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Formation of highly reactive species such as ‘OH, H:, HO," and H,0, due to transient collapse of cavitation
bubbles is the primary mechanism of sonochemical reaction. The crucial parameters influencing the for-
mation of radicals are the temperature and pressure achieved in the bubble during the strong collapse.
Experimental determinations estimated a temperature of about 5000 K and pressure of several hundreds
of MPa within the collapsing bubble. In this theoretical investigation, computer simulations of chemical
reactions occurring in an O,-bubble oscillating in water irradiated by an ultrasonic wave have been per-
formed for diverse combinations of various parameters such as ultrasound frequency (20-1000 kHz),
acoustic amplitude (up to 0.3 MPa), static pressure (0.03-0.3 MPa) and liquid temperature (283-
333 K). The aim of this series of computations is to correlate the production of ‘OH radicals to the tem-
perature and pressure achieved in the bubble during the strong collapse. The employed model combines
the dynamic of bubble collapse in acoustical field with the chemical kinetics of single bubble. The results
of the numerical simulations revealed that the main oxidant created in an O, bubble is ‘OH radical. The
computer simulations clearly showed the existence of an optimum bubble temperature of about
5200 + 200 K and pressure of about 250 + 20 MPa. The predicted value of the bubble temperature for
the production of ‘OH radicals is in excellent agreement with that furnished by the experiments. The exis-
tence of an optimum bubble temperature and pressure in collapsing bubbles results from the competi-
tions between the reactions of production and those of consumption of *OH radicals at high temperatures.
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1. Introduction

Acoustic cavitation is the phenomenon observed when ultra-
sound of sufficient intensity is transmitted through a liquid causing
micron-sized gas and vapor bubbles to oscillate, grow and violently
implode giving rise to extreme, but localized, conditions within the
collapsed cavities (extremely high temperatures and pressures)
[1]. Such conditions are primarily responsible for the chemical ef-
fects (sonochemistry) associated with acoustic cavitation in liquids
[2]. The extremely high temperatures and pressures formed in col-
lapsing cavitation bubbles in aqueous solutions lead to the thermal
dissociation of the trapped water vapor into H' and ‘OH radicals,
and with other species present, various other reactive species such
as HOy, O and H,0, may form [2,3]. A parallel reaction pathways
exist where volatile solutes may evaporate into the bubble and
be pyrolysed by the high core temperatures [2,4]. The radical spe-
cies produced can recombine, react with other gaseous species
present in the cavity, or diffuse out of the bubble into the bulk li-
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quid medium to serve as oxidants [5]. Among all the oxidants cre-
ated in the bubble, "OH radical is of primary interest because of its
high potential of oxidation. Under certain conditions bubble col-
lapse can also result in light emission, sonoluminescence, originat-
ing from the hot core of the bubble during the final stages of
collapse [4,6].

Experimental determinations of the temperature within a cavi-
tation bubble have been made by a number of research groups. By
fitting the experimentally recorded single bubble sonolumines-
cence spectra, temperatures in the range of 5000-20,000 K have
been estimated [7]. However, experimental estimation of the tem-
perature within the collapsing bubbles based on multibubble son-
ochemistry and sonoluminescence are reported to be between 750
and 6000 K. Misik et al. [8], using the kinetic isotope effect in an
EPR spin-trapping study of the sonolyse of H,O/D,0 mixtures,
found that the cavitation temperature determined was dependent
on the specific spin trap used and fall in the range of 1000-4600 K.
Misik and Reisz [9] used the Kinetic isotope effect in the ultrasound
induced production of radicals in organic liquids to estimate the
temperature during cavitation. The bubble temperature was found
to be in the range 750-6000 K. Suslick et al. [10], using compara-
tive rate thermometry in alkane solutions, postulated that there
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Nomenclature

Ar(A;)  pre-exponential factor of the forward (reverse) reaction
[(cm®mol s ') for two body reaction and (cm®-
mol~2 s~ 1) for three body reaction]

bf(b;)  temperature exponent of the forward (reverse) reaction

c speed of sound in the liquid medium (ms™!)

