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Theoretical prediction of the yield of strong oxides
under acoustic cavitation∗
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Shaanxi Normal University, Shaanxi Key Laboratory of Ultrasonics, Xi’an 710119, China
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Considering liquid viscosity, surface tension, and liquid compressibility, the effects of dynamical behaviors of cav-
itation bubbles on temperature and the amount of oxides inside the bubble are numerically investigated by acoustic field,
regarding water as a work medium. The effects of acoustic frequency, acoustic pressure amplitude, and driving waveforms
on bubble temperature and the number of oxides inside the bubbles by rapid collapse of cavitation bubbles are analysed.
The results show that the changes of acoustic frequency, acoustic pressure amplitude, and driving waveforms not only have
an effect on temperature and the number of oxides inside the bubble, but also influence the degradation species of pollution,
which provides guidance for improving the degradation of water pollution.
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1. Introduction
The discharge of a large number of complex toxic and re-

fractory organic compounds leads to water pollution which is
difficult to degrade using conventional methods. Therefore, it
is necessary to search for more efficient technologies to de-
grade such compounds. The development of innovative treat-
ment methods encompasses the investigation of advanced oxi-
dation processes, which are characterized by the production of
strong oxides such as hydroxyl radicals. Acoustic cavitation
as an advanced oxidation technology has been increasingly at-
tempted in recent years.[1] It has some advantages compared
with tradition methods, such as mild reaction conditions, a
wide range of application, and not causing pollution. It is re-
ferred to as “green water treatment technology”. However, this
technology has not been widely applied in wastewater treat-
ment engineering to date.

Acoustic cavitation is a kind of micro-bubble nuclei in
liquids driven by ultrasonic waves. The bubble nuclei oscil-
late, grow, shrink, and collapse at high speed. The collapse
produces a short and ultra-high temperature release, and cre-
ates high-pressure and a high-intensity electric field. There-
fore, the collapse of cavitation bubbles can be likened to a
“micro-reactor” at the moment of collapse, which is similar
to a high-pressure “reaction kettle”. The water vapor pro-
jected from the bulk liquid phase into the cavitation bubble
splits and produces chain reactions at high temperature and
high pressure, releasing highly active oxides (·HO, ·O, ·HOO,
H2O2, HO2, etc.). The organic contaminants inside the bub-
ble will be combusted by extreme temperature and pressure

and reacted by the oxides[2] and supercritical water.[3] In ad-
dition, the shock waves and microjets produced by cavitation
bubbles cause oxides to escape to the interface and aqueous
solution. Clearly, this leads to rapid oxidation between the
oxides and organic pollutants in the solution. Due to the par-
ticularity of cavitation bubbles, the number of organic pollu-
tants that can be degraded in the bubble is limited. There-
fore, the degradation degree of organic pollutants mainly de-
pends on the concentration of strong oxides released into the
bulk solution. A great deal of previous experimental research
has revealed that many factors have an effect on ultrasonic
degradation, such as the solution property, the nature of con-
taminant, the ultrasonic field parameter, and the driving wave
formation. The solution property contains viscosity,[4] sur-
face tension,[5,6] vapor pressure,[7] ambient temperature[8] and
pH,[5,9,10] etc. The characteristics of contaminant involves ini-
tial concentration of liquid,[11,12] volatility, polarity and struc-
ture of pollutant,[13] etc. The ultrasonic field parameter com-
prises ultrasonic frequency,[14–17] ultrasonic intensity,[12,18–20]

and so on. Driving wave formation usually utilizes simple har-
monic waves, square waves, and triangular waves.[21] In ad-
dition, the reactor shape also affects ultrasonic degradation.
However, little has been written either at home and abroad
about how these factors affect the number of strong oxides
such as radicals and the number of releases to the bulk solu-
tion from the interior of bubbles.[22–26] Theoretical evidence
of sewage degradation is solely based upon experiment results
published in numerous research papers. In order to explore
the theoretical basis of improving the degradation effect, this
paper is based on the characteristics of ultrasonic field and the

∗Project supported by the National Natural Science Foundation of China (Grant No. 11674207).
†Corresponding author. E-mail: szz6@163.com
‡Corresponding author. E-mail: mmrryycn@snnu.edu.cn
© 2019 Chinese Physical Society and IOP Publishing Ltd http://iopscience.iop.org/cpb　　　http://cpb.iphy.ac.cn

014301-1

http://dx.doi.org/10.1088/1674-1056/28/1/014301
mailto:szz6@163.com
mailto:mmrryycn@snnu.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn


Chin. Phys. B Vol. 28, No. 1 (2019) 014301

waveform of driving ultrasonic waves. Herein we attempt to
predict the aspects of the concentration (or quantity) of strong
oxides, such as radicals, generated inside the bubble and to
improve the methods of degradation on contaminants in water.

