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In order to learn more about the physical phenomena occurring in cloud cavitation, the nonlinear dynamics of a
spherical cluster of cavitation bubbles and cavitation bubbles in cluster in an acoustic field excited by a square pressure
wave are numerically investigated by considering viscosity, surface tension, and the weak compressibility of the liquid.
The theoretical prediction of the yield of oxidants produced inside bubbles during the strong collapse stage of cavitation
bubbles is also investigated. The effects of acoustic frequency, acoustic pressure amplitude, and the number of bubbles in
cluster on bubble temperature and the quantity of oxidants produced inside bubbles are analyzed. The results show that the
change of acoustic frequency, acoustic pressure amplitude, and the number of bubbles in cluster have an effect not only on
temperature and the quantity of oxidants inside the bubble, but also on the degradation types of pollutants, which provides
a guidance in improving the sonochemical degradation of organic pollutants.

Keywords: bubble cluster models, bubble cluster dynamics, chemical kinetics, bubble temperature, strong

oxidants, acoustic cavitation
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1. Introduction

Wastewater from chemical industries, domestic lives,
hospitals and/or municipal lives contains complex, hazardous
organic compounds, which contaminate the fresh water bod-
ies and might carry a large quantity of contaminants, which
coexist and lead to cross reactions and have detrimental effect
on human as well as aquatic life. The majority of these com-
pounds are recalcitrant or biorefractory, i.e., complete min-
eralization of these compounds is difficult to achieve by us-
ing biological methods.!'=3! The way of solving this problem
is to develop and establish more effective and efficient waste
water treatment technologies such that the complex refractory
molecules degrade into simpler molecules, which is vital to
combating the deteriorating water quality.[*) Advanced oxida-
tion process (AOP) is perhaps the best choice if one desires to
go for the complete mineralization of the organic component.
Several AOPs have been developed in the past for effectively
degrading these pollutants.[!l The advantages of AOPs basi-
cally involve the production of extremely reactive hydroxyl
(-OH) radicals, which do not selectively attack the organic pol-
lutant molecules.?! Sonochemical oxidation by acoustic cav-
itation has been extensively investigated as an effective AOP
for destructing a large variety of organic pollutants such as
aromatic compounds. The technique of the acoustic cavita-
tion encompasses the production of strong oxidants such as
hydroxyl radicals (-OH) through the radial motion of a cavita-
tion bubble driven by an acoustic wave.

Acoustic cavitation is a kind of micro-bubble nucleus in
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liquid driven by an ultrasonic wave. The bubble nuclei oscil-
late, grow, shrink and collapse at high speed. The collapse
produces a short and ultra-high temperature release, creates
a high pressure and a high-intensity electric field. Therefore,
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 projected from the
bulk liquid phase into the cavitation bubble splits and produces
chain reactions at high temperature and high pressure, releas-
ing highly active oxides (-HO, -O, -HOO, H;0,, -HO», efc.).
The organic contaminants inside the bubble will be combusted
under both the extreme temperature and the high pressure and
reacted with the oxidants®! and supercritical water. [©)

In addition, the shock waves and microjets produced by
cavitation bubbles cause oxidants to escape to the interface
and aqueous solution. Clearly, this leads to rapid oxidation be-
tween the oxidants and organic pollutants in the solution. Due
to the particularity of cavitation bubbles, the quantity of or-
ganic pollutants that can be degraded inside bubble is limited.
Sonochemical reactions have been successfully employed for
degrading the various pollutants, but the degradation degree
of organic pollutants mainly depends on the concentration of
strong oxidants released into the bulk solution. A great deal of
previous experimental research has revealed that many factors
have an effect on ultrasonic degradation, for example, the so-
lution property, the nature of contaminant, the ultrasonic field
parameter, and the driving wave formation. The solution prop-
erty contains viscosity,!”! surface tension, 8! vapor pressure,[°!
ambient temperature,[!%1 pH,['!l ¢rc. The characteristics of
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contaminant involve initial concentration of liquid, %! volatil-
ity, polarity, structure of pollutant,[!3! ezc. The ultrasonic field