Eqr (Eqr) activation energy of the forward (reverse) reaction
(cal mol™1)

f frequency of ultrasonic wave (Hz)

I, acoustic intensity of ultrasonic irradiation (W m~2)

ke (k)  forward (reverse) reaction constant [(cm® mol ! s™!) for
two body reaction and (cm® mol~2s~1) for three body
reaction]

D pressure inside a bubble (Pa)

Doo ambient static pressure (Pa)

Pa amplitude of the acoustic pressure (Pa)

P, vapor pressure of water (Pa)

Pgo initial gas pressure (Pa)

R radius of the bubble (m)

Rinax maximum radius of the bubble (m)

Ro ambient bubble radius (m)

t time (s)

T temperature inside a bubble (K)

T, critical temperature of water (374.2 °C)
T, ambient liquid temperature (K)

Greek letters

Y specific heat ratio (cy/c,) of the gas mixture
o surface tension of liquid water (Nm™')

p density of liquid water (Kg m3)

u viscosity of liquid water (N m~2s)

are two regions of sonochemical reactivity: a gas phase zone with-
in the collapsing cavity with an estimated temperature and pres-
sure of 5200 + 650 K and 50 MPa, respectively, and a thin liquid
layer immediately surrounding the collapsing cavity with an esti-
mated temperature of ~1900 K. Henglein and coworkers [11], by
means of sonolysis of methane in argon saturated water, estimated
the bubble core temperature to be in the range of 1930-2720K,
depending upon the concentration of methane and argon present
in water (the temperature decreased with an increase in the per-
centage of methane). Using tert-butanol sonolysis as means, Tau-
ber et al. [12] estimated the bubble temperature to be in the
range 2300-3600 K. The higher temperature was obtained for fresh
water, whereas the lower temperature was obtained for solution
with the highest concentration of tert-butanol. Recently, Ashokku-
mar and coworkers measured the bubble temperature at different
conditions using the Methyl Radical Recombination (MRR) method
[13-15]. They found that the maximum bubble temperature is
obtained in fresh water and is greatly influenced by the fre-
quency of ultrasound. They estimated maximum temperatures of
about 3400+200K at 20kHz, 4300+200K at 366 kHz and
3700 £ 200 K (6200 K [15]) at 1056 kHz [13,14].

In the present study, we have theoretically estimated the opti-
mum temperature of collapsing bubble for the production of the
oxidants, i.e. "OH radicals. The used model combines the dynamic
of bubble collapse in acoustical field propagated in water with a
chemical kinetics consisting in nineteen reversible chemical reac-
tions occurring at high temperatures during the strong collapse
of the bubble. A series of computations were performed for more
than 400 combinations between various parameters including
ultrasound frequency in the range 20-1000 kHz, acoustic ampli-
tude up to 0.3 MPa, static pressure from 0.03 to 0.3 MPa and liquid
temperature between 283 and 333 K.

2. Model
2.1. Bubble dynamics model

The physical situation of the model is that of a gas and vapor
filled spherical bubble isolated in water oscillating under the ac-
tion of a sinusoidal sound wave. The temperature and pressure
in the bubble are assumed to be spatially uniform and the gas
content of the bubble behaves as an ideal gas [16]. The radial
dynamics of the bubble is described by the Keller-Miksis equa-
tion [17,18]:

R\ . 3 R\, 1 R Rd
<1C)RR+2<13C>R m(”ﬁm)
% [P—Pao —%—4H§+PA sin(2nft)] (1)

in this equation dots denote time derivatives (d/dt), R is the radius
of the bubble, c is the speed of sound in the liquid, p; is the density
of the liquid, o is the surface tension, u is the liquid viscosity, p is
the pressure inside the bubble, p.. is the ambient static pressure,
P, is the acoustic amplitude and fis the sound frequency. The acous-
tic amplitude P, is correlated with the acoustic intensity I, or
power per unit area, as P, = (2lop.c)"? [19]. Eq. (1) is only accurate
to first order in the bubble wall Mach number (R/c) but, for all
acoustic amplitudes in this study, this level of accuracy is sufficient
(the speed of the bubble wall (|R|) at the collapse never exceeds the
sound velocity in the liquid c, which is the assumption used in the
derivation of the equation [17]).