2. Mathematical models and numerical methods
2.1. Bubble dynamic model

The present study is aimed at modeling a cavitation bub-
ble dynamic within an acoustic field. The section below de-
scribes the hypothesis in this modeling. i) The cavitation bub-
ble oscillates spherically during expansion and compression,
with only radial motion and without taking the influence of
gravity, buoyancy, and other forces on cavitation bubbles into
account. ii) We shall study in detail the specific case of an
oxygen bubble in water at 20 ◦C and density is a constant. iii)
Liquid compression, viscosity, and surface tension need to be
taken into account. iv) Radiation damping should be consid-
ered. v) Heat transfer, mass transfer, diffusion of water vapor,
and chemical reaction inside the bubble should be considered.
vi) Heat transfer, apart from evaporation and condensation of
water vapor and the effect of chemical reaction on internal en-
ergy, is not taken into consideration. The bubble motion is
described by Rayleigh–Plesset’s equation modified by Keller–
Miksis as[27](

1− Ṙ
c

)
RR̈+

3
2

Ṙ2
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Here R is the radius of bubble, time derivatives are denoted
by dots, Ṙ is bubble wall velocity, R̈ is the change rate of
velocity, σ = 72× 10−3 N/m is surface tension coefficient,
µ = 10−6 m2/s is kinematic viscosity, c = 1500 m/s is speed
of sound in liquid, ρ = 1000 kg/m3 is density of the liquid,
and Pg =

NtotkT
(4π/3)(R3−h3)

is internal pressure in the bubble, where

Ntot (t) = nH2O (t)+nO2 (t) is the total number of water vapor
and oxygen molecules inside the bubble (in the present case
we study an oxygen bubble). T is temperature inside the bub-
ble, k is Bolzmann’s constant, and h = R0/8.54 is Van der
Waal’s hard core radius. Simple harmonic wave, square wave,
and triangular wave are utilized to drive cavitation:[21]

Pt = P0 +Pus sin(2π f t) (simple harmonic wave),

Pt = P0 +
4Pus

π

n

∑
j=1

(−1) j cos((2 j+1)2π f t)
2 j+1

(square wave),

Pt = P0 +
8Pus

π2

n

∑
j=1

(−1) j sin((2 j+1)2π f t)

(2 j+1)2 (triangular wave),

where Pus is acoustic pressure amplitude and f is acoustic fre-
quency.

2.2. Mass transfer across the bubble

In this paper, both oxygen and water vapor diffuse across
the bubble wall during radial bubble motion.

The mass transfer of oxygen is[28]

nO2 (t +∆t) = nO2 (t)+
dm
dt

∣∣∣∣
diff
·4πR2

∆t, (2)

dm
dt

∣∣∣∣
diff

= DO2 ·
c0− cs

R
, (3)

cs =
103

ρNAPO2

MH2OKB
PO2 =

nO2

Ntot
Pg, (4)

where nO2(t) is the number of oxygen molecules, c0 is the air
concentration (in m−3) in the liquid at r = ∞ in this calcula-
tion, c0 = 0 is assumed. cs is the saturated air concentration (in
m−3) in the liquid at r =R. DO2 = 1.76×109 m2/s is the diffu-
sion coefficient of oxygen in liquid water, KB = 6.73×109 Pa
is Henry’s constant of oxygen in water, NA is Avogadro num-
ber, and MH2O is the molecular mass of water.

The mass transfer of water vapor is[29]

nH2O (t +∆t)

= nH2O (t)+ 4πR2DH2O∆t
∂CH2O

∂ r

∣∣∣∣
r=R

= nH2O,0 (t)+4πR2DH2O∆t
(

CH2O,0−CH2O,t

ldiff

)
, (5)

where nH2O (t) is the amount of water vapor molecules inside
the bubble, DH2O is the diffusion coefficient of water vapor,
CH2O,0 is the equilibrium concentration of water vapor at the
bubble wall, CH2O,t is the actual concentration of water vapor

inside the bubble, and ldiff = min
(√

RDH2O

|Ṙ| , R
π

)
is the instan-

taneous diffusive penetration depth.

