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Abstract: The extreme environment formed during bubble
collapse can cause a series of chemical reactions inside the
bubble, and multiple products (i.e.,, 'OH, H, O, H,, and HO,,
etc.) are produced, which is called sonochemistry. In this
study, a new model is used to predict the sonochemistry
characteristics inside an oxygen bubble oscillating in water.
The influences of static pressure, ultrasonic frequency, and
the equilibrium radius on the temperature inside the bubble
and the yields of chemical products are analyzed. The
numerical calculation results are obtained during bubble
oscillations under a steady state, which is different from
the previous studies that focus on the sonochemical charac-
teristics at the bubble collapse. Numerical studies show that
with the change in the equilibrium radius, the maximum
bubble temperature fluctuates drastically, and the max-
imum yields of H, and ‘'OH show a Gaussian curve trend.
The cavitation activity corresponding to the equilibrium
radius depends on the combination of static pressure and
ultrasonic frequency.

Keywords: bubble, sonochemistry, steady state, static pres-
sure, equilibrium radius

1 Introduction

The growth, contraction, and collapse of the bubbles caused
by ultrasonic radiation in liquid are called acoustic cavita-
tion, which is widely applied in many fields such as ultra-
sonic cleaning [1], water treatment [2], assisted surfactant
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extraction [3], and ultrasonic diagnosis [4]. The concept of
sonochemistry emerged from the phenomenon of cavita-
tion, which refers to the collapse of the bubbles resulting
in an internal temperature of several thousand Kelvin and
pressure of several hundred atmospheres. Under this
extreme environment, the water vapor water inside the
bubble can be decomposed forming ‘OH, H', O, HO,, H,0,,
and H,, etc.

The study of cavitation began in 1917 when Raleigh
established the first mathematical model to describe the
characteristics of a spherical cavity in incompressibility
[5]. In 1944, Weiss [6] observed the formation of ‘OH and
H in the water radiated by ultrasound. Parke and Taylor
[7] demonstrated for the first time the formation of ‘OH in
water. The production rate of ‘OH in the sonochemistry
experiment of a single bubble was measured by Didenko
and Suslick [8]. Sonochemical effects have been used in
many fields. For example, the degradation and isomeriza-
tion of 3- and 4-O-caffeoylquinic acid were facilitated by
ultrasonic treatment [9]. Organic pollutants and patho-
genic microorganisms in water can be eliminated in an
ultrasound field, which was enhanced by dual-frequency
ultrasound [10]. Compared to the myofibrillar protein solu-
tion without ultrasound treatment, the surface hydrophobi-
city, emulsification properties, carbonyl groups, and intrinsic
fluorescence intensity of the ultrasound-treated myofibrillar
protein solution were increased [11]. The emulsifying fea-
tures, structure, and interfacial features of oxidized soybean
protein aggregates were optimized by ultrasonic treatment
[12]. In terms of hydrogen energy production, ultrasonic-
assisted electrochemical hydrogen production can increase
the overall efficiency by 10-15% [13]. Another study by the
same research group showed that ultrasonic-assisted water
electrolysis can increase hydrogen production efficiency by
4.5% [14].

In 1993, Kamath et al. [15] published the first paper on
the numerical calculation of sonochemistry. In the fol-
lowing 30 years, the theoretical models of sonochemistry
have been greatly developed. Heat conduction inside and
outside the bubble, unbalanced evaporation and
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condensation of water vapor at the bubble wall, chemical
reactions inside the bubble, and changes in physical prop-
erties of the liquid (such as saturated vapor pressure,
surface tension, latent heat of evaporation, thermal conduc-
tivity and viscosity) were successively considered [16-21].
Specifically, Kalmar et al [21] introduced a state-of-the-art
chemical mechanism to suitably describe chemical pro-
cesses inside a spherical bubble with oxygen and water
vapor.