In the present model, the expansion of the bubble is considered
as isothermal and its total compression (implosion phase) is trea-
ted as adiabatic [20]. This assumption is very accepted as for high
frequencies the lifetime of the bubble is very short and the collapse
event occurs rapidly. We assume also that the vapor pressure in
the bubble remains constant during the bubble expansion phase
and there is no gas diffusion during expansion and no mass and
heat transfer of any kind during collapse. There exist in the litera-
ture some research studies that include these effects [20-22]. For a
comparative point of view, the inclusion of these effects, leading to
a realistic situation, might change the absolute values of the pre-
dicted collapse temperature and pressure but definitively will not
change the predicted trends including the qualitative variation of
the maximum radius, the collapse time and the maximum collapse
temperature with variation in operational conditions. Additionally,
the importance of mass and heat transfer occur over multiple cy-
cles of oscillation changing, in this case, the internal composition
of the vapor phase. Consequently, as the present numerical calcu-
lations were carried out for one acoustic period, the mass and heat
transfer will not also affect significantly the quantitative bubble
yield, predicted in one acoustic period. So, in order to reduce com-
putational parameters, the current model takes, as input, initial
bubble vapor content and neglects mass and heat transfer during
bubble expansion and collapse.

On the basis of the above assumptions, the pressure and tem-
perature inside the bubble at any instant during adiabatic phase
can be calculated from the bubble size, using the adiabatic law:
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where P, is the vapor pressure, Py =p., *+(20/Ro) — P, is the gas
pressure in the bubble at its ambient state (R = Rp), Ry is the ambient
bubble radius, T, is the bulk liquid temperature, R is the maxi-
mum radius of the bubble and y is the ratio of specific heats capac-
ities (cp/cy) of the gas/vapor mixture. It is important to notice here
that the assumption of spatial uniform pressure and temperature
inside the bubble is valid as long as inertia effects are negligible
and the velocity of the bubble wall is below the speed of sound in
the vapor/gas mixture. This assumption was justified in detail in
the paper published by Kamath et al. [23]. Also, Yasui et al. [22]
and Fujikawa et Akamatzu [24] pointed out in their models which
include heat transfer that the bubble temperature and pressure
are roughly uniform except at a very thin layer, called thermal
boundary, near the bubble wall.

2.2. Estimation of physical properties

Several physical properties (saturated vapor pressure, density,
surface tension, viscosity and sound velocity) in the above equa-
tions change with the liquid temperature T, (water is the liquid
medium in this study) and the static pressure p.. The equations
for the physical properties have been described in our previous
work [25].

2.3. Chemical kinetics model

For a bubble initially containing oxygen and water vapor, a ki-
netic mechanism consisting in nineteen reversible elementary
chemical reactions (Table 1) is taken into account involving O-,
H,0, "OH, H;, O, HO,,, H, and H,0, chemical species. The scheme
in Table 1 has been partially validated from hydrogen flame studies
[26] as well as shock-tube and reactor-type experiments [27]. It
has also been used by many research groups in sonochemistry
and sonoluminescence [20,23].

Rate expressions for the chemical reactions consider elemen-
tary reversible reactions involving k chemical species, which can
be represented in the general form as

Table 1

K

K
> vniXe < > vmiXi (4)

k=1 k=1

in which vy; in the stoichiometric coefficients of the ith reaction and
Xy is the chemical symbol for the kth species. The superscript ’ indi-
cates forward stoichiometric coefficients, while ” indicates reverse
stoichiometric coefficients. The production rate of the kth species
can be written as a summation of the rate of the variables for all
reactions involving the kth species:

1

Wk = Z(U;éi - U;ﬂ')ri (k = 17 s 7K) (5)

i=1

The rate r; for the ith reaction is given by the difference of the
forward and reverse rates as

K

K
ri =k ] [IXi"™ — ke ] [ X" (6)

k=1 k=1

where [X;] is the molar concentration of the kth species and k; and
k,; are the forward and reverse rate constants of the ith reaction,
respectively. The forward and reverse rate constants for the ith
reactions are assumed to have the following Arrhenius temperature
dependence:

Ky = AsT” exp _Ey (7)
e R,T
E.,
p— . bn‘ _ ari
Ky = AT exp < RgT> (8)

where Ry is the universal gas constant, A (A) is the pre-exponen-
tial factor, bs (by;) is the temperature exponent and E; (E;) is the
activation energy. Arrhenius parameters of each chemical reaction
in Table 1 are obtained from the NIST Chemical Kinetics Database
[28].