2.3. Heat transfer across the bubble

The heat transfer across the bubble is[26]

dQ
dt

= 4πR2
λmix

T0−T
lth

lth = min
(√

Rχ

Ṙ
,

R
π

)
, (6)

where λmix is the effective thermal conductivity of mixed gases
or vapor, lth is the thermal diffusion length, χ is the thermal
diffusivity of oxygen–vapor mixture in the bubble, T0 is the
temperature of bulk liquid, and T is the temperature inside the
bubble.

2.4. The temperature inside the bubble

The temperature inside the bubble is[26]

CV,mix
dT
dt

=
dQ
dt
−Pg

dV
dt

+
(
hH2O−UH2O

) dnH2O

dt
. (7)

The parameter meaning of the above equation could be at-
tained in Refs. [30] and [31].
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2.5. Chemical kinetics inside the bubble[23,24,32]

The substances inside the bubble will react chemically at
high temperature and produce a series of strong oxides such as
free radicals. Concentration of radicals and oxides are calcu-
lated using chemical kinetic model. In order to illustrate the
model, the water molecule is split to produce ·H and ·OH at an
extremely high temperature and pressure under microbubble
cavitation conditions as an example:

H2O⇐⇒ ·H+ ·OH. (8)
d[·OH]

dt
= ∑production−∑destruction, (9)

where ·OH is the concentration of hydroxyl radical (in
mol/m3). For example, the reaction (8) in the for-
ward direction (left to right) produces ·OH, and there-
fore contributes to the first sum in Eq. (9) (production =

AfT bf exp(−Cf/T ) [H2O]). On the other hand, the back-
ward process (right to left) corresponds to a consumption
of ·OH and thus contributes to the second term in Eq. (9)
(destruction = AbT bb exp(−Cb/T ) [·H] [·OH]). Because the
cavitation bubble is an oxygen bubble, the important chemical
reactions related to oxygen in the bubble are shown in Table 1.
The parameters (e.g., Af and Ab) in Eq. (9) can be found in
Refs. [24] and [32].

Table 1. The important reactions inside the bubble.

Chemical reaction Chemical reaction Chemical reaction Chemical reaction
H2O+M =OH+H+M O2 +M =O+O+M H2O+O=OH+OH OH+M =O+H+M

H+OH=O+H2 H2O+H=OH+H2 HO2+H=OH+OH OH+OH+M =H2O2 +M
O+OH=H+O2 H+H=H2 H2O+OH=H2O2+H H+O2 +M =HO2 +M

H2O2+H=H2+HO2 HO2+OH=H2O2+O O+O2 +M =O3 +M OH+O2 =O3+H
OH+O2 =O+HO2 H+O3 =O+HO2 H+O3 =OH+O2 HO2+O=OH+O2

H2O+HO2 =H2O2+OH O2+O2 =O3+O H2+HO2 =H2O2+H HO2+H=H2+O2

O3+HO2 =O2+O2+OH

M stands for any third body regarded as a catalyst.

2.6. Numerical simulation

The mathematical model forms a set of coupled, highly
nonlinear, and stiff differential equations. In order to solve it,
the Runge–Kutta method is used with Matlab.

3. Results and discussion
3.1. Cavitation bubble behavior at ultrasonic field

Ultrasonic degradation of organic pollutants requires
chemical reactions, but it must occur on the basis of acoustic
cavitation background. During the collapse of acoustic cav-
itation bubbles, the strong acoustic effects, such as transient
high temperature and pressure in the bubbles, acoustic micro-
jets and shock waves outside the bubbles, are formed. These
strong acoustic effects occur mainly inside the cavitation bub-
ble and near the bubble wall.[33] The strong sound effect of