H4=17] yltrasonic

parameter comprises ultrasonic frequency,
intensity, 32 ¢zc. Driving wave formation usually utilizes
simple harmonic wave, square wave and triangle wave.[>12%]
In addition, the reactor shape is also one of the factors affect-
ing ultrasonic degradation.”>->° However, in the respect of
how these factors affect the quantity of strong oxidants pro-
duced such as free radicals by the acoustic cavitation, and the
quantity of strong oxidants that are released into the bulk so-
lution from the interior of bubble, researchers focused mainly
on the study of single bubble cavitation.[?>30-3% In fact, cav-
itation bubble always exists in the form of bubble cluster, and
there are thousands of microbubbles in the cluster. For the
quantity of strong oxidants produced by bubble collapse, the
study of a single bubble cannot replace the study of the mul-
tiple bubbles. Up to the present time, most of attention for
multi-bubble acoustic cavitation has been paid mainly on the
dynamic characteristics of cavitation bubbles.!***3] But for
the dynamic characteristics of the multi-bubble acoustic cav-
itation, the papers on how to affect the quantity of strong ox-
ides, and the quantity of strong oxides that are released into
bulk solution from the interior of bubbles, are not reported.

Theoretical evidence of sewage degradation is solely
based on experimental results published in numerous research
papers. In order to explore the theoretical basis of improv-
ing the degradation effect, in this paper, the square pressure
wave is used. The purpose of this paper is to predict the con-
centration (or quantity) of strong oxidants such as free radicals
generated in bubbles when multi-bubble cavitation occurs, and
to improve the methods of degrading the organic pollutants by
the acoustic cavitation.

2. Mathematical models and numerical methods

2.1. Model for bubble clusters and for cavitation bubbles
in cluster

To describe the dynamics of the cluster and the bubble in
cluster theoretically in an acoustic field, the model to be es-
tablished includes some assumptions as follows. 1) A bubble
cluster is considered as a large spherical drop that contains lig-
uid and a large quantity of microbubbles. 2) The bubble clus-
ter and cavitation bubble in cluster oscillate spherically during
expansion and compression, in the case with only radial mo-
tion but without taking into account the influence of gravity, or
buoyancy or other forces on cavitation bubbles. 3) The clus-
ter size is much smaller than the acoustic wavelength. 4) A
finite volume of an unbounded slightly compressible viscous
liquid and surface tension are taken into account. 5) Radiation
damping is considered. 6) The scattering cross sections of the
neighboring bubbles do not overlap with each other. 7) The
gas pressure inside the bubbles is spatially uniform for each

bubble. 8) We shall study in detail the specific case of an oxy-
gen bubble in water at 20 °C and constant density. 9) Heat
transfer, mass transfer, diffusion of water vapor, and chemical
reaction inside the bubble is considered. 10) Heat transfer, the
effect of chemical reaction on internal energy, is not taken into
consideration. So, a simple model describing the oscillations

of the cluster from Nigmatulin is used: 44!

RR+;2:¥+§(E—3). (1)
Here, R = R(¢) is the cluster radius, The initial cluster radius
R(t =0) = Ry (=4 mm), P. = P.(¢t) is the liquid pressure in
the cluster, p = 103 kg/m? is the liquid density, ¢ = 1500 m/s
is the sound speed in the liquid, P, (= Py + P,) is the driving
incident pressure, Py = 1.013 x 10° Pa is the static ambient
pressure, P, is the incident acoustic pressure.

The dynamic equation of cavitation bubble oscillation in

the cluster is written as follows: [43—47]
. 3 ) PW — PC r d
22— LS p—p 2
rit S ) +pcdt(w e) s ()
ur 20
Py=p— 220 3)
r r

Here, r = r(t) is the instantaneous bubble radius in the cluster,
The initial bubble radius r(t = 0) = ro, (= 4 um) is supplied
as an initial condition. The Py, is the gas pressure at the bubble
wall, 6 = 0.0725 N/m is the surface tension, y = 1073 Pa-s
is the liquid viscosity, Py = NigkT/(47/3)(r> —13) is the
gas pressure inside a bubble, k = 1.38 x 1072* J/mol-K is
the Boltzmann’s constant, i = r,/8.54 is the Van der Waals
hard core radius, T is the temperature inside a bubble, Ny ()
is the total number of particles and varies with condensa-
tion and evaporation of water vapor, which is calculated from
Niot(t) = nu,o(t) + no, (t), where ny,o(t) and no, (t) are the
quantity of water vapor molecules and the number of oxygen
molecules inside the bubble at any time ¢ (in the present case,
we study oxygen bubbles).

