermal energy plants.
Prevention methods to restrain deposition of silica scales include hot water reinjection [1], aging or pond retention [2], dilution with low silica content water [3], and
gravity filtration [4]. These processes are easy to operate and control, however, they require
a large amount of water and energy resources as well as large plant areas. Methods, which
do not require substantial natural resources, include the addition of cationic surfactants [5]
or organic compounds [6] to control silica scale. Cationic surfactant and organic material
inhibitors showed high potential in the prevention of silica scale formation. The use of
chemical compounds, however, causes water pollution and requires extra water treatment.
On the other hand, the seeding method, a technique based on the adsorption or precipitation
of excess silicic acid on the surface of the added reagents with the extra silicic acid being
removed from the liquid phase, has been proven to be effective and environmentally
friendly. It prevents silica scale formation since the seeds can be separated from the
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geothermal water after removal of the silicic acid. Silica gels are high potential seeds
because they have a high specific surface area [7]. The silica gel seed method is based on
the polymerization reaction between the silica gel surface and silicic acid in geothermal
water, so the reaction products are useful as high-quality silica resources [8]. Compared
with other seeds such as calcium, aluminum, or iron compounds [9, 10], the silica gels are
relatively large seeds that are easy to separate from the liquid phase and do not absorb
arsenic which requires secondary treatment. Nevertheless, in order to put this method to
practical use, there is a need to reduce the quantity of silica gel consumed and enhance the
removal performance of the silicic acid.
Chemical reaction by ultrasonication has been applied in many applications,
including synthesis [11], degradation [12], and polymerization [13, 14]. When ultrasound is
irradiated into a solution, the reaction is caused by cavitation. Polymerization by
ultrasonication has been studied for a number of compounds that involved bromobenzene,
styrene, isoprene, and methyl methacrylate [13, 15]. Previously, the effect of ultrasonic
irradiation on the polymerization of silicic acid was examined [16]. An ultrasonic frequency
of 500 kHz with ultrasonic intensity of 3.6 W enhanced polymerization rate of monosilicic
acid. Ultrasonication does not harm the environment and ultrasonic irradiation at low
intensity could become a low-cost method.
The removal of silicic acid in water by ultrasonication and silica gel is examined
with the goal of preventing silica scale formation. The effects of ultrasonic frequency,
initial concentration of monosilicic acid, pH, concentration, particle diameter and pore size
of the silica gel on the reduction of silicic acid concentration were examined.
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6.2. Polymerization of silicic acid

Silicic acid is dissolved in geothermal water under conditions of elevated
temperature and pressure in groundwater, and is in equilibrium with quartz in the rock to
exist as monosilicic acid.

SiO2 + 2H2O

Si(OH)4

(6. 1)

Monosilicic acid solubility decreases due to the fall in temperature when geothermal
water flows from the underground to the surface, resulting to the supersaturation of
geothermal water with it. The polymerization of monosilicic acid occurs as shown in the
following steps [17, 18] below with the monosilicic acid first ionized by the following
reaction.

Si(OH)4

Si(OH)3O- + H+

(6. 2)

The polymerization between the monosilicic acid and the ion of monosilicic acid arises in
the supersaturated solution, referred as a monomer – monomer reaction.

Si(OH)4 + Si(OH)3O-

(HO)3SiOSi(OH)3 + OH-

(6. 3)

The silanol group on the surface of polysilicic acid then reacts with hydroxide ion to form
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the active site of the silanol group and water.

≡Si(OH) + OH-

≡SiO- + H2O

(6. 4)

This active site polymerizes with monosilicic acid and the growth of polysilicic acid
proceeds. This polymerization is referred to as a monomer – polymer reaction.

≡SiO- + Si(OH)4

≡SiOSi(OH)3 + OH-

(6. 5)

The polymerization between the polysilicic acid and the ion of polysilicic acid also occurs.
This polymerization is referred to as a polymer – polymer reaction.