acoustic cavitation is related to the dynamic behavior of the
cavitation bubble, so understanding the dynamic behavior of
acoustic cavitation bubbles is helpful to explore ways and
means to improve the degradation of organic pollutants by
acoustic cavitation. Figure 1 shows the behavior of cavitation
bubbles with a frequency of 50 kHz and an acoustic pressure
amplitude of 1.2 atm. The dashed line (left scale) in Fig. 1(a)
is the relationship between the radius of the cavitation bubble
and time. It shows that the bubble expands first, then collapses
rapidly, and then expands and collapses repeatedly. In this
period, it produces high temperatures in the previous collapse
stages, and soon afterwards the temperature is negligible be-
cause the collapse process is relatively weak, as shown in the
solid line (right scale). In Fig. 1(b), numbers of molecules
inside a bubble are shown as functions of time for one acous-
tic cycle. The solid line is the total number of molecules inside
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Fig. 1. Acoustic cavitation bubble behavior with a frequency of 50 kHz, an initial radius of 4 µm, and an acoustic pressure amplitude of 1.2 atm.
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a bubble, the dashed-dotted line is the number of water vapor
molecules (nH2O) inside a bubble, and the dashed line is the
number of oxygen molecules inside a bubble. It is seen from
Fig. 1(b) that the nH2O changes drastically with time due to
evaporation and condensation. On the one hand, at the slow
expansion phase in bubble oscillation, nH2O increases drasti-
cally by evaporation because the partial pressure of water va-
por (pv) in the bubble decreases considerably. On the other
hand, at the collapse of a bubble, nH2O decreases drastically by
condensation because pv increases significantly.[22] The num-
ber of oxygen molecules do not change. Because the time
scale[34] for diffusion of oxygen is ∼ R2

0/D where R0 is the
initial radius of the bubble (4 µm) and D is the diffusion co-
efficient of oxygen in water (10−9 m2/s), the time scale for
oxygen diffusion is 0.01 s, which is far higher than the time
scale of bubble dynamics (1/50 kHz = 20 µs). Therefore, the
transport of gas across the bubble can be ignored.

3.2. The effect of acoustic frequency on yield of oxides in-
side the bubbles

In order to explore the effect of acoustic frequency on
the behavior of cavitating bubbles and the number of strong
oxides produced such as free radicals inside the bubbles, the
temperature characteristics inside the bubble and the varia-
tion characteristics of the concentration of strong oxidizing
substances produced by the strong acoustic effect are consid-
ered, when the acoustic pressure amplitude is 1.5 atm, and the
acoustic frequencies are 25 kHz, 50 kHz, and 100 kHz, re-
spectively. The equation (9) is a modified Arrhenius formula,
which shows that the higher the temperature is, the higher the
reaction rate is. Acoustic cavitation accelerates chemical reac-
tions because of the high temperature produced by the collapse
of cavitation bubbles. Therefore, it is necessary to compare the
temperature variation characteristics of cavitation bubbles un-
der different acoustic frequencies.
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Fig. 2. The effect of frequency on the (a) temperature and (b)–(d) number of oxides inside the bubble when the acoustic pressure
amplitude is 1.5 atm, the initial radius is 4 µm, and the acoustic frequencies are (b) 25 kHz, (c) 50 kHz, and (d) 100 kHz, respectively.

Figure 2(a) presents the center temperatures at 25 kHz
(dotted line), 50 kHz (solid line), and 100 kHz (dash line). It is
clear that the maximum center temperatures are 2.42×104 K
(25 kHz), 1.05×104 K (50 kHz), and 4.73×103 K (100 kHz),
respectively. These results show that the higher the acoustic
frequency is, the lower the temperature generated by the col-
lapse of cavitation bubbles is. Figures 2(b)–2(d) present the

concentration of oxides inside bubbles at 25 kHz, 50 kHz, and
100 kHz, respectively. Here we consider the situation before
the second collapse and just show the important oxides. It can
be seen from the above three graphs that the higher the fre-
quency is, the less the amount of strong oxides, such as free
radicals, is produced inside bubbles. It is also shown from
the above diagrams that before the second collapse, the curves
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change more smoothly, and it is estimated that the amount of
strong oxides inside bubbles does not change any more. An-
other common feature is that the strong oxides produced by
the collapse of cavitation bubbles do not release into the bulk
solution substantially, which results in the degradation of or-
ganic pollutants in the bulk solution depending on the nature
of the organic matter. When the pollutants are volatile, they
will volatilize into the bubbles during the expansion process of
the cavitation bubbles. On the one hand, they will be burned
off by high temperature and pressure inside the bubble. On the
other hand, they will be reacted by strong oxidizing substances
generated in the bubble, and also, a small part will be reacted
by supercritical water generated by the gas–liquid interface.
For non-volatile organic compounds (non-vocs), it mainly de-