Equations (1) and (2) are complemented with the follow-
ing equation of conservation of liquid volume in the cluster (in
this paper, the initial bubble radii in cluster are assumed to be
equal to each other):

R’R = Nr*7, 4)
where N is the number of bubbles in cluster.

2.2. Mass transfer across the bubble

In this paper, both oxygen and water vapor diffuse across
the bubble wall during radial bubble motion.
Mass transfer of oxygen: (48]

dm

- 4
+ dr ldiff
dm co — Cs

D02 ) (5)

“dr laier r

no, (t+At) = ng, (1) At

)
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with 3
10°pN,
cs = T PNAPO g P0, = —=Py,
My,0Ks Niot

where no, (¢) is the number of oxygen molecules, Do, =

no2

1.76 x 10~2 m?/s is the diffusion coefficient of oxygen in lig-
uid water, Kg = 6.73 x 10° Pa is the Henry’s constant of oxy-
gen in water, Ny is the Avogadro number, My, o is the molec-
ular mass of water, ¢ is the oxygen concentration in the liquid
at infinity, in this calculation, ¢y = 0 is assumed, c¢; is the sat-
urated oxygen concentration at bubble wall in the liquid, and
FPo, is the partial pressure of oxygen in the bubble in Pa.

The mass transfer of water vapor is calculated from the

following equation!*’]
aC
nHzo(l‘ +Ar) = nHzo(t) + 4717r2DH20At 81120
Cwo—C
= ”HQO(t) +47tr2DH20At (W(;dffw) , (6)
1

where np,o(f) is the number of water vapor molecules inside
the bubble, Dy,o is the diffusion coefficient of water vapor,
Cyo is the equilibrium concentration (number density) of wa-
ter vapor at the bubble wall, Cy, is the actual concentration
(number density) of water vapor inside the bubble.

. rDy,o r
lgitr = min =, =
LA

is the instantaneous diffusive penetration depth.

2.3. Heat transfer across the bubble!3’!

dQ 2 To—T . rx r
— =4nR Apix————, Iln = o= - 7
dr T )'rmx lth s Uh m1n< |f‘|’7l') ( )

Here, Anix is the effective thermal conductivity of mixed gas
or vapor, ly, is the thermal diffusion length, x is the thermal
diffusivity of oxygen-vapor mixture in the bubble, Tj is the
temperature of bulk liquid, and 7 is the temperature inside the
bubble.

2.4. Temperature inside bubble!3’]

The temperature inside the bubble satisfies the following
equation:

dr  dQ _ dv

=2 S 4 (o - U
dr ~ dr gdt+(H20 10)

dnHzo

i ®

CV,mix
The parameter meaning of the above equation is described in
Refs. [1,49].

2.5. Chemical kinetics inside bubble!31-32:50]

The substances inside the bubble will react to each other
chemically at high temperature, and thus produce a series of
strong oxidants such as free radicals. The concentration of rad-
icals and the concentration of other oxidants are calculated by
using chemical kinetic model. In order to illustrate the model,
the water molecule is split and thus produces -H and -OH at an
extremely high temperature and pressure under micro-bubble
cavitation conditions. Here is an example:

H,0 < -H+ -OH, )
d[-OH]
dt

= Z production — Z destruction, (10)

where [-OH] is the concentration of hydroxyl radicals (in units
of mol/m?).

Reaction (9) in the forward direction (from left to
right) produces -OH, and therefore contributes to the first
sum in Eq. (10) (production = A;T’fexp(—C;/T)[H,0]).
On the other hand, the backward process (from right to
left) corresponds to a consumption of -OH and thus con-
tributes to the second term in Eq. (10) (destruction =
ApT? exp(—Cy/T)[-H][-OH]). Because the cavitation bubble
is oxygen bubble, the important chemical reactions related to
oxygen in the bubble are shown in Table 1. The parameters
(e.g., Ar and Ap) in Eq. (10) are described in Refs. [32,50].

Table 1. Important reactions inside bubble.