2.4. Procedure of the numerical simulation

The simulation of the reactions system (Table 1) occurring in
the bubble starts at the beginning of the adiabatic phase (time cor-
responding to R;,qy). The input parameters of the reactions system
are the composition of the bubble on water vapor and oxygen at

Scheme of the possible chemical reactions inside an O, cavitation bubble. M is the third body. Subscript “f’ denotes the forward reaction and “r” denotes the reverse reaction. A is
in (cm® mol~! s~ 1) for two body reaction [(cm® mol~2s~!) for a three body reaction], and E, is in (cal mol!).

Reaction A br Ear A; b, Ear

H,0+M o H +'0H+M 1.912 x 10 -1.83 1.185 x 10° 2.200 x 10% -2.00 0.00
0,+Mo0+0+M 4515 x 107 —0.64 1.189 x 10° 6.165 x 10'° -0.50 0.00
‘OH+M o O+H +M 9.88 x 10'7 —0.74 1.021 x 10° 4714 x 10'® —~1.00 0.00
H+0, < 0+ '0H 1.915 x 104 0.00 1.644 x 10* 5.481 x 10" 0.39 ~2.93 x 10?
H'+0,.M & HOy + M 1.475 x 10'2 0.60 0.00 3.090 x 10'? 0.53 4.887 x 10*
0 +H,0 < 'OH + ‘OH 2.970 x 10° 2.02 1.340 x 10* 1.465 x 10° 2.11 —~2.904 x 103
HO, +H — H, + 0, 1.660 x 10'3 0.00 8.230 x 10? 3.164 x 10'? 0.35 5.551 x 10%
HO, +H' — 'OH +‘OH 7.079 x 10" 0.00 2.950 x 10% 2.027 x 10'° 0.72 3.684 x 10%
HO, +0 < OH + 0, 3.250 x 103 0.00 0.00 3.252 x 10'? 0.33 5.328 x 10*
HO, +'OH < H,0 + 0, 2.890 x 10" 0.00 —4.970 x 10? 5.861 x 10'° 0.24 6.908 x 10*
Hy+MoH+H +M 4.577 x 10'° -1.40 1.044 x 10° 1.146 x 10%° -1.68 8.200 x 10%
0 +H, —H +OH 3.820 x 10'? 0.00 7.948 x 10° 2.667 x 10* 2.65 4.880 x 10°
‘OH + Hy < H' + H,0 2.160 x 108 1.52 3.450 x 103 2.298 x 10° 1.40 1.832 x 10*
H,0, + 0, « HOy" + HOy' 4.634 x 10'° —-0.35 5.067 x 10* 4.200 x 10 0.00 1.198 x 10*
H,0,+M « ‘OH +‘0OH + M 2.951 x 10 0.00 4.843 x 10* 1.00 x 10" -0.37 0.00

H,0, + H < H,0 + ‘OH 2.410 x 10" 0.00 3.970 x 103 1.269 x 10® 131 7.141 x 10*
H,0, + H'  H, + HOy' 6.025 x 10" 0.00 7.950 x 10° 1.041 x 10" 0.70 2.395 x 10*
H,0, + 0 « ‘OH + HOy' 9.550 x 106 2.00 3.970 x 10% 8.660 x 10° 2.68 1.856 x 10*
H,0, + ‘OH < H,0 + HOy’ 1.000 x 10'? 0.00 0.00 1.838 x 10'° 0.59 3.089 x 10*
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Table 2
The ranges of parameters used in the present computation study. All numerical simulations were performed for bubbles initially composed of oxygen and water vapor.
Frequency f Acoustic amplitude Py Static pressure p,, (MPa) Liquid temperature T, (K) Range of initial radius R Number of
(kHz) (MPa) (pm) combinations
20 0.1 0.08, 0.1 298 1-25%° 40
200 0.15-0.3 0.1 293 0.25-18¢¢ 70
300 0.15-0.3 0.1 (0.03-0.3 MPa for 293 (283-333K for 0.25-124¢f 140
T =293 K) P = 0.1 MPa)
500 0.15-0.3 0.1 293-323 0.25-7¢ 100
1000 0.15-0.3 0.1 293 0.25-3.59¢8 60

¢ Burdin et al. [31].

b Tsochatzidis et al. [32].