In the above models, the effects of ultrasonic amplitude,
frequency, liquid temperature and dissolved gas properties
on the sonochemistry were well revealed. Static pressure
has an important effect on the cavitation such as the cavita-
tion threshold and the inertial cavitation intensity, but the
study of the effect of static pressure on the sonochemistry is
very limited. Yasui et al. [16] and Merouani et al. [17] studied
the effects of ultrasonic amplitude and static pressure on
oxidant yields when the excitation frequencies were 140
and 300 kHz and the equilibrium radius of the bubble was
a fixed value, respectively, and found that the optimal static
pressure value varied with the ultrasonic amplitude. Experi-
mental studies showed that the equilibrium radius of the
bubble is within a certain range after the generation of
cavitation [18]. Dehane et al [19] analyzed the influence of
static pressure on the output of ‘OH, H, O, HO,, and H,
under high-frequency (355 and 1,000 kHz) excitation, but
the authors did not give the corresponding optimal equi-
librium radius under different static pressures. Neverthe-
less, previous studies [16,17,19] focused on the influence of
static pressure on the sonochemical characteristics during
bubble collapse, and the bubble collapse time is far less than
the time of the oscillations during a steady state. Therefore,
it is necessary to analyze the influence of static pressure and
bubble equilibrium radius on the sonochemical characteris-
tics, especially the optimal equilibrium radius corresponding
to H, and ‘OH amounts during bubble oscillations of steady
state. The research results can better guide the experimental
research and application of sonochemistry.

2 Model and methods

The model used in this study is proposed by Kalmar et al.
[21] introducing a state-of-the-art chemical mechanism.
The bubble always remains spherical and its center is fixed
during oscillations neglecting the interaction between bub-
bles. The physical processes considered are as follows: heat
conduction inside and outside the bubble, non-equilibrium
evaporation and condensation of water vapor at the bubble
wall, and chemical reactions inside the bubble. The radial
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motion of the bubble is described by the Keller-Miksis equa-
tion [17,18]:
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where R is the instantaneous radius of the bubble, ¢ is the
time, the overdot denotes the time derivative, p is the den-
sity of the liquid, and c is the speed of sound in the liquid.
The pressure at infinity consists of static pressure and
dynamic pressure, expressed as follows:

Po(t) = Po = Ppsin(27ift), @

where P, is the static pressure, and P, and f are the ampli-
tude and frequency of the external acoustic excitation,
respectively. The liquid pressure acting on the bubble
wall is as follows:

pext(R’ t) = Pin ~ ? - ?R: ©)
where p; is the pressure inside the bubble, o is the surface
tension coefficient of the liquid, and 4 is the viscosity of the
liquid.
The pressure of the mixed gas inside the bubble is
described by the state equation of ideal gas [21], which is
expressed as follows:

Pin = MR,T, @

where M is the total concentration of the mixture, R; is the
universal gas constant, and T is the temperature inside the
bubble:
. =P,V + 20
T - pln Q

= (5)
nCy

where ZQ is the total heat, including heat transfer and
chemical reaction heat. n, is the total molar mass of the
mixture and Cy is the average molar heat capacity of the
mixture at a constant volume, which is calculated based on
the NASA chemical equilibrium code [21].

Heat transfer can be expressed as [20,21]

~To—T
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where A is the surface area of the bubble, A and y are the
average thermal conductivity and thermal diffusivity of
the gas mixture inside the bubble, respectively, T, is the
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liquid temperature at infinity, and ly, is the thickness of the
thermal boundary layer.

Reversible reactions involving K chemical substances
inside the bubble are expressed as follows [15-20]:

K K

> u,fi)(k o Yuhn k=1, .. ,K), (€)

k=1 k=1
where vy; are the stoichiometric coefficients, y, is the che-
mical symbol for the kth species, and superscripts fand r
represent forward and reverse stoichiometric coefficients,
respectively. The subscript i is the type of chemical reac-
tion and I is the total number of chemical reactions.

The expression of the net reaction rate is as follows

[15-20]:

K 7 K .
@ = ke[l - ke [, €)
k=1 k=1
where ¢ is the molar concentration of the kth species, and
ks and k;, are the forward and reverse rate constants for
the ith reaction, respectively. The forward rate coefficient
calculated by the extended Arrhenius equation is given as

[15-20]
R,T|

where Ag is the pre-exponential, by is the temperature
exponent, and Ey is the activation energy. The reverse
rate constant is not the same as that in most references
[15-20], and the calculation method can be found in the
study of Kalmdr et al. [21].