pends on the oxidizing substances released into the bulk so-
lution. Therefore, compared with volatile organic compounds
(vocs), the degradation effect of non-vocs is very poor, and
the experiment also confirms this theoretical evidence.[7,35] By
contrast, as the frequency increases, the first collapse temper-
ature and oxide production is decreased. At 50 kHz, it can be
seen that the numbers of ·OH, ·H, and HO2 radicals decrease
and the number and species of oxides dissolving into the sur-
rounding liquid from the interior of the bubble are more than
that at 20 kHz and 100 kHz. In conclusion, non-vocs in the
bulk liquid are easily degraded at 50 kHz and vocs are easily
degraded at 20 kHz and 100 kHz. Table 2 shows the number
of oxides inside the bubble at different frequencies.

Table 2. The number of oxides inside the bubble at different frequency.

Species
f = 25 kHz f = 50 kHz f = 100 kHz

Initial value Stable value Initial value Stable value Initial value Stable value
·OH 2.27×108 6.85×106 2.68×108 1.37×106 8.73×105 2. 38×105

·O 1.26×1010 6.92×108 2.32×109 2.41×108 2.04×106 9.92×106

·H 3.19×108 3.73×107 2.01×108 5.43×105 1.96×105 5.22×102

HO2 3.34×106 2.46×106 2.84×106 4.43×105 2.03×105 1.91×105

H2O2 5.85×103 4.42×107 5.18×104 8.21×107 9.0×100 5.63×105

O3 6.10×103 2.27×107 1.32×105 2.42×108 2.07×102 9.22×105

3.3. The effect of ultrasound pressure on strong oxides in-
side the bubbles

In Fig. 3(a), we present the changes of temperature inside
the bubble for an oxygen bubble in water at a frequency of
50 kHz and pressure amplitudes of 1.2 atm (dash line), 1.5 atm
(solid line), 2.0 atm (dash-and-dot line). The maximum cen-
ter temperatures reach 3.2× 103 K (1.2 atm), 1.05× 104 K
(1.5 atm), and 2.43× 104 K (2.0 atm), respectively, and the
first collapse times are 20.7 µs, 22.8 µs, and 24.9 µs, respec-
tively. Clearly, with the increase of pressure amplitude, the
collapse time delays even at the same frequency. Figures 3(b)–
3(d) present the concentration of strong oxides inside the bub-
bles for pressure amplitudes of 1.2 atm, 1.5 atm, and 2.0 atm,
respectively. Here we consider the situation before the second
collapse and just show the important oxide. In Fig. 3(b), due to
the small amplitude of acoustic pressure and low temperature
inside the bubble, the number of strong oxidizing substances
is also small. In this case, the numbers of ·OH and HO2 do not
change, the numbers of H2O2 and O3 increase, whereas the
number of ·O radical slightly decreases. It means that ·OH,
H2O2, O3, and HO2 do not release into ambient liquid and
only ·H radical absolutely releases into liquid before the sec-
ond collapse. All these indicate that it is easy to degrade for
vocs.

Compared with Fig. 3(b), the number of oxides in
Fig. 3(c) has clearly increased, because the rise in tempera-
ture in the bubble is by nearly an order of magnitude. The

figure shows that the numbers of H2O2 and O3 also increase
in the bubble, and the number of ·O radical decreases slightly,
while the numbers of ·H, ·OH, and HO2 decrease significantly.
This trend shows that plenty of oxides have been released into
the ambient liquid from the interior of the bubble, which is
helpful to the degradation of non-vocs. Especially hydroxyl
radical has high activity and has no selectivity to decompose
organic pollutants.[36]

