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Abstract. We present a theoretical analysis of the influence of shock wave propagating
in bubble cluster and bubble combining in expansion phase on maximum temperature
inside central bubbles. By using adiabatic model and assumptions for simplifying the
problem we find that these parameters have significant effects on temperature rising in
compression phase. In particular, the shock wave, in comparison to bubble combining,
has a greater impact on the maximum temperature.
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1 Introduction

Single-bubble sonoluminescence (SBSL) was discovered in 1989 by Felipe Gaitan [1]. It is
a light emission phenomenon from a single bubble in liquid irradiated by an ultrasonic
wave. Although the driving pressure is usually a simple harmonic wave, the evolution of
the radius of the bubble is complicated (slowing growth and rapid collapse). The bubble
expands up to nearly ten times of its initial radius, then collapses extremely quickly and
results in adiabatic heating of the gas inside the bubble. The collapse is followed by
afterbounces with roughly the eigenfrequency of the bubble. Indeed after the expansion
phase of the bubble in the first half cycle, severe collapse takes place in the second half-
cycle and at the end of collapse light pulse is emitted. The pulse width of the light has
been experimentally measured to be less than 50 ps [2,3]. It was shown that the light
pulse is emitted periodically with the frequency of the ultrasonic wave [3]. The spectrum
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is broadband and can be fitted by a black-body formula with the effective temperatures
ranging from 6000 to 25000 K [4-7].

Many different theories have been developed to explain sonoluminescence, but most
researchers now agree that the observed light pulses are due to shock wave and compres-
sive heating of the gas/vapor plasma to incandescent temperatures. Sonoluminescence
has been studied a lot in the literature and has been attracted a great deal of attention
for both multiple bubble sonoluminescence (MBSL) and single bubble sonoluminescence
(SBSL). For a good review see [8,9]. Particle density, temperature and pressure during
the implosion of cavitation bubbles depend on the experimental conditions. It seems that
by choosing a suitable liquid and optimization of the effective parameters such as initial
radius, acoustic pressure amplitude, initial temperature of the liquid and acoustic wave
frequency the temperature and pressure can be greatly enhanced.

In 2002 Taleyarkhan optimized the experimental conditions and claimed that, in his
experiment, the temperature and pressure in bubble center was so high that fusion has
occurred. In fact, the goal of Taleyarkhan experiments was to create a suitable condition
to have thermonuclear fusion during the compression of cavitation bubbles, and this
means that the maximum temperature of Taleyarkhan experiment raises 100 times in
comparison to typical sonoluminescence experiments [10].

In order to get this result a fundamental change in experimental technique was made,
which allowed one to increase the kinetic energy of the liquid, accelerated toward the
bubble’s center, several times. Thus the effect of shock wave compression was enhanced
drastically. They increased the amplitude of standing acoustic wave up to 10 times. It is
worth to mention that in most of liquids cavitation can be occurred, when they are un-
der the high tension as above. The test liquid used in experiments was a well-degassed
organic liquid. Because of the high molecular weight (M =64) and lower adiabatic con-
stant (v =1.125) the speed of sound in acetone (Cc=+/(Ry/M)T, R is the universal gas
constant) is less than other common liquids that could be utilized. This leads to the for-
mation of stronger shock waves. In recent years, the result of this experiment have been
confirmed or challenged by many researchers [11-17].

In this work, the effects of various parameters including shock wave in cluster and
coalescence of bubbles in expansion phase on maximum temperature inside the bubble
are numerically investigated. This was done by using adiabatic model and applying
some assumptions for simplifying the problem. It is important to note that the effects
of these parameters are investigated theoretically and for full analysis of the problem
and also comparing the results with experimental data we need to consider the other
effects such as mass and heat diffusion, shock wave propagation inside the bubble in
compression phase and chemical reactions among the particles inside the bubble.



Y. Leghapour and H. Mohammadian / J. At. Mol. Sci. 5 (2014 ) 1-8 3

2 Model

We use adiabatic model to study the influences of effective parameters in temperature
and pressure rising inside the central bubble in bubble cluster. In this model bubble
oscillation cycle is divided into two parts: First, the expansion phase, in which the wall
velocity is low in comparison to the speed of sound in gas/vapor inside bubble, and we
can use isothermal approximation. Second, the compression phase, in which the wall
velocity is high and we can use adiabatic approximation. Also, during the full cycle the
pressure and temperature inside the bubble are assumed uniform.
The dynamics of the bubble wall is described by the Rayleigh-Plesset (RP) equation:
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where P, is the uniform gas pressure inside the bubble, P, =iP,sin is the acoustic forcing
pressure with angular frequency w, Py is the ambient pressure valid during the measure-
ments and the remaining parameters are material constants of the host liquid, e.g. C is
the speed of sound, p is its density, and v is the kinematic viscosity. The gas pressure P,
can be related to R (t) through the equation of the state.

We use the modified polytropic van der Waals equation of state, which includes the

effects of surface tension
B 20\ [ R3—13 "
rit1=(mo ) (wotm) @

Here h is the hard core van der Waals radius of the gas, Ry is the initial radius of bubble
and v is the ratio of specific heats and should be considered as function of radius and
velocity of the bubble [18]
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A and B are the constant parameters and P, is peclet number and describes the radial
motion of the bubble: )
R(t)|R(t
(1)~ RIOIRE)]

X(R.t)
where x(R,t) is the thermal conductivity of the gas inside the bubble and is related to
effective atomic mass and molecular weight of particles inside the bubble [19, 20].