Chemical reaction Chemical reaction

Chemical reaction Chemical reaction

H,O+M =OH+H+M
H+OH=0+H;
O+OH=H+0,

H,0, +H=H; +HO,
OH+ 0, =0+HO,
H,O+HO, =H,0, +OH
HO, +H=H,+0,

0, +M=0+0+M
H,O+H=O0H+H,
H+H=H,

HO, +OH=H,0,+0
H+03 =0+HO,
0,40, =03+0

H,O+0=0H+OH
HO; +H=0OH+ OH
H,O+OH=H,0,+H
O0+0,+M=03+M
H+03 =0OH+0,
H, +HO; =H;0, +H

OH+M =0+H+M
OH+OH+M =H;0, + M
H+0, + M =HO, + M
OH+0, =03;+H
HO,; +O=0H+0,
HO; +HO,; =H;0,+ 0,

M denotes any third body molecules regarded as a catalyst in the reaction.

2.6. Numerical simulation

The mathematical model forms a set of coupled, highly nonlinear and stiff differential equations. Therefore, these equations

are solved by using the Runge—Kutta method with help of Matlab.
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3. Results and discussion

3.1. Behavior of bubble cluster and cavitation bubbles in
cluster in acoustic field

Ultrasonic degradation of organic pollutants requires
chemical reactions, but they must occur on the basis of acous-
tic cavitation background. During the collapse of acoustic
cavitation 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. !l These strong sound effects are
related to the dynamic behavior of the cavitation bubble, so the
understanding of the dynamic behavior of acoustic cavitation
bubbles is helpful in exploring the ways to improve the degra-
dation of organic pollutants by acoustic cavitation. Figure 1
shows the behavior of a bubble cluster and cavitation bubbles
in a cluster at a frequency of 50 kHz and an acoustic pressure
amplitude of 1.5 atm (The unit 1 atm=1.01325x 103 Pa). The
initial cluster radius (Rp) is 1 mm, the number of the cavita-
tion bubbles is N = 300, and the initial cavitation bubble radius
(r0q) in the cluster is 4 um. In this paper, the driving waveform
is the square wave signal (Pyssign(sin(27f?))). In Fig. 1(a),
bubble cluster radius (R) is shown as a function of time. Under
the action of driving acoustic pressure (£), the cluster radius
changes very little. But, at collapse of a bubble cluster, the lig-
uid pressure (F.) in cluster increases suddenly up to 14.9 times
the static ambient pressure, followed by small oscillations due
to the very small bounces of cluster radius (see Fig. 1(b)). The
oscillation of liquid pressure in cluster also causes the cavita-
tion bubbles in cluster to oscillate (see Fig. 1(c)). The dash-
dotted line (left scale, in Fig. 1(c)) represents the relationship
between the radius of the cavitation bubble and time. It shows

that the radius of cavitation bubble is almost unchanged in
the positive half (0-10 ps) of the first acoustic cycle (20 ps).
In the negative half cycle (10-20 ps), cavitation bubble be-
gins to expand till its maximum value. Then, in the positive
half of the second acoustic cycle, the bubble is compressed
and collapsed rapidly, and then expanded and collapsed re-
peatedly. In this period, it produces high temperatures in the
previous collapse stages, and soon afterwards the temperature
is negligible because the collapse process is relatively weak
as shown with the solid line (right scale). In Fig. 1(d), the
number of molecules inside a bubble is shown as a function of
time. The solid line represents the total number of molecules
inside a bubble, the dash-dotted line denotes the number of
water vapor molecules (ny,0) inside a bubble, and the dashed
line refers to the number of oxygen molecules (ng,) inside a
bubble. On the one hand it is seen from Fig. 1(d) that the ny,0
changes drastically with time due to the evaporation and con-
densation. At the slow expansion phase in bubble oscillation,
nH,0o increases drastically due to the evaporation because the
partial pressure of water vapor (py) in the bubble decreases
considerably (see Fig. 1(e)). On the other hand, at the collapse
of a bubble, ny,o decreases drastically due to the condensation
because p, increases significantly.3'! The number of oxygen
molecules does not change. Because the time scale for dif-
fusion of oxygen is ~ r3,/Do, where ry, is the initial bubble
radius (4 um) and Do, is the diffusion coefficient of oxygen
in water (1072 m?/s). The time scale for oxygen diffusion is
0.01 s, which is far higher than the time scale of bubble dy-
namics (1/50 kHz = 20 ps), therefore the transport of oxygen
across the bubble can be ignored. In Fig. 1(e), the partial pres-
sure of water vapor (py) in the bubble is shown as a function