Due to the similar internal temperature, the order of
magnitude of oxides inside the bubble is almost the same in
Fig. 3(d) as in Fig. 3(c). It indicates that the degradation ef-
fect does not rise at the higher acoustic pressure. Figure 3(d)
also presents that apart from ·O and ·H radicals diminishing,
the rest of the oxides are released instantaneously into the bulk
liquid, and then the amount increases until the second collapse.
This situation will only slightly contribute to the degradation
of vocs. The result obtained from the preliminary analysis of
the initial and stable concentration of advanced oxides can be
compared at different acoustic pressure in Table 3. Theory
shows that the higher the acoustic pressure amplitude is, the
better the degradation effect is, but the experimental result is
not so.[37] This shows that in addition to the nature of pollu-
tants, there will be an acoustic power value in the degradation
of each pollutant to achieve the best degradation effect. After
the optimal acoustic power has been reached, the effect will
decrease. Perhaps, as the acoustic power increases, the num-
ber of cavitation bubbles will increase, and to a certain extent,
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too many cavitation bubbles will cause the acoustic screen ef-
fect and affect the degradation effect.[38] Therefore, although
the input energy is increasing, it is not certain that the effec-
tive energy acting on pollutants is increasing. So, in order
to improve the degradation of organic pollutants, when the

acoustic frequency is fixed and when considering the physic-
chemical properties of pollutants, it is necessary to choose the
best acoustic pressure amplitude, to avoid that acoustic pres-
sure is either too low or too high, thereby affecting the treat-
ment effect.
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Fig. 3. The effect of acoustic pressure amplitude on the (a) temperature and (b)–(d) number of oxides inside the bubble at a frequency
of 50 kHz, an initial radius of 4 µm, and pressure amplitudes of (b) 1.2 atm, (c) 1.5 atm, (d) 2.0 atm, respectively.

Table 3. The number of oxides inside the bubble at different acoustic pressure.

Species
Pus = 1.2 atm Pus = 1.5 atm Pus = 2.0 atm

Initial value Stable value Initial value Stable value Initial value Stable value
·OH 1.44×104 1.34×104 2.68×108 1.37×106 2.20×108 7.56×108

·O 9.56×103 2.45×103 2.32×109 2.41×108 1.25×1010 9.48×108

·H 1.64×103 0.00×100 2.01×108 5.43×105 3.17×108 5.67×107

HO2 1.14×104 1.31×104 2.84×106 4.43×105 3.34×106 2.53×106

H2O2 0.00×100 9.08×102 5.18×104 8.21×107 6.27×103 3.58×107

O3 5.00×100 7.09×103 1.32×105 2.42×108 5.69×103 1.85×107

3.4. The effect of driving waveform on the yield of strong
oxides inside the bubbles

In Fig. 4(a), the changes of temperature inside the bub-
ble on rectangular wave (dash line), triangular wave (solid
line), and sinusoidal wave (dash-and-dot line) are shown for
1.5 atm at 50 kHz. The maximum internal temperatures are
2.49× 104 K (rectangular wave), 4.05× 103 K (triangular
wave), and 1.05×104 K (sinusoidal wave), respectively. The
crash times are at 20.03 µs, 20.99 µs, and 22.82 µs, respec-
tively. It is clear that, even if the acoustic frequency and pres-
sure amplitude are the same, not only the temperatures inside
the bubble are different, but also the collapse times are differ-
ent because of the different driving waveforms. Figures 4(b)–

4(d) present the concentration curve of strong oxides created
inside the bubble for rectangular wave, triangular wave, and
sinusoidal wave, respectively. Clearly, the number of oxides
at triangular wave is far less than that at rectangular wave and
sinusoidal wave at the same condition. A possible explana-
tion from the energy point of view is that the rectangular wave
has the largest acoustic power and the triangular wave has the
smallest acoustic power. It is shown that the internal bub-
ble temperature produced by the collapse of a cavitation bub-
ble is highest with triangular waves, followed by sinusoidal
waves, and that the triangular waves produce the lowest tem-
perature. Figure 4(a) is just such a form of expression. Fur-
thermore, comparing Fig. 4(b), Fig. 3(d), and Fig. 2(b), it is
found that the variation trend of oxides created inside the bub-
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bles is astonishingly similar, and the same condition appears
in Fig. 4(c), Fig. 3(b), and Fig. 2(d). Perhaps there is some
internal connection between them, which needs further study.
Other analyses are similar to Sections 3.2 and 3.3. The results

obtained from the preliminary analysis of the initial and stable
concentration of advanced oxides can be compared in Table 4.
These results provide a new idea for improving the production
of free radicals and other oxides.