≡SiO- + HOSi≡

≡SiOSi≡ + OH-

(6. 6)

In geothermal water that includes supersaturated monosilicic acid, the reactions from Eqs.
(6. 2) to (6. 6) are repeated, and polysilicic acid forms.
Tarutani (1989) measured the pH value giving a maximum rate of polymerization of
the above three types of reactions using spectrophotometry, gas – liquid chromatography,
and gel permeation chromatography [19]. The pH values giving a maximum rate of
polymerization for the monomer – monomer reaction (Eq. (6. 3)), monomer – polymer
reaction (Eq. (6. 5)), and polymer – polymer reaction (Eq. (6. 6)) are 9.5 – 8.1, 8.9 – 7.5,
and 7.0 – 6.1 at 275 – 363 K, respectively.
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6.3. Experiment

The experimental apparatus for ultrasonication at 500 kHz consisting of a signal
generator, a power amplifier, a transducer, a glass vessel, a liquid pump, and a constanttemperature bath is shown in Fig. 6. 1. A power amplifier (AP-400B, ENI) and a signal
generator (1941, NF Corp.) drives the plate-type transducer at 500 kHz (PZT, Honda
Electronics Co., Ltd.).The sample was placed into a glass vessel with 45 mm in diameter
and 75 mm in height. Afterwhich, an ultrasound was indirectly irradiated into the sample at
an ultrasonic intensity of 3.6 W. The ultrasonic intensity was measured by a calorimetric
method. The sample temperature was maintained at 308 ± 1 K. For comparison,
ultrasonication at 28 kHz by a horn-type transducer (SONAC 150, Honda Electronics Co.,
Ltd.) at an ultrasonic intensity of 15.3 W and non-ultrasonication with stirring were
performed. As reported in chapter 4, the threshold of chemical effect was in harmony with
the cavitation threshold at all frequencies used from 22 to 4880 kHz. In this experiment, the
ultrasound showed high potential in polymerization of the monosilicic acid. It means that
the chemical effect is generated in the solution, that is the generation of OH radicals.
Therefore, it should be noted that the ultrasonic intensity utilized in this experiment was
higher than the ultrasonic intensity of cavitation threshold.
The sample was a liquid glass (Wako Pure Chemical Industries, Ltd.) aqueous
solution with a volume of 75 mL. The initial concentration of monosilicic ranged from 0.5
to 1.1 g/L. The pH of the solution was changed by the addition of hydrochloric acid and
sodium hydroxide. The total silica concentration was measured by the molybdate yellow
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method (JIS K 0101) using a spectrophotometer (UV-1600, Shimadzu Corp.) after the
sample was filtered using a paper filter of 1 µm pore size to remove the silica gel. The
polysilicic acid was depolymerized by adding sodium bicarbonate and distilled water to the
filtrate, which was then boiled for 30 min. The filtrate was cooled to room temperature, and
the silica concentration was measured [7]. Six types of silica gel (Wako Pure Chemical
Industries, Ltd.) were used. The diameters of the silica gel were 60, 95, and 180 µm and the
pore sizes of the silica gel were 6 and 7 nm. The silica gel concentration was changed from
0 to 2.5 g/L. The concentrations of t-butanol and hydrogen peroxide were 11 and 74 g/L,
respectively.

Liquid pump

Sample

Signal generator

Water bath

Power
amplifier

Transducer

Fig. 6. 1 Setup of experimental apparatus
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6.4. Results and discussion
6.4.1. Effects of silica gel and samples condition

At two conditions of stirring and ultrasonication, the total silicic acid concentration
varies with time is shown in Fig. 6. 2. The experimental conditions are listed as follow:
-

The particle diameter of silica gel is 60 µm.

-

The pore size of silica gel is 7 nm.

-

The silica gel concentration is 1.5 g/L.