1.0020 16 8 4
(a) = (b) (c) ©
1.0016 B 12 .-~ S
0~ 6 7 ‘.\ 3 g N
£ 1.0012 £ . ,_, : 22
~ S 5 8 < 4 . : 2 ;Q
& 1.0008 a2 = % i £2
E 3 4 /'I [ ng
1.0004 =N 2 . 1 g2
e— - 4 5]
1.0000 o e R : 4‘”’: 3
. "o
0 10 15 20 25 30 0 5 10 15 20 25 30 Y% —% 10 15 20 25 30
_%’ t/us t/us
Q 7
= 1011 o 10 =
2 2 (e) N0
2 110 > 106 2w
s 52 28
T o109 53 s
o] g2 5 -7 8
3 o 2 10 oK
g 108f 5 2 [ 4
5 g : 104 £ D? 4 ér\L—
> j=}
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Fig. 1. Dynamic behavior of acoustic cavitation bubble versus time over one cycle of acoustic, when acoustic frequency is 50 kHz, acoustic pressure
amplitude is 1.5 atm, number of the cavitation bubbles in cluster is 300, driving waveforms is square wave, duty cycle is 50%, bubble cluster radius is 1 mm,
and initial cavitation bubble radius is 4 um.
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of time with logarithmic vertical axis. At the slow expansion
phase in a bubble oscillation, the pressure of water vapor in-
side the bubble is 3.35 x 103 Pa, it is the saturated vapor pres-
sure at 20 °C. On the other hand, at the collapse of cavitation
bubble, the py increases suddenly up to 8.62 x 10° Pa, which
is 3 orders of magnitude larger than the saturated vapor pres-
sure at 20 °C, followed by small oscillation due to the small
bounces of bubble radius. Its change reflects the variation of
the quantity of water vapor inside a bubble (see Fig. 1(d)).
Figure 1(f) shows the liquid pressure at the bubble interface as
a function of time. At the slow expansion phase in a bubble
oscillation, the pressure (Py,)1) at bubble wall is almost identi-
cal to the liquid pressure (P.) (see the inset in Fig. 1(f)) in the
cluster. On the other hand, at collapse of a bubble, the pressure
(Pyan) increases dramatically up to 1.6 x 10° Pa, followed by
small oscillations due to the small bounces of bubble radius
(see Fig. 1(c)).

8000
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3.2. Effect of acoustic frequency on yield of oxidants inside
bubble

In order to explore the effect of acoustic frequency on the
behavior of cavitation bubbles and the quantity of strong ox-
idants produced such as free radicals inside bubbles, in this
subsection, the temperature characteristics inside the bubble
and variation characteristics of the quantity of strong oxidizing
substances produced by the strong acoustic effect are consid-
ered, when acoustic pressure amplitude is 1.5 atm, the number
of the cavitation bubbles in the cluster is 300, and the acoustic
frequencies are 25 kHz, 50 kHz, and 100 kHz, respectively.
Equation (10) is a modified Arrhenius formula, which shows
that the higher the temperature, the higher the reaction rate is.
Acoustic cavitation accelerates chemical reactions due to the
high temperature produced by the collapse of cavitation bub-
bles. So, it is necessary to compare the temperature character-
istics of cavitation bubble under the action of different acoustic

frequencies.
wn
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Fig. 2. Time-dependent temperature inside bubble (a) at three different acoustic frequencies (25 kHz, 50 kHz, and 100 kHz) and (b) for different oxidants
inside bubble at acoustic frequency 25 kHz, and (c) and (d) time-dependent quantity of advanced oxides in different time ranges at acoustic frequencies
of (c) 50 kHz and (d) 100 kHz, when acoustic pressure amplitude is 1.5 atm, number of cavitation bubbles in cluster is 300, and duty cycle is 50%.