¢ Thiemann et al. [33].

4 Merouani et al. [35].

€ Labouret and Frohly [34].
f Yasui et al. [36].

€ Yasui et al. [37].

this point, the temperature and pressure profiles in the bubble dur-
ing adiabatic phase and the collapse time. All these parameters
were obtained by solving the dynamics equation (Eq. (1)). As the
bubble temperature increases during the adiabatic phase, the reac-
tion system evolves and radicals start to form by thermal dissoci-
ation of H,O and O, molecules in the bubble (Reactions (1) and
(2) in Table 1). Thus, the composition of the bubble for all species
expected to be present (O,, H,0, "*OH, H, O, HO5', H, and H,0,) was
determined at any temperature during the collapse phase. The sim-
ulation of the reactions system was stopped after the end of the
bubble collapse. It should be also noticed that the effect of the
chemical reaction (heat of reaction) occurring in the cavity on
the bubble dynamics is known to be not significant [21,29]. The
dynamics output results, thus, will not greatly affected by the
chemical reactions. This effect is not taken into account in the pres-
ent numerical investigation.

3. Results and discussion

The present numerical simulations have been performed for
ultrasound frequencies in the range of 20-1000 kHz because it is
the range of frequencies commonly used in sonochemistry. An-
other important factor for the numerical calculations is the ambi-
ent bubble radius Ry of bubbles that can produce sonochemical
effects. Experimental [30-34] and theoretical [35-37] studies dem-
onstrated that the ambient size of the cavitation bubbles has an
interval rather than a fixed size. Moreover, the range itself of the
ambient radius is strongly dependent on the experimentally con-
trollable parameters, particularly on the ultrasound frequency. In
this study, the ranges of ambient radius Ry for the numerical sim-
ulations are selected as function of frequency according to the
experimental and theoretical results. Detailed informations about
the ranges of parameters used in the present numerical study are
illustrated in Table 2.

3.1. Bubble dynamics and production of the oxidants

In Fig. 1, the calculated bubble radius is shown as function of
time for one acoustic cycle with the liquid pressure for an ultra-
sonic frequency of 500 kHz and pressure amplitude of 0.25 MPa
when the ambient radius of an isolated oxygen bubble is 3 pm. It
is seen that a bubble initially expands during the rarefaction phase
of an ultrasonic wave and when the liquid pressure becomes great-
er than 1atm, at the compression phase, the bubble expansion
slows down. Finally, the bubble begins to collapses violently and
then expands again. The maximum bubble radius is 10.22 pm
and the timescale of the bubble expansion is about 3 times larger
than that of the collapse.

In Fig. 2, the calculated bubble radius and the temperature in-
side a bubble are shown as function of time during the collapse
phase. The bubble collapses very violently and the temperature
and pressure inside a bubble increase suddenly at the end of the
bubble collapse up to 4600 K and 1400 atm (~140 MPa) and then
decrease very soon.

In Fig. 3, the mole fraction of each chemical species in the bub-
ble is shown as function of time at around the end of the bubble
collapse. The temperature profile inside the bubble is also included
in this figure. In O,-satured water, the main bubble contents are
oxygen and water vapor. At the final stage of the bubble collapse
when the temperature and pressure inside a bubble increased
drastically, more than 20% of oxygen and 40% of water vapor are
dissociated in the bubble and many chemical products such as
H,, HOy', H', O and 'OH are created in the bubble. It is seen that
the amount of each chemical oxidants attained their upper limit
at the end of the bubble collapse (Fig. 3). From Fig. 3, it is also evi-
dent that "OH radicals is the dominant radical species produced in
the bubble and constitute alone more than 60% of the oxidants
("OH, H', 0, HO,' and H,0,) created in the bubble. In the following
Section 3.2 we will, thus, employed only the mole fraction of ‘OH
radicals formed in the bubble per collapse as means to represent
the activity of the collapsing bubble.