-

The initial concentration of monosilicic acid is 1.1 g/L

-

pH is 6.0

Firstly, for comparison, the experiment of stirring without silica gel is conducted,
and the total silicic acid concentration does not decrease. Lately, with the addition of silica
gel, the total silicic acid concentration decreases because silicic acid in solution
polymerizes with silica gel [8]. When the concentration of silicic acid and silica gel reduce
by their reaction, the reaction rate decreases. Therefore, in this experiment, after 90 -120
min, the total silicic acid concentration becomes constant due to that decrease of reaction
rate. The experimental result also shows that the ultrasonic irradiation greatly enhances the
removal of silicic acid in solution. Moreover, the reaction efficiency is obtained higher at
28 kHz than that at 500 kHz. In other words, the total silica concentration with ultrasound
at 28 kHz is higher than that at 500 kHz. In the case of not using silica gel, ultrasound was
irradiated into monosilicic acid solution in the previous study [16], the total silicic acid
concentration decreased only slightly.
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In general, the silica removal ratio is defined as the ratio of the removed silica
concentration to the initial silica concentration (C0 - CT) / C0. The aim of this study is to
inhibit silica gel formation, therefore, the removal ratio of total silica concentration, that is,
the silica removal ratio was estimated using the next equation

𝑅=

𝐶0 −𝐶T
𝐶0 −𝐶e

(6. 7)

where C0 is the initial concentration of monosilicic acid, CT is the average concentration of
total silicic acid from 120 to 180 min and Ce is the equilibrium concentration of monosilicic
acid. The excess monosilicic acid concentration (C0 - Ce) indicates the potential for silica
scaling.
The next experiment was performed at 500 kHz to investigate the effect of silica gel
concentration on the removal ratio of total silicic acid concentration, and at the same time
experiment under the condition of stirring also was performed for comparison. The total
irradiation time the experiment is 180 min. Figure 6. 3 demonstrates how silica gel effect
the removal ratio of total silicic acid. In the case without the silica gel, the silica removal
ratio for ultrasonication at 500 kHz is 0.1 since large silica particles were formed [16].
However, in the case of the addition of silica gel, large silica particles were not observed.
The removal ratio of silicic acid increases as the silica gel concentration increased to 1.5
g/L. The removal ratios for ultrasonication are higher than those for stirring. The removal
ratio difference between ultrasonication and stirring is also plotted in Fig. 6. 3. As the gel
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concentration increases, the difference of removal ratio increases. Therefore, it could be
deduced that ultrasonication is effective for the reaction enhancement between silicic acid
and silica gel.

Fig. 6. 2 Changes in total silicic acid concentration with time for stirring, stirring with silica
gel, ultrasonication at 28 kHz with silica gel, ultrasonication at 500 kHz with silica gel at
pH = 6. Particle size of silica gel is 60 µm. Pore size of silica gel is 7 nm. Initial
concentration of monosilicic acid is 1.1 g/L
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Fig. 6. 3 Effect of silica gel concentration on removal ratio of total silicic acid
concentration for stirring, ultrasonication at 500 kHz with silica gel at pH = 6. Particle size
of silica gel is 60 µm. Pore size of silica gel is 7 nm. Initial concentration of monosilicic
acid is 1.1 g/L

Variety of silica gel types was utilized to investigate the effect of silica gel
characteristics on the silica removal ratio. The result is shown in Fig. 6. 4. The experiment
was conducted at 500 kHz. The upper and lower columns in horizontal axis are particle
diameter and pore size of silica gel, respectively. The silica gel concentration is 1.5 g/L.
The silica removal ratio increases as the particle diameter of silica gel decreases. The
reason lies in the fact that the surface area of the silica gel becomes larger with the
decreasing of silica gel diameter. The silica removal ratios of silica gel with pore size at 7
nm are higher than those at 6 nm. As the pore size of the silica gel increases, it might be
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easier for silicic acid to enter into the pores of the silica gel with silicic acid reacting at the
surface of the silica pores.