Figure 2(a) shows the time-dependent center tempera-
tures at 25 kHz (dotted line), 50 kHz (solid line), and 100 kHz
(dash line). It is clear that the maximum center temperatures
are 7537.1 K (25 kHz), 3913.5 K (50 kHz), and 2025.6 K
(100 kHz), respectively. These results show that the higher
the acoustic frequency, the lower the temperature generated
by the collapse of cavitation bubbles is. The variations of the

number of molecules inside bubble with time are shown for

-0, -H, -OH, -HO», H,0,, and O3 during one acoustic cycle
at 25 kHz in Fig. 2(b), 50 kHz in Fig. 2(c), and 100 kHz in
Fig. 2(d). These oxidants play a major role in sonochemical
reaction. The change of the quantity of oxidants inside a bub-
ble reflects the change of the quantity of oxidants released into
surrounding solution from the interior of bubble. It can be
seen from the three figures that the higher the frequency, the
less the quantity of strong oxidants produced inside the bubble
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is. It is also shown from the above figures that the number of
molecules of each oxidant inside the bubble is nearly constant
before the end of the first half of the second acoustic cycle. In
other words, the quantity of strong oxidants inside the bubble
does not change any more after ending all the collapse phases
during over one acoustic cycle. Another common feature is
that the strong oxidants produced at the collapse are not re-
leased into the bulk solution substantially, which results in the
degradation of organic pollutants in the bulk solution, which is
dependent on the nature of the organic matter. When the pol-
lutants are volatilized, they will turn into the bubbles during
the expansion of the cavitation bubbles. On the one hand, they
will be burned off due to high temperature and pressure in-
side the bubbles. On the other hand, they will be reacted with
strong oxidizing substances generated in the bubble, and also,

a small part will be reacted with supercritical water generated
by the gas—liquid interface. For non-volatile organic com-
pounds (non-vocs), it mainly depends on the quantity of the
oxidizing substances released into the bulk solution. So, com-
pared with volatile organic compounds (vocs), the degradation
effect of non-vocs is very poor, and the experiment also con-
firms this theoretical evidence.[®!3?] By contrast, at 25 kHz,
the number of -H, -O, -OH, and -HO, radicals inside bubble
decrease, and the quantity and species of oxides dissolving
into the surrounding liquid from the interior of the bubble are
more than those at 50 kHz and 100 kHz, In conclusion, non-
vocs in the bulk liquid are easily degraded at 25 kHz, and vocs
are easily degraded at 50 kHz and 100 kHz. Table 2 shows the

quantity of oxidants inside the bubble at different frequencies.

Table 2. Quantities of oxidants inside bubble at different frequencies.

Specics f=25kHz f=50kHz f =100kHz
Initial value Stable value Initial value Stable value Initial value Stable value
-OH 1.31x 105 2.66 x 1012 1.82x 1012 3.7 x 10" 8.95 x 108 8. 94 x 108
-0 3.6x 101 4.35x 1013 2.87 x 1012 9.5x 10! 8.3 x 10° 1.3 x 10°
H 3.5x 101 1.17 x 1010 3.64 x 10! 3.80 x 107 2.9 x 10° 0.0
HO, 1.9x 10™ 2.2x 1012 7.2x 1012 8.1x 10" 8.9x 108 8.92 x 108
H,0, 1.14 x 10° 5.34 x 104 1.2x 107 8.3 x 10! 8.0 x 103 3.9%10°
03 2.83 % 10° 7.48 x 1014 1.35 x 107 2.45 %1012 2.0 x 10? 7.0 x 100

3.3. Effect of acoustic pressure amplitude on strong oxi-

dants inside bubbles

In Fig. 3(a), we present the changes of temperature in-
side the bubble for oxygen bubble in water at a frequency
of 25 kHz and acoustic pressure amplitudes of 1.2 atm (dash
line), 1.5 atm (solid line), 1.7 atm (dotted line). The maxi-
mum central temperatures reach 4405.9 K (1.2 atm), 7537.1 K
(1.5 atm), and 9557.8 K (1.7 atm), respectively, and the first
collapse times are 46.89 s, 52.03 us, and 54.66 us, respec-
tively. Clearly, with the increase of acoustic pressure ampli-
tude, the collapse time delays even at the same frequency.
Figures 3(b)-3(d) show the curves for the quantity of strong
oxidants inside the bubbles as function of time for pressure
amplitudes of 1.2 atm, 1.5 atm, and 1.7 atm, respectively. In
Fig. 3(b), due to the small amplitude of acoustic pressure and
low temperature inside bubble, the quantity of strong oxidants
inside bubble is also small. The number of -HO, radicals does
not change, the numbers of H»O, and O3 inside bubble in-
crease, whereas the number of -O and -OH radicals slightly
decrease, and only -H radicals are released in large quantity
into the bulk solution. All these indicate that it is easy to de-
grade vocs.