The chemical analysis performed for the case of Fig. 3 showed
that "OH radicals are formed in the bubble mainly by the following
reactions: H,O0+M — H'+'OH + M, H,0,+M — 2'OH and HOy" + -
O - "OH + 0, and consumed mainly thought 2*0OH — O + H,0, HO,-
“+'0OH - H,0+0, and ‘OH+M — H + 0+ M. Oxygen atoms are
formed mainly thought 2’0H - O +H,0 and OH+M - H'+0+M
and consumed mainly thought O+-OH — O, +H:, HOy'+0 — -~
OH+0, and 20 +M - O, + M. Perhydroxyl radicals are formed
mainly thought H'+0,+M — HO,”+M and consumed mainly
thOUght HO, +°'0OH —» H,O0 + 0,, O+ HOy' — "*OH + O,, 2HO," — H».
0, + 0, and 2HOy" + H - H,0, +‘OH. Hydrogen atoms are formed
by Hb,O+M - H +'OH+M, O+'OH - O,+H and OH+M - O +
H'+M and consumed mainly thought a reaction H'+ 0O, +-
M — HOy" + M. Molecular hydrogen was not found to be formed
by recombination of hydrogen atoms (H-+ H+ M — H, + M) as re-
ported in the literature but thought a reaction H +'OH —» O + H,
and consumed mainly by ‘OH + H, — H* + H,0. Also, Hydrogen per-
oxide has not seen to be formed in the bubble at appreciable
amount because at higher temperatures H,0, is unstable and dis-
sociates inside a bubble mainly thought a reaction H,O, + M —
2'0H + M.

3.2. Optimum bubble temperature and pressure

The mole fraction of ‘OH radical created in the bubble per col-
lapse for each case of the diverse combinations (more than 400
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points of combination (Table 2)) was related to the corresponding
maximum temperature and pressure achieved in the bubble at the
collapse. The correlation between the bubble temperature and the
mole fraction of ‘OH radicals created per collapse is shown in Fig. 4.
The correlation between the pressure inside a bubble at the col-
lapse and the mole fraction of ‘OH radicals formed in the bubble
per collapse is shown in Fig. 5. As can be seen, two valleys of points
were obtained constituting the mole fraction of "OH radicals cre-
ated per collapse as function of temperature (Fig. 4) and pressure
(Fig. 5). The numerical simulations clearly showed the existence
of an optimum bubble temperature of about 5200 + 200K and
pressure of about 250 + 20 MPa for the production of ‘OH radicals,
as can be seen in Figs. 4 and 5. Suslick and coworkers estimated, by
kinetic measurements, a maximum bubble temperature of
5200+ 650K [10]. They also determined a temperature of
5100 + 200 K, using a spectroscopic measurements during multi-
bubble sonoluminescence (MBSL) emitted from excited states of
free metal atoms [38,39]. Ashokkumar and coworkers [15] deter-
mined a maximum bubble temperature between 5000 K and
6000 K using the Methyl Radical Recombination Method (MMR).
Thus, the optimum bubble temperature predicted in our study
(5200 £ 200 K) is in excellent agreement with the experimentally
estimated bubble temperatures. Additionally, Suslick and cowork-
ers [40] experimentally determined an average pressure of about
150 MPa inside a single-sonoluminescing bubble. Upon stronger
acoustic driving of the bubble, they estimated a maximum pres-
sure of about 370 MPa [40]. Thus, the optimum value of pressure,
250 + 20 MPa, predicted in our theoretical study for oxygen bub-
bles is in the same order of magnitude with the experimentally
estimated pressures. The observed difference may be due to the
different saturating gases: O, for our theoretical study and Ar for
Suslick’s studies.