Fig. 6. 4 Effect of silica gel concentration on removal ratio of total silicic acid
concentration for stirring and ultrasonication at 500 kHz at pH = 6. Initial concentration of
monosilicic acid is 1.1 g/L. Initial concentration of silica gel is 1.5 g/L.
Next, the effect of pH on the silica removal ratio was examined. Figure 6. 5 shows
the effect of pH on the silica removal ratio for various silica gel concentrations under
ultrasonication at 500 kHz. The initial concentration of monosilicic acid is 1.1 g/L. In this
study, at the lowest pH (pH = 4), the removal ratios are comparatively small since the
ionization reaction (Eq. (6. 2)) occurrence is difficult in strong acid conditions. It is well
known that the rate of silica polymerization is slow in high and low pH solution [20]. At
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low pH, there is a majority of un-ionized silicic acid in solution, consequently, the reaction
takes place slowly. In the case of the silica gel concentration at 1.5 g/L, the silica removal
ratio is highest at pH 6 and decreases with increasing pH. The pH value giving a maximum
rate of polymerization for polymer – polymer reactions (Eq. 6. 6) is around pH 6.5 [19].
The mechanism of silicic acid reduction by silica gel methods is polymerization between
silica gel and silicic acid because silica gel is regarded as a silica polymer [8].
In the experimental condition of high monosilicic acid concentration and low silica
gel concentration, it is considered that the monosilicic acids react by a monomer –
monomer reaction (Eq. 6. 3) at first and then form polysilicic acid. Next, the polymer –
polymer reaction (Eq. 6. 6) between polysilicic acid and silica gel is dominant. In the case
of low silica gel concentration at 1.5 g/L, the silica removal ratio is at a maximum when the
reaction rate between polymer and polymer is at its maximum value. In contrast, in the case
of high silica gel concentration at 2.5 g/L, the removal ratios are high in the pH range from
6 to 9. The pH value giving the maximum rate of polymerization between monomer and
polymer reaction (Eq. 6. 5) is around pH 8.5 [19]. When the concentrations of both
monosilicic acid and silica gel are high, it is thought that the silica removal ratio becomes
high when the polymerization rate between monosilicic acid and silica gel (monomer –
polymer) is high or the polymerization rate between polysilicic acid and silica gel (polymer
– polymer) is high.
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Fig. 6. 5 Effect of pH on the silica removal ration for several silica gel concentrations at
500 kHz. Initial concentration of monosilicic acid is 1.1 g/L. Particle size of silica gel is 60
µm. Pore size of silica gel is 7 nm.
The previous experimental data which were shown in Fig. 6. 5 were performed
under ultrasonic irradiation with the driving frequency of 500 kHz at various pH and silica
gel concentrations. In Fig. 6. 6, the similar experimental conditions are used, but instead of
changing the silica gel concentration, the monosilicic acid alters in this experiment. In the
case of the initial concentration of monosilicic acid at 0.5 g/L, with increasing pH, the
removal ratio increases and the maximum value, which is 0.96, is obtained at pH 9. When
the initial concentration of monosilicic acid is low, the reaction rate between monosilicic
acids is small and the polymerization of monosilicic acid and silica gel (monomer polymer) is dominant. The reaction rate between monomer and polymer peaks around pH
8.5 [19]. As the initial monosilicic acid concentration becomes higher, the pH at maximum
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removal ratio becomes lower. It can be explained that the concentration of polysilicic acid
increases due to the high polymerization rate of monosilicic acid. It is thought that the
polymerization rates between monosilicic acid and silica gel (monomer – polymer)
decrease and those between polysilicic acid and silica gel (polymer – polymer) increase.
The rate of polymer – polymer reaction peaks around pH 6.5 [19].
Another possible reason for the lowering of the silica removal ratios at high pH in
both Figs. 6. 5 and 6. 6 is that the solution mainly consists of silicic acid ions. Silicic acid
ions tend to repel each other. The produced polysilicic acid would be depolymerized in the
solution.