Comparing with Fig. 3(b), the quantities of oxidants in

Figs. 3(c) and 3(d) are clearly increased, because the tempera-
ture inside bubble is increased several times. The figures show
that the numbers of H»O, and O3 molecules also increase in-
side bubbles, and the numbers of -H, -O, -OH, and -HO, rad-
icals decrease significantly. This trend shows that plenty of
oxidants are released into the ambient liquid from the inte-
rior of the bubble, which is helpful in degrading the non-vocs.
Especially the hydroxyl radical has high activity and has no
selectivity to decompose organic pollutants.!

The initial and stable quantities of advanced oxidants can
be compared with each other at different acoustic pressures
as shown in Table 3. The theory shows that the higher the
acoustic pressure amplitude, the better the degradation effect
is, but the experimental result is not like that.!>3] Perhaps, as
the acoustic power increases, a large number of extra bubbles
will be created in bulk liquid, and when the bubble number
increases to a certain extent the bubbles will cause an acoustic
screen effect and affect the degradation effect.!>3] Therefore,
when the acoustic frequency is fixed and the physic—chemical
properties of pollutants are also considered, it is necessary to
choose an optimal acoustic pressure amplitude to avoid too
low or too high an acoustic pressure, thereby affecting the
treatment effect.
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Fig. 3. (a) Variations of temperature with time at different acoustic frequencies (1.2 atm, 1.5 atm, and 1.7 atm), and variations of quantity of
advanced oxidants inside bubble with time at (b) 1.2 atm, (c) 1.5 atm, and (d) 1.7 atm quantity for different oxidants, when acoustic frequency
is 25 kHz, number of cavitation bubbles in cluster is 300, and duty cycle is 50%.

Table 3. Quantities of oxidants inside bubble at different acoustic pressure amplitudes.

Species Pos =1.2atm P = 1.5 atm Py = 1.7 atm

Initial value Stable value Initial value Stable value Initial value Stable value

-OH 6.65 x 1012 1.24 x 10'2 1.31 x 1015 2.65 x 1012 4.16 x 1013 3.2 % 10'2
Xo) 1.35 x 1013 7.44 x 101 3.6 x 1015 5.0x 1013 3.7 x 100 5.15x 1014
‘H 1.4 x 1012 1.03 x 108 3.5x 10 1.15 x 1010 2.64 x 1013 1.20 x 101
HO, 1.6 x 1012 1.67 x 10'2 1.9 x 101 2.2x10'2 1.6 x 1014 1.3 x 1012
H,0, 5.0 x 107 5.05 x 1012 8.0 x 10! 5.35x 104 5.0 x 10! 6.93 x 104
03 5.1x10° 1.2x 1013 9.1 x 10! 7.5 x 1014 4.0 x 1012 4.53 x 1015

3.4. Effect of number of cavitation bubbles in cluster on
strong oxidants inside bubbles

In Fig. 4(a), the calculated temperature inside bubble is
shown as a function of time during the collapse phase. In-
cluded in this figure are the plots of bubble temperature ver-
sus time for the number of the cavitation bubbles in cluster
N = 500 (dotted line), N = 1000 (solid line), and N = 3000
(dash line), respectively. Their maximum central temperatures
reach 5320 K (N = 500), 3547.4 K (N = 1000), and 1706.4 K
(N = 3000), respectively, and their first collapses occur at
52.26 us, 52.63 ps, and 53.58 us, respectively. Clearly, with
the increase of the number of cavitation bubbles in cluster, the
occurrence of collapse delays even at the same frequency and

acoustic pressure amplitude. The possible reason is that the

larger the number of cavitation bubbles with the fixed cluster
radius, the greater the limitation of expansion and compres-
sion of the bubbles will be, which results in the delay of the
collapse time of the bubbles and the temperature dropping in-
side each bubble.!34!