The total net chemical reaction heat [21] is

kﬁ = Aﬁ T”ﬁexp (10)

K

0 = - 2 Hyx,
k=1

(1D

where Hy and wy are the enthalpy of formation and the
production rate of each species, respectively.
The net condensation for unit time and area is [21]

*
amp, M Py,0

Finet = Meva — Meon = - ,(12)
net e O T W 2R T Whyyo /2R, T

where ey, is the rate of evaporation, g, is the rate of
condensation, ay is the accommodation coefficient for eva-
poration, p_ is the saturated vapor pressure, Ry is the spe-
cific gas constant of water, Wi, is the molecular weight of
water, and py,, is the partial pressure of water vapor and
is given as

_ NHzO

Puyo = N, Pin> 13)

where Ny, is the amount of water vapor inside the bubble.
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The concentration change of the kth component is [21]
14

Gk = Wk — Gy

(14)

where V is the instantaneous volume of the bubble.
Due to evaporation and condensation, the concentra-

tion of water vapor needs to be treated differently [21]:
A

Ci,0 = Wiy ~ Cioy; ¥ flnetv-

(15)

In this study, the interior of the bubble initially con-
tains pure oxygen and water vapor. For the possible che-
mical reactions inside an oxidant bubble, see the study of
Kalmar et al. [21]. The equations described above constitute
a closed system solved by using the ODE15s solver in
MATLAB, and both the absolute tolerance and relative tol-
erance are 1 x 1071% The initial conditions are as follows:
R(0) = Ry, R(0)=0, and T(0) = T.. For the calculation
method of initial concentrations of oxygen and water
vapor, see the study of Kalmdr et al. [21]. If not specified,
the following constants are used in numerical calculations
[15-21]: T, = 300K; B, = 1atm; p = 1,000 kg/m?’; g =
0.072N/m; ¢ = 1,480 m/s; p = 1.005 x 10~3Pas; and ay =
0.5m/s.

3 Results and discussion

Figure 1 shows the obtained results for Py, = 1.8 atm, f =
100 kHz, B, =1atm and R, = 8 um for the first 16 excitation
cycles. In chart (a), the bubble begins to expand when there
is negative pressure. With the increase of the absolute
value of the negative pressure, the bubble expands rapidly
and reaches the maximum radius until the positive pres-
sure is reached. Under the action of the positive pressure,
the bubble rapidly compresses to the minimum radius
and the internal temperature reaches a maximum. At
this time, the pressure inside the bubble is higher than
the liquid pressure, and the bubble expands again. The
bubble oscillates several times, and due to the attenuation
of viscosity, thermal, and compressibility of the liquid,
the local maximum bubble radius decreases and tends to
the equilibrium radius until the onset of the negative pres-
sure. The bubble temperature increases sharply at collapse
causing H,0 molecules to dissociate and produce a variety of
chemical products (e.g. ‘OH, H,, O, HO,, H,, and H,0, in chart
(b)). The variety of product yields inside the bubble at the
second collapse is presented in chart (c). It can be observed
that, at the collapse phase, the decomposition of water vapor
leads to a sharp decrease in H,0. Meanwhile, the amounts of



= Chunyuan Lu and Zongyong Lou DE GRUYTER

collapse phase, molar yields of different products are basi-
cally constant, which can be clearly seen in chart (b). During
the slow expansion of the bubble, chemical production and
consumption, including the diffusion of free radicals into the
liquid, are in dynamic equilibrium.

As shown in chart (b) in Figure 1, there is a transient
process, and the molar yields of chemical products increase
in the first few evolution cycles until they reach stable
values (i.e., dynamic equilibrium). For example, the molar
yield of ‘OH (red solid line) is 0, 7.79 x 10777, 2.90 x 107*¢, and
4.53 x 10 mol during the first four cycles, respectively.
After this transient process, all molar yields of chemical
products remain constant during bubble expansion. Similar
results were obtained in the study of Kalmar et al. [20]. In
most studies [17-19], the chemical production at the bubble
collapse is used to establish the cavitation activity, and the
accuracy of the results needs to be further explored. During
an acoustic cycle, compared with the time that the dynamic
equilibrium state is maintained, the time that the produc-
tion during bubble collapse is transient. In this study, the

calculation time is 30 acoustic cycles. During the last four
cycles, the maximum value of the temperature is extracted,
and the molar amount of chemical product corresponding to
the maximum bubble radius is the sampling point. According
to the results in the studies of Kalmar et al. [20,21], the tran-
sient process has been safely removed in this study.
As shown in charts (b) and (c) in Figure 1, many che-
mical products are generated, such as ‘OH, H, O, HO,,
H,0,, and H, which are the basis for the applications of
sonochemistry in wastewater treatment, drinking water
disinfection energy field, and so on. H,0, is effective
against bacteria, yeast, microalgae, and viruses [2]. ‘'OH is
critical to the efficiency of ultrasonic oxidation processes
[22]. As a strong oxidant, O can exist stably in an aqueous
solution and can diffuse in water to oxidize phenol without
causing other water decomposition reactions [23]. As a pro-
mising renewable energy source, H, has attracted attention
around the world [13,14]. Therefore, in the following ana-
lysis, the production of 'OH and H, during the steady state is
used to evaluate the bubble activity, and the influence of
static pressure and equilibrium radius on ‘OH and H, pro-