Fig. 6. 6 Effect of pH on the silica removal ratio for different initial concentration of
monosilicic acid under ultrasonication at 500 kHz. Initial concentration of silica gel is 1.5
g/L. Particle size of silica gel is 60 µm. Pore size of silica gel is 7 nm.
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6.4.2. Effect of ultrasonic conditions

In this part, stirring, ultrasonication, and ultrasonication with the adding of a
chemical substance are performed. Figure 6. 7 shows the silica removal ratio with silica gel
for those experimental conditions. There are five separately experiments are carried out
namely stirring, ultrasonication at 28 kHz, ultrasonication at 500 kHz, ultrasonication at
500 kHz in hydrogen peroxide solution, and ultrasonication at 500 kHz in t-butanol
solution. It is found that the removal ratios are in the range 0.6 to 0.9. In the case of stirring,
the removal ratio is 0.63 and is the lowest value as compared to those of other experiments.
It is also shown that ultrasonication enhances silica removal. Besides that the
ultrasonication at 500 kHz is effective compared to that at 28 kHz. The addition of
hydrogen peroxide for ultrasonication at 500 kHz increases the silica removal ratio. The
silica removal ratio for ultrasonication at 500 kHz with t-butanol is lower than that without
t-butanol and is higher than that for stirring.
Yasuda et al. carried out a research using the same ultrasonic frequency and power,
but without using silica gel [16]. Ultrasound was irradiated into monosilicic acid with the
initial concentration of 1.1 g/L. The silica monosilicic acid concentration decreased to a
quasi-stable concentration because of polymerization. Compared with stirring, the rate of
reduction in the monosilicic acid concentration for ultrasonication at 28 kHz was almost the
same and the rate of reduction for ultrasonication at 500 kHz was higher. The addition of
hydrogen peroxide for ultrasonication at 500 kHz enhanced the polymerization of
monosilicic acid. It is known that the formation rate of OH radicals due to ultrasonic
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cavitation becomes higher by the addition of hydrogen peroxide [21]. However, the
addition of t-butanol reduced the rate of reduction in the monosilicic acid compared to that
for stirring. The formation of OH radicals was suppressed by the addition of t-butanol [22].
The chemical effect of ultrasonic cavitation is maximum in the frequency range from 200
kHz and 600 kHz [23]. The mechanical effect of ultrasonic cavitation is large at frequencies
below 100 kHz [24]. Therefore, it is proven that the enhancement of polymerization of the
monosilicic acid by ultrasonication without silica gel is mainly due to the generation of OH
radicals, that is, the chemical effect of ultrasonication is as noted by Yasuda et al. [16].

Fig. 6. 7 Silica removal ratio by stirring, ultrasound and addition of H2O2 and t-Butanol at
pH = 6. Particle size of silica gel is 60 µm. Pore size of silica gel is 7 nm.
Initial concentration of monosilicic acid is 1.1 g/L.
Initial concentration of silica gel is 1.5 g/L
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From the results in Fig. 6. 7, it is obvious that the enhancement of silica removal by
ultrasonication is due to the chemical and mechanical effects of ultrasonication. The silica
polymerization reaction is enhanced by the chemical effect, that is, the generation of OH
radicals. The OH radicals might promote reactions of Eqs. (6. 5) and (6. 6) by initiation of a
subsequent scission reaction [16]:

≡SiOSi≡ + HO·

≡SiO · + HOSi≡

(6. 8)