Figures 4(b)—4(d) show the quantities of strong oxidants
inside bubble for the three different numbers of cavitation bub-
bles (N = 500, N = 1000, and N = 3000), respectively. It can
be seen from the three curves that the higher the number of
the cavitation bubbles in cluster, the less the quantity of ox-
idants (such as free radicals) produced inside bubble is. A
large quantity of the oxidants are created at the collapse be-
cause the bubble temperature increases up to 5320 K (for the

case N = 500), while relatively a small quantity of oxidants
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are created because the bubble temperature increases only up
to 1706 K (N = 3000). It is seen that the quantity of the oxi-
dants created inside bubble is correlated with the bubble tem-
perature at collapse. The three figures show that the numbers
of H,O, and O3 molecules also increase inside bubble, while
the number of -HO, radicals becomes nearly constant, only
-H radical is released in large quantity into the bulk solution.
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In Fig. 4(b), the number of -O and -OH radicals inside bub-
ble decrease slightly, while the number of -O and -OH radicals
in bubble are nearly unchanged as indicated in Figs. 4(c) and
4(d). By compare with Fig. 3(c), it can be seen that the smaller
the number of cavitation bubbles in cluster, the more the quan-
tity and species of the oxidants released into the bulk liquid is
and the better the degradation of non-vocs.
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Fig. 4. Variations of temperature inside bubble with time for three different numbers of cavitation bubbles in cluster (500, 1000, and 3000), and
variations of quantity of advanced oxidants with time for (b) 500, (c) 1000, and (d) 3000 cavitation-bubbles in cluster, when acoustic frequency

is 25 kHz, acoustic pressure amplitude is 1.5 atm, and duty cycle is 50%.

4. Conclusions

Taking the weak compressibility of liquid into consider-
ation, the model that directly couples the dynamics of a bub-
ble cluster and cavitation bubbles (oxygen bubbles) in clus-
ter and the chemical kinetics in an acoustic field is used. We
can conclude that the change of external driving pressure leads
to the small expansion or compression of the cluster radius.
At the moment of the compression collapse of bubble clus-
ter, the liquid pressure in the cluster increases dramatically,
and then decreases gradually. In the meantime, the change of
this pressure also causes the expansion or compression of cav-
itation bubbles in the cluster. The cavitation bubble collapse
is accompanied by releasing the high temperature at the mo-
ment of compression collapse. The number of water vapor
molecules inside the bubble increases with the slow expansion
of the cavitation bubble and decreases rapidly with the instan-

taneous collapse. This process will occur repeatedly due to the
bounces of bubble. But the number of oxygen molecules in
the bubble remains constant throughout the expansion or com-
pression stage. However, the number of free radicals and the
number of other oxidant molecules inside the bubble depend
on the temperature produced during the collapse of the cavi-
tation bubble, and the internal temperature within the bubble
is also affected by some factors, such as acoustic frequency,
acoustic pressure, the number of cavitation bubbles in cluster,
etc. This is a complex engineering system. In order to improve
the effect of ultrasonic degradation of organic pollutants, it is
necessary to consider the role of all factors comprehensively.
In this article, when the acoustic pressure amplitude (1.5 atm)
is constant, the driving waveform is square wave, the duty cy-
cle is 50%, the number of cavitation bubbles is 300, and the
acoustic frequencies are 25 kHz, 50 kHz, and 100 kHz, respec-
tively. The number of oxidant molecules inside the bubble de-
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creases with the acoustic frequency increasing. The acoustic
wave of 25 kHz is more suitable for the degradation of non-
volatile organic pollutants, while the acoustic wave of 50 kHz
and 100 kHz are suitable for the degradation of volatile or-
ganic pollutants. When the acoustic frequency is 25 kHz, the
acoustic pressure amplitudes are 1.2 atm, 1.5 atm, and 1.7 atm,
respectively. The quantity of oxidants inside the bubble in-
creases with the increase of acoustic pressure amplitude. The
acoustic pressure of 1.2 atm is more suitable for the treatment
of vocs, while the acoustic pressure of 1.5 atm and 1.7 atm
are more suitable for the degradation of non-vocs. However,
too high an acoustic pressure will cause an acoustic shielding
phenomenon, which affects the treatment effect. This should
be noticed. Finally, for the number of cavitation bubbles in
cluster, when the acoustic frequency is 25 kHz, the acoustic
pressure is 1.5 atm, the quantity of oxidants inside the bubble
decreases with the increase of the number of cvatiation bub-
bles in cluster. This suggests that within a fixed bubble cluster,
the number of bubbles should be as small as possible.
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