duction is also analyzed.
The variation in the maximum bubble temperature
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Figure 1: The calculated bubble radius (blue line), temperature (red line)
in chart (a), molar yields of different products in chart (b), and product

yields at the second bubble collapse in chart (c) with Py = 1.8 atm, f =
100 kHz, B, = 1atm, and Ry = 8 ym. The time axes are in dimensionless

form: = tf.

other chemicals increase drastically. For instance, the amount
of ‘OH and HO, increases by two and four orders of magni-
tude (from 7.62 x 10" to 1.46 x 10> mol and from 1.07 x 107
to 3.36 x 10™° mol), respectively. After the end of the bubble

(Thax) during the steady state as the function of the bubble
equilibrium radius (Ry) under different static pressures
and ultrasonic frequencies (140, 355, and 515 kHz) is shown
in Figure 2. The case of 140kHz excitation as shown
in Figure 2(a) is first analyzed. With the increase of Ry,
Tmax fluctuates drastically, and there are several local
maximum and minimum values. At various R, values,
Tax has a maximum value, but the equilibrium radius
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Figure 2: The maximum bubble temperature at the steady state as a
function of equilibrium radius under different static pressures (0.5, 0.7, 1,
1.2, and 1.3 atm). The ultrasonic frequencies are 140 kHz (a), 355 kHz (b),
and 515 kHz (c). P, = 1.5 atm.
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corresponding to the maximum value changes under dif-
ferent static pressures. When the static pressures are 0.5,
0.7,1, 1.2, and 1.3 atm, the equilibrium radii corresponding
to the maximum temperatures are around 2.62 um (5,324 K),
410 ym (4,785K), 10.23 pym (4,027 K), 13.23 ym (3,414 K), and
15.26 pm (2,929 K), respectively. When R, < 6 um, the increase
of static pressure leads to a decrease in Ty,.x. For example, at
Ry = 2 pm, the values of Ty, are 5,264, 4,523, 3,163, 1,422, and
755 K corresponding to static pressures of 0.5, 0.7, 1, 1.2, and
1.3 atm, respectively.

The calculated results for frequencies of 355 and 515 kHz
are shown in Figure 2(b) and (c). It can be observed that the
overall variation trend of Ty,.x with Ry is nearly the same,
but under the same excitation parameters, Tp,ax basically
shows a downward trend with the increase of frequency.
Similar results were obtained in the study of Dehane et al
[19]. In addition, the increase of ultrasonic frequency leads
to the increase of R, values corresponding to temperatures
below 1,000 K, which is the lowest temperature enabling
chemical reactions inside the bubble.

The evolution of the molar quantity of H, at the steady
state as a function of the bubble equilibrium radius (R,) for
five static pressures (0.5, 0.7, 1, 1.2, and 1.3 atm) under dif-
ferent frequencies (140, 355, and 515 kHz) is presented in
Figure 3. By changing R,, Gaussian curves for the molar
quantity of H, are obtained for all cases. It can be observed
that the R, values of active bubbles decrease with the
increase in static pressure, and this variation trend weakens
with the increase in frequency. The specific process can be
shown as follows. As static pressure increases from 0.5 to
1.3 atm, the range of active bubbles are 0.61-12.76, 1-12.86,
5.97-15.90, 11.39-17.11, and 12.81-17.57 pm at 140 kHz;
0.75-4.95, 1.16-4.97, 3.31-6.55, 3.73-7.97, and 5.23-8.89 pm at
355kHz; and 0.98-3.93, 1.93-4.48, 2.61-5.71, 3.22-6.91, and
3.96-6.50 um. At 140 kHz, the maximum molar amount of
H, under static pressure of 1atm is greater than that at
0.7 atm, then 1.2 atm, followed by 0.5 and 1.3 atm. Neverthe-
less, at 355 and 515 kHz, the above relationship becomes 0.5,
0.7,1, 1.3, and 1.2 atm.