The site of ≡SiO is active in polymerization. The mechanical effect is mainly known as a
high velocity field after cavitation collapse. When a bubble collapses near a solid surface, a
liquid jet is directed toward the solid wall [25, 26]. The removal of silicic acid by silica gel
is also enhanced by ultrasonication at 28 kHz. It is suggested that the liquid jet enhances the
movement of silicic acid into the pores in the silica gel.
Because both chemical and mechanical effects induced from ultrasonic irradiation
play the important roles in the silica removal efficiency, and each effect is powerful at
different frequency, a combining ultrasonication is examined. Ultrasonic irradiation at 500
kHz and 28 kHz is combined. The data is shown in Fig. 6. 8 which indicated the frequency
switching effect on the silica removal ratio. At first, ultrasonication at 500 kHz was
conducted followed by ultrasonication at 28 kHz. The total time for ultrasonication is fixed
at 180 min. Both ends of the horizontal axis indicate ultrasonication without frequency
switching. Compared with single frequency ultrasonication, the silica removal ratio
becomes higher with frequency switching. When the ultrasonic irradiation times at 500 and
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28 kHz are 90 min, the silica removal ratio has a maximum value. In Fig. 6. 2, the total
silicic acid concentration for ultrasonication at 500 kHz becomes almost constant after 90
min. Yasuda et al. reported that the monosilicic acid concentration decreased to a quasistable concentration until 90 min [16]. From these results, it is suggested that the chemical
effect of ultrasonication through 90 min enhances the polymerization of silicic acid and
silica gel. The polymerization is first enhanced by OH radicals generated at 500 kHz, and
then the polysilicic acid in solution moves into pores by strong cavitation collapse at 28
kHz. More optimization of frequency switching should be conducted in the near future to
develop a high-performance apparatus for removal of silicic acid in geothermal water.

Fig. 6. 8 Changes in silica removal ratio by frequency switching ultrasound at pH = 6.
Particle size of silica gel is 60 µm. Pore size of silica gel is 7 nm.
Initial concentration of monosilicic acid is 1.1 g/L.
Initial concentration of silica gel is 1.5 g/L.
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6. 5. Conclusion

A method combining ultrasonication and silica gel seed was used in this study in an
effort to find a suitable and sufficient condition for removal of silicic acid in geothermal
water. The findings of this research are as follows:
1. Ultrasonication enhanced the removal of silicic acid by silica gel seed. The
enhancement by ultrasonication increased with increasing silica gel concentration.
2. The removal ratio of silicic acid strongly depended on the pH of the solution and,
concentrations of silica gel and silicic acid. When the initial monosilicic acid concentration
was 1.1 g/L and the silica gel concentration was 1.5 g/L, the silica removal ratio was
highest at pH 6. However, in the case of initial monosilicic acid concentration at 0.5 g/L,
the silica removal ratio was highest at pH 9.
3. The ultrasonic frequency is also an important parameter affecting removal of
silicic acid. The higher frequency of 500 kHz proved to be more efficient in polymerizing
of silicic acid than 28 kHz.
4. The particle diameter and pore size of silica gel affected the removal of silicic
acid. The smaller particle diameter and larger pore size of silica gel indicated better results
in the removal of silicic acid.
5. The ultrasonication using frequency switching between 500 kHz and 28 kHz
enhanced the silica removal ratio compared to that at a single frequency. This can be
explained by the high chemical effect at 500 kHz and the strong mechanical effect at 28
kHz, as both contribute to the removal of silicic acid.
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Chapter 7