Another important statement that can be made from Fig. 4 is
that although all bubbles having temperatures at the collapse in
the range of 1000-7000K are actives, the more active bubbles
are those achieving temperatures between 4000 and 6000 K, which
is nearly the same range of experimentally bubble temperatures
reported in the literature [10-15]. Correspondingly, all bubbles
achieving pressures at the collapse between 10 MPa and 400 MPa
are active and can produce chemical effect (Fig. 5). This predicted

bubble radius

~

liquid pressure

Bubble radius (um)
Liquid pressure (MPa)

-0.3

[

(,_..‘......l...........ov_\
0 1 15 2

Time (us)

Fig. 1. Bubble radius and liquid pressure as a function of time for one acoustic cycle
(2 ps). The liquid pressure is the sum of the acoustic pressure —P, sin27ft and the
static pressure P, (conditions: ambient bubble radius: 3 um; frequency: 500 kHz;
acoustic amplitude: 0.25 MPa; temperature: 293 K; static pressure: 0.1 MPa). The
maximum radius is 10.22 pm, the lifetime of the bubble is about 1.765 ps and the
collapse time is about 0.52 ps.
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Fig. 2. Bubble radius and temperature and pressure inside a bubble as function of
time during the collapse phase of the bubble, for the same conditions as in Fig. 1.
The horizontal axis is only for 0.6 pus. A maximum bubble temperature of about
4600 K and pressure of about 1400 atm (~140 MPa) are achieved at the end of the
collapse. In this figure, we preferred to present the pressure inside a bubble in atm
rather than MPa to only present it on the same axis (secondary axis) with the
bubble temperature.
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Time (ps)
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Fig. 3. Mole fraction of each chemical species inside a bubble as function of time at
around the end of the bubble collapse. Results obtained for the same conditions as
in Fig. 1. The horizontal axis is only for 0.0084 ps. It is clear that "OH radical is the
main product formed inside a bubble at the end of the bubble collapse.

range of pressures, 10-400 MPa, cover the range of pressures
determined experimentally, which is from 30 to 400 MPa [39].

It is possible that the distribution of the cavitation bubble tem-
perature and pressure at the collapse with respect to the ambient
bubble radius is the reason for the trends observed in Figs. 4 and 5.
To verify this point, the distribution of the cavitation properties
(temperature and pressure) are plotted in Fig. 6 as function of
ambient bubble radius for some conditions of Table 2. From
Fig. 6, it is observed that the distribution curves are not homoge-
neous for each range (linear for 20 kHz, decreases sharply for 200
and 300 and presents a maximum of about 7500 K (Fig. 6a) and
900 MPa (Fig. 6b) for smallest bubble radii at 500 and 1000 kHz)
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Fig. 4. The correlation between bubble temperature at the collapse and the mole
fraction of "‘OH radical formed inside a bubble per collapse for oxygen/water vapor
bubbles. The numerical results were obtained from more than 400 combinations of
different parameters including ultrasound frequency (20-1000 kHz), acoustic
amplitude (0.1-0.3 MPa), static pressure (0.03-0.3 MPa), liquid temperature
(283-333 K) and initial bubble radii Ry (Table 2). An optimum bubble temperature
for the production of *OH radicals is clearly observed at about 5200 + 200 K.
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Fig. 5. The correlation between the pressure inside a bubble at the collapse and the
mole fraction of ‘OH radical formed inside a bubble per collapse for oxygen/water
vapor bubbles. The numerical results were obtained from more than 400 combi-
nations of different parameters including ultrasound frequency (20-1000 kHz),
acoustic amplitude (0.1-0.3 MPa), static pressure (0.03-0.3 MPa), liquid tempera-
ture (283-333 K) and initial bubble radii Ry (Table 2). An optimum internal pressure
is clearly observed at about 250 + 20 MPa.

and there is no direct correlation between the temperature and
pressure distribution and the ambient bubble radius contrary to
Figs. 4 and 5 where strong correlations between the mole fraction
of ‘OH radical and temperature and pressure inside bubbles are ob-
served. Thus, these results (Fig. 6) clearly show that the observed
change in the mole fraction of ‘OH radical with variation in the
bubble temperature (Fig. 4) and pressure (Fig. 5) is not a direct ef-
fect of the distribution of the cavitation temperature and pressure
with respect to the ambient bubble radius.