In most of the acoustic period, except the final phases of the collapse and after-bounces,
the gas can be considered isothermic, thus one has y=1.
The evolution of temperature inside the bubble is given as follows [21]
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Figure 1: The evolution of liquid pressure intensification within an imploding bubble cluster at different radii,
r, for a cluster with 1000 bubbles subjected to a 15 bar compression pressure on the boundary of the bubble
cluster (r=R)[22].

3 Results and discussion

In the experiments of Taleyarkhan, spherical cluster of 1000 bubbles were exposed to an
acoustic field. The measured pressure amplitude of the acoustic field on the periphery
of the bubble cluster was same as the amplitude of the applied acoustic field. This was
not the same as the pressure on the bubbles near the center of the cluster. The bubbles in
the central region of the cluster may be subjected to a much higher compression pressure
than the peripheral bubbles because of multibubble dynamics. These dynamics induces
an amplification of the compression wave. For a spherical bubble cluster the focusing
and intensification of compression waves was investigated numerically in [22-24]. Fig. 1
shows the evolution of liquid pressure intensification within an imploding bubble cluster
at different distances from cluster center. As it can be seen the bubbles in the central
region of the cluster may be subjected to a much higher compression pressure than the
peripheral bubbles also it may be subjected to a lower pressure in expansion phase than
the peripheral bubbles. So we expect that the compression in central bubbles be more
powerful than the ones in far distances.

3.1 The effect of shock wave on wall velocity and maximum temperature in-
side bubble

We consider single bubble near the center of cluster exposed to a sinusoidal acoustic wave
with the assumption that the evolution of acoustic wave is sinusoidal and the amplitude
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Figure 2: Variation of the bubble wall velocity versus time in different p.. Solid: p.=5 atm, dashed: p. =12
atm and dotted: p. =28 atm.

of acoustic wave in compression phase, according to figurel, is higher than the expansion
phase. So we can assume a bubble under the influence of acoustic wave with variable
amplitude in two phases

Poc=p(t)sin(wt) p(t)=pe,pc (6)

where p, and p, are the amplitude of acoustic, wave in expansion and compression phase
respectively. We can study the effect of pressure increasing in the compression phase
(Due to the shock wave propagation in cluster) by replacing p. with p. in second phase.
All of the calculations have been performed for a driving frequency of 19 kHz, pressure
amplitude of p, = 1.4 atm and the initial bubble radius of Ry = 3um .The physical and
chemical properties of the deuterated acetone at 20°C are given in Table 1.

Table 1: Physical properties of deuterated acetone at 20°C.
Cims™!) pkgm2) v(m?s~!) o(Nm})
1189 921 4.59 0.029

In Fig. 2 the effect of amplitude increase of acoustic pressure in compression phase
on wall velocity has been shown. We see that the increase in the pressure amplitude in
compression phase leads to increase in bubble wall velocity and peaks shift to the right.
In the second stage, bubble sees more positive pressure and ultimately the velocity of wall
reaches to its maximum value. Temperature inside the bubble is directly proportional to
wall velocity, which is due to the increase in the strength of the bubble collapse, so peak
temperature of the bubble has been increased (Fig. 3).

3.2 The effect of coalescence of bubbles in expansion phase on maximum
temperature

During the expansion phase, bubbles are combined together and bigger bubbles are cre-
ated. The bubble coalescence process within the expanding bubble clusters is mainly con-
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Figure 3: Temperature inside the bubble versus time in different p.. Solid: p.=p,, dashed: p.=12 atm, dotted:
pc=>5 atm and long dashed: p.=28 atm
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Figure 4: Variation of the temperature inside the bubble versus time in compression phase. Solid: Ry = Rmax,
dashed: Rp=4Rmax and dashed: Ryp=11Rmax.

trolled by liquid film drainage dynamics between adjacent bubbles. The film drainage is
driven by surface tension forces and is limited by liquid inertia. Calculations show that
the time, which is needed for bubbles to coalesce, is about 2-3 ps. So bubbles within an
expanding bubble cluster have sufficient time to coalesce. The effect of maximum bub-

ble size, R;4y, On the intensification of gas compression was confirmed experimentally in
[25].

In this stage we increase the Rmax, depending on the number of combined bubbles,
and run the adiabatic code in compression phase. Fig. 4 shows the effect of coalescence of
bubbles in expansion period on temperature evolution in compression phase. Combining
bubbles in expansion phase causes the bubble to be accelerated and get higher speed in
a longer path and as a result intense compression takes place.

Finally we have considered the effects of these two factors and performed the code in
compression stage. As it is obvious from the Fig. 5 the maximum temperature increases
intensively.
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Figure 5: Variation of the bubble radius versus time with considering both the shock wave and bubble combining
in expansion stage. (P, =28 atm, Ryp=11Rmax)-

4 Conclusion

A model of single-bubble sonoluminescence was constructed. In this model, the temper-
ature and pressure was assumed to be spatially uniform inside the bubble. It was shown
that the shock wave, propagating inside cluster and coalescence of bubbles during ex-
pansion phase, increases both the wall velocity and maximum temperature inside the
bubble. Coalescence of bubbles during expansion phase causes the wall of bubble to be
accelerated and get higher speed in a longer path and as the result intense compression
takes place. Shock wave increases the amplitude of acoustic wave in compression phase
and causes significant increase of temperature inside the bubble.
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