t/ms t/ms

0 10 15 20 25 30

rectangular wave
triangular wave
sinusoidal wave

20.0

N
u
m

b
e
r 

o
f 
a
d
v
a
n
c
e
d
 o

x
id

e

102

101

103

104

105

106

N
u
m

b
e
r 

o
f 
a
d
v
a
n
c
e
d
 o

x
id

e

104

105

106

107

108

109

1010

N
u
m

b
e
r 

o
f 
a
d
v
a
n
c
e
d
 o

x
id

e

103

104

T
e
m

p
e
ra

tu
re

 i
n
si

d
e
 b

u
b
b
le

/
K

5

10-2

100

102

104

106

108

1010

(c) (d)

(b)(a)

20.5 21.0 22.021.5 22.5

t/ms t/ms
21.0 22.021.5 22.5 22.8 23.2 23.6 24.0

SOH
SH
SO
HO2

H2O2

O3

SOH
SH
SO
HO2

H2O2

O3

SOH
SH
SO
HO2

H2O2

O3

Fig. 4. The effect of driving waveform on the (a) temperature and (b)–(d) number of oxides inside the bubble at a frequency of 50 kHz, an
initial radius of 4 µm, an acoustic pressure amplitude of 1.5 atm, and the driving waveforms of (b) rectangular wave, (c) triangular wave, (d)
sinusoidal wave, respectively.

Table 4. The number of oxides inside the bubble at different waveform.

Species
Rectangular wave Sinusoidal wave Triangular wave

Initial value Stable value Initial value Stable value Initial value Stable value
·OH 2.22×108 5.63×106 2.68×108 1.37×106 1.78×105 1.0×105

·O 1.26×1010 4.26×108 2.32×109 2.41×108 3.12×105 8.21×104

·H 3.18×108 2.29×107 2.01×108 5.43×105 3.78×104 1.5×101

HO2 3.34×106 1.94×106 2.84×106 4.43×105 7.57×104 7.17×104

H2O2 6.27×103 4.38×107 5.18×104 8.21×107 3.00×100 7.4×104

O3 5.79×103 1.57×107 1.32×105 2.42×108 6.87×102 2.23×105

4. Conclusion

Taking liquid compressibility into consideration, we have
investigated the dynamic behaviors of a single oxygen bub-
ble and the yield of oxides produced inside the bubbles in an
acoustic field by regarding water as a working medium. We
can conclude that the cavitation bubble collapse is accompa-
nied by high temperature release at the moment of compres-
sion. The amount of water vapor molecules inside the bub-
ble increases with the slow expansion of the cavitation bubble
and decreases rapidly with the instantaneous collapse. This

process will occur repeatedly until the end of an acoustic cy-

cle. But the amount of oxygen in the bubble remains constant

throughout the expansion and compression stage. However,

the numbers of free radicals and other oxides molecules in-

side the bubble depend on the temperature produced during

the collapse of the cavitation bubble, and the internal tem-

perature within the bubble is affected by the factors of acous-

tic frequency, acoustic pressure amplitude, driving waveform,

etc. This is a complex engineering system. In order to im-

prove the effect of ultrasonic degradation of organic pollutants,
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it is necessary to consider the role of all factors comprehen-
sively. In the article, when the acoustic pressure amplitude
(1.5 atm) is constant, the acoustic frequencies are 25 kHz,
50 kHz, and 100 kHz, respectively. The number of oxides
molecules inside the bubble decreases with the increase of
the acoustic frequency. The acoustic waves of 25 kHz and
100 kHz are more suitable for the degradation of volatile or-
ganic pollutants, while the acoustic wave of 50 kHz is suitable
for the degradation of non-volatile organic pollutants. When
the acoustic frequency (50 kHz) is constant, the acoustic pres-
sure amplitudes are 1.2 atm, 1.5 atm, and 2.0 atm, respectively.
The amount of oxides inside the bubble increases with the in-
crease of acoustic pressure amplitudes. The acoustic pressures
of 1.2 atm and 2.0 atm are more suitable for the treatment
of volatile organic compounds, while the acoustic pressure of
1.5 atm is more suitable for the degradation of non-volatile
organic compounds. Finally, for different driving waveforms,
the number of oxides created inside the bubble appears in the
following order: rectangular wave > sinusoidal wave > trian-
gular wave, which provides a way to research waveform driv-
ing.
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