Yasui et al. [41], using a more detailed model, predicted an opti-
mum bubble temperature of about 5500 K for the production of the
oxidants in an air bubble because, as reported by the authors, for
higher bubble temperatures (>5500 K), the oxidants are strongly
consumed inside a bubble by oxidizing nitrogen. In our case (O,
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Fig. 6. Distribution of the cavitation bubble temperature (a) and pressure (b) at the
collapse for various ambient bubble radii (conditions: frequency: 20-1000 kHz,
acoustic aptitude: 0.1 MPa for 20 kHz and 0.3 MPa for the other frequencies, liquid
temperature: 293 K, static pressure: 0.1 MPa). It is clearly shown that there is no
direct correlation between the temperature and pressure distribution and the
ambient bubble radius, which excludes the direct contribution of the bubble
temperature and pressure distributions on the trends of Figs. 4 and 5.

bubble), because nitrogen is absent, the existence of an optimum
bubble temperature and pressure for the production of *OH radicals
may be attributed to the competition between the reactions of pro-
duction and those of consumption of ‘OH radicals at high temper-
atures. The determination of the exact reactions for these two
processes is difficult because of different operational conditions
(combinations between parameters). However, basing on the re-
sults of Figs. 4 and 5, it can be seen that for temperatures and pres-
sures less than 4500 K and 180 MPa respectively, linear evolutions
of the valleys of points constituting the mole fractions of ‘OH rad-
icals created per collapse as function of temperature (Fig. 4) and
pressure (Fig. 5) are observed. So, we can make a decision that
the reactions of consumption has no significant impacts when
the bubble temperature and pressure are less than 4500 K and
180 MPa, respectively and, thus, the reactions of production are al-
ways dominated. However, when the bubble temperature and
pressure exceed 4500 K and 180 MPa respectively, we observe a
decline in the valleys of Figs. 4 and 5, indicating that the reactions
of consumption are started to take place by scavenging "OH radi-
cals. The scavenging effect of the consumption reactions continues
to increase with the internal temperature and pressure above
4500 K and 180 MPa to finally yield an optimum temperature of
around 5200 K and pressure of around 250 MPa for the production
of ‘OH radicals. This is possibly the unique reason for the existence
of an optimum bubble temperature and pressure for the produc-
tion of the oxidants, i.e. OH radicals, in the collapsing bubbles.
Finally, we don’t optimize the bubble temperature to control it
because it is an incontrollable parameter in the cavitation field, but
to clarify by numerical simulations, for the first time, for an oxygen
bubble that there exists on optimum bubble temperature for the
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production of *OH radicals. This alone constitutes an advance in the
field of cavitation used for sonochemistry because the bubble tem-
perature is the paramount parameter that characterizes the cavita-
tion bubbles in acoustical field [15]. Furthermore, the optimum
bubble temperature predicted numerically presents in reality the
maximum bubble temperature determined experimentally be-
cause both, experimental and numerical determinations, are indi-
rect methods based on quantification of the products of
sonochemical reaction (i.e. ‘OH radical for the numerical determi-
nation and ethylene and ethane in the case of methyl radical
recombination (MRR) method [15]). Determining the maximum
bubble temperature is, thus, critical to understanding the phenom-
ena (sonochemistry, sonoluminescence, etc.) induced by cavitation
bubbles in liquids.

4. Conclusion

In this study, we performed a series of simulations of chemical
reactions inside an isolated spherical bubble oscillating in water
irradiated by an ultrasonic wave. The simulations were performed
for diverse combinations (more than 400 points) of various param-
eters such as ultrasound frequency (20-1000 kHz), acoustic ampli-
tude (up to 0.3 MPa), static pressure (0.03-0.3 MPa) and liquid
temperature (283-333 K). The aim of this series of computations
is to correlate the production of ‘OH radicals to the temperature
and pressure inside a collapsing bubble. An optimum bubble tem-
perature of about 5200 + 200 K and pressure of about 250 + 20 MPa
were found. These predicted values of the bubble temperature and
pressure for the production of ‘OH radicals are in good agreement
with those furnished by the experiments. The competition be-
tween the reactions of production and those of consumption of
‘OH radicals is the unique reason for the existence of optimum
bubble temperature and pressure for the production of the oxi-
dants, i.e. "OH radicals, inside a collapsing bubbles initially com-
posed of oxygen and water vapor.
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