Summary
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This study was conducted in the wide range of ultrasonic frequency from 22 kHz to
4880 kHz. Broadband noise determined by a tough needle-type hydrophone was used to
investigate the cavitation threshold. It should be noted in this study that before BIP was
calculated, all fundamental, harmonic, and subharmonic components were entirely removed
from the signal spectrum. The result pointed out that the cavitation threshold got higher as
ultrasonic frequency increased. Besides, thresholds of chemical and mechanical effects
were determined by KI oxidation and aluminum foil erosion, respectively. The tendency of
those thresholds showed to be same as the tendency of cavitation threshold. The chemical
effect threshold was nearly same as the cavitation threshold at every frequency. The
mechanical effect threshold and the cavitation threshold were almost close to each other at
frequencies lower than 98 kHz, whereas the mechanical effect threshold was comparatively
higher than the cavitation threshold at high frequencies.
The effect of occurrence of bubbles in a liquid was determined by measuring the
thresholds of the second harmonic and the first ultraharmonic frequencies. The results of
this study showed that the threshold of the second harmonic component was in harmony
with the cavitation threshold below 1000 kHz. For the threshold of the first ultraharmonic
frequency, there were two trends obtained. At low frequencies below 98 kHz, the threshold
of the first ultraharmonic was greater than the cavitation threshold. At high frequencies, the
threshold of the first harmonic was consistent with the cavitation threshold.
As regards the affect of ultrasonic cavitation in the solution, the sound pressures at
various frequency components such as the fundamental, second harmonic and first
ultraharmonic, and the BIP at 22, 43, 98, 304, and 488 kHz were investigated. For the
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fundamental frequency, firstly if cavitation bubbles were not generated in the water yet,
sound pressure rose linearly with the upward of the effective electric power applied to the
transducer. Afterward as continually increasing the electric power, the sound pressure
drastically dropped at around the electric power giving cavitation threshold. Finally, the
sound pressure went up again when the electric power became higher than that of the
cavitation threshold. At a high electric power, even the sound pressure increased, but its
value was lower than the value extrapolated from the linear relationship between the sound
pressure at the fundamental frequency and the square root of electric power below the
electric power of cavitation threshold. The second harmonic signal began to appear at the
electric power comparably lower than that of the cavitation threshold. The first
ultraharmonic signal was noticed at the electric power near to that of cavitation threshold at
304 and 488 kHz. At lower frequencies, the first ultraharmonic component appeared at
higher electric power compared with cavitation inception.
To study the sonochemical reaction field in a sonochemical reactor, the crosssectional area distribution of broadband noise was measured using a needle-type
hydrophone at 130 and 43 kHz. Two directions in the sonochemical reactor horizontal and
vertical directions were scanned at one-millimeter interval. At 130 kHz, the ellipse shape of
reaction fields were obtained. Along the vertical direction, the sonochemical reaction field
were more powerful in the upper part of the reactor. In the distribution of the sound
pressure at the fundamental frequency, standing waves were obtained and reaction fields
were weak at pressure antinodes. In the distribution of the sound pressure at the second
harmonic frequency, the data showed that the pattern of bubbles distribution resembled to
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that of reaction fields closely. At 43 kHz, the distribution of reaction fields and sound
pressures were more complicated. The data also pointed out that the areas of reaction fields
were comparably weak in areas where high sound pressures at the fundamental frequency
were obtained.
An experiment of application of ultrasonic cavitation on silicic acid removal was
performed. Ultrasonication combining silica gel seed was used for removing silicic acid in
geothermal water. Various experimental conditions were applied. Ultrasonication was
proven the ability of enhancing the removal of silicic acid by silica gel seed and the
enhancement ratio increased with increase silica gel concentration. All the parameters of
pH, ultrasonic frequency, particle diameter of silica gel, and pore size of silica gel largely
affect the removal of silicic acid. The switching frequency of 500 kHz and 28 kHz
indicated higher efficiency in removing silica acid compared to single frequency.

Perspective for future work

With the difference on generation mechanisms of cavitation threshold, threshold of
chemical effect, and threshold of mechanical effect, those values were well determined in
this study. To be more effective in non-damage cleaning, the sound pressure should be used
in the range between cavitation threshold and mechanical effect threshold in the ultrasonic
cleaner.
Researches on optimization of distribution of sound pressure and bubbles will be
continuously carried out to enhance the sonochemical reactions fields.
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The combination of different ultrasonic frequencies at different switching conditions
of frequency and time should be conducted to get the highest efficiency of removing silicic
acid in geothermal water.
Researches on application of ultrasound on various industries will be conducted.
Ultrasound will be used to treat artificial sweeteners such as Saccharin and Sucralose.
Applications of ultrasound on ultrasonic cleaner, metal nano particles synthesis, polymer
synthesis, polymer synthesis and therapeutic medical will be practically studied.
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