The molar quantity of 'OH at the steady state as a
function of equilibrium radius (Ro) is plotted in Figure 4
under different static pressures (0.5, 0.7, 1, 1.2, and 1.3 atm)
at ultrasonic frequencies of 140, 355, and 515kHz. The
overall trend is almost the same as the molar quantity of
H,. Nevertheless, there are some differences between the
range of activation bubble radii and the optimal equili-
brium radii for ‘'OH and H, production. For instance, at
140 kHz, with static pressures of 1atm, for ‘OH generation,
the activation bubble radii range from 5.97 to 15.90 um, and
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Figure 3: The molar quantity of H, at steady state as a function of
equilibrium radius under different static pressures (0.5, 0.7, 1, 1.2, and
1.3 atm). The ultrasonic frequencies are 140 kHz (a), 355 kHz (b), and
515kHz (c). Py = 1.5 atm.

the optimum R, = 10.58 um (1.25 x 10~ mol), while the two
parameters for production are 2.73-17.09 and 11.62 um
(3.04 x 107 mol), respectively. These two data for the other
conditions can be easily obtained from Figures 3 and 4. In
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Figure 4: The molar quantity of ‘OH at the steady state as a function of
equilibrium radius under different static pressures (0.5, 0.7, 1, 1.2, and
1.3 atm). The ultrasonic frequencies are 140 kHz (a), 355 kHz (b), and
515 kHz (c). Py = 1.5 atm.

addition, the effect of static pressure on maximum ‘OH
production at frequencies 140 and 355kHz is quite dif-
ferent from its effect on H, generation. At a frequency of
140 kHz, the static pressures corresponding to the order of
maximum H, production from high to low are 1.2, 1, 1.3, 0.7,
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and 0.5 atm. At 355 kHz, the relationship is 0.7, 1, 0.5, 1.2,
and 1.3 atm. Nevertheless, at 515 kHz, this relationship is
the same with respect to that with hydrogen production.

In this study, the effects of equilibrium bubble radius
on the maximum temperature, H,, and ‘OH production at
steady state are analyzed under different static pressures with
ultrasonic frequencies of 140, 355, and 515 kHz. Previous stu-
dies focused on the characteristics of the first main bubble
collapse. Compared with the steady state, the collapse time is
very short, and the accuracy of the cavitation activity evalua-
tion based on the chemical quality in this state needs further
consideration. Therefore, the present study is carried out
under a steady state. The increase in bubble temperature
enhances the occurrence of chemical reactions, but the above
analysis results show that the increase in bubble temperature
is not necessarily conducive to the production of H, and ‘OH. It
is necessary to pay attention to the relationship between the
temperature inside the bubble and the chemical production,
which has been studied in the study of Merouani et al. [18]
based on the temperature and chemical production at the
bubble collapse. This relationship under steady state will be
the focus of our research group in the future.

In the present model, the Keller-Miksis equation is
used to describe the radial motion of the bubble, and the
effect of liquid compressibility is considered. The character-
istics of the mixed gas are described by the state equation of
ideal gas. However, the mixed gas is highly compressed
during bubble collapse, and gas compressibility needs to
be further considered. In addition, the temperature at the
bubble wall is the same as at infinity, which is not consistent
with the actual situation. Only heat transfer and chemical
reaction heat are considered, while mass transfer and unba-
lanced evaporation and condensation also affect the tem-
perature inside the bubble. Therefore, in a further study,
the above factors will be gradually considered, and their
influence on the sonochemical process inside the bubble
will be analyzed within large parameters.

4 Conclusions

In this study, the model of a single oxygen bubble in water
under acoustic excitation is established, and the influence
of static pressures (0.5, 0.7, 1, 1.2, and 1.3 atm) with ultra-
sonic frequencies of 140, 355, and 515 kHz on the sonochem-
ical characteristics inside the bubble at steady state is ana-
lyzed numerically. Under different static pressures, with
the variation in equilibrium bubble radius, the maximum
temperature fluctuates drastically, and the production of
H, and 'OH shows Gaussian curve distribution. When the
static pressure changes from 0.5 to 1.3 atm, the equilibrium
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radii corresponding to the maximum temperature are
around 2.62, 4.10, 10.23, 13.23, and 15.26 um, respectively.
Different combinations of static pressure and frequency
have significant effects on the range of equilibrium bubble
radius of cavitation activity and the maximum yields cor-
responding to the production of H, and ‘OH. Consequently,
the present study can provide guidance for the design of a
sonochemical reactor to improve the production efficacy of
H, and ‘OH.
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