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Ambient temperature effect on single-bubble sonoluminescence in different concentrations

of sulfuric acid solutions
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The effect of ambient temperature on the parameters of the single-bubble sonoluminescence in sulfuric acid
(SA) diluted in water is studied. Using a hydrochemical model, three dominant instabilities of shape, Bjerknes, and
diffusion are considered. The phase diagrams of the bubble in the (R, — P,) space are presented, and the parametric
dependence of the light intensity is discussed. In contrast to water, the calculated thermal-bremsstrahlung
mechanism of light emission at the fixed degassing condition of high SA concentrations shows that, with
increasing the temperature of aqueous SA solutions, the light intensity increases. However, at diluted SA solutions
similar to water, the light intensity decreases with increasing the ambient temperature. For 50 wt % SA, it was
observed that the emitted light was almost temperature independent. Furthermore, it is found that, at the fixed
temperatures of 20 °C, 10 °C, and 0 °C, the aqueous solutions of 65 wt %, 50 wt %, and 45 wt % SA, respectively,

have the maximum light emission.
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I. INTRODUCTION

Since the stable demonstration of sonoluminescence (SL)
by Gaitan et al., various aspects of this unique phenomenon
have been studied intensively [1,2]. In addition, valuable
reports about single-bubble SL (SBSL), multibubble SL
(MBSL) also were studied extensively [2]. However, due to
the bubble high stability and longer glowing time, the research
on SBSL is pursued more. Temperatures and pressures are
much higher in SBSL than in MBSL. This is because of the
isolation of the SB from perturbations.

The recent paper on SL using sulfuric acid (SA) denotes
that the response of the gas bubbles in this host liquid are
very different from what has been reported for water in
several aspects [3—7]. Several observations of SBSL in SA
are reported in the interesting dynamical states of the SL
bubble, such as moving SBSL (MSBSL) [3,8,9], jittering
SBSL, and regular lattices of luminescing bubbles [3]. This
is due to various features of SA, such as low vapor pressure (3
orders of magnitude less than that of water), a high solubility
of sonolysis products, producing various SAs aqueous with
different viscosities and transparency for the wavelengths
down to 200 nm. Extremely intense SL in SA aqueous
solutions has been discovered in both SBSL and MBSL on the
order of 2700 times brighter than SL in water, which shows the
difference between SBSL in SA and water [6]. SBSL can be
produced in water by an acoustic pressure ranging from 1.3 to
1.5 bar. Using SA solutions as the host liquids, Ar bubbles can
be driven at higher acoustic pressures than that of water [3].

It is reported that the emitted light intensity of SBSL
is very sensitive to parameters, such as ambient pressure
[10-12], ambient temperature [10,13—16], noble gas con-
tent [2], and host liquid concentration [3,17]. One of the
interesting observations in experiments of SBSL is the high
dependency of light emission on ambient temperature. Those
experimental papers verify that SL in cold water emits a
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much higher intensity of light where the radiation intensity
at 0°C is 2 orders of magnitude higher than that of water
at40°C.

Although valuable experimental papers as well as theoret-
ical papers have reported on the ambient temperature effect
of SBSL in water, it is not extended to the other liquids,
such as SA solutions [10,13—-16]. Recently, a numerical paper
on the SBSL of the Ar bubble in some concentrations of
SA solutions was reported, which was limited to only one
value of ambient temperature at 20°C [17]. More recently,
the behavior of SBSL in water and one concentration of SA
also were reported [18]. However, due to the lack of data
and results in different concentrations of SA, a comprehensive
consequence was not deduced. The hereby research provides a
more detailed investigation of the ambient temperature effect
on the physical parameters of the host liquid and SBSL
intensity. This paper extends the behavior of SBSL in different
concentrations of SA at various ambient temperatures, which
is much more compatible to the available experimental
results, and the physics reason behind this behavior also
is explained.

In this paper, based on the hydrochemical model, which will
be discussed later in the paper, the numerical study of SBSL in
SA solutions, the effect of the ambient temperature on the SL
intensity of various concentrations of SA and its relation to the
liquid physical parameters, is discussed. It was very interesting
to see that, in contrast to the earlier reports of SBSL for water
[10,15,16], at the higher SA concentrations, by decreasing the
SA aqueous solution temperature, the light intensity decreases.
In the present paper, for the SA solutions containing the Ar gas,
the maximum SL radiation is achieved for the solution with
a SA concentration of around 50 wt % at 10 °C. It is noticed
that a further decrease in the ambient temperature down to
0°C results in the maximum SL radiation in a 45 wt % SA
concentration. Furthermore, we notice that the light intensity
of 50 wt % SA aqueous solution is almost temperatures inde-
pendent. For this concentration, the irradiance at 10°C is the
maximum. These calculations and achievements are discussed
in detail.
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II. MODEL

This simulation is based fundamentally on a model similar
to the earlier papers [17,19-21]. An Ar bubble is described
in SA aqueous solutions including the effects of water
vapor diffusion, water vapor condensation and evaporation,
conductive heat loss, and chemical reactions.

The bubble dynamics is described by the Rayleigh-Plesset
equation, which takes sound loss and compressibility effects
of the liquid into account and the van der Waals equation as
the equation of state for gas inside the bubble,
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In these equations, R is the bubble radius, C; is the velocity
of the sound wave, pj is the density of liquid, Py is the ambient
pressure, P, is the driving pressure, and P, is the gas pressure.
Nt U, 0, and T are the total number of particles inside the
bubble, the liquid viscosity, the liquid surface tension, and the
gas temperature inside the bubble, respectively. The hard core
parameter B = 5.1 x 1072 m? is assumed to be equal for all
particles.

The changes in particle number are modeled similar to the
earlier processes, and they are explained very briefly [17,19—
21]. Using the boundary layer formalism for mass diffusion,
Ar and six chemically reactive species are considered. In this
approach, eight chemical reactions are allowed [17,19-21].
The rate of a chemical reaction is calculated by the modified
Arrhenius laws. The rate of change in the number of vapor
molecules of particles inside the bubble is determined by their
corresponding partial vapor pressure in the acid solution. The
total rate of the change in species is given by equation,

N = N + N{ + Nf°, 3)
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where N[d is the rate of change in the particle number due to
mass diffusion, Nf is the rate of change in particle number
i due to chemical reactions, and Nf“ is the rate of change
in the number of vapor molecules due to evaporation and
condensation.

Time evolution of the gas temperature is calculated from

the energy equation of the bubble content,
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The quantity E.en denotes the rate of change in the
chemical energy of the bubble due to chemical reactions.
Also, e is the thermal energy of the molecule with ©;;
as the various characteristic vibrational temperatures of the
particle. The quantity h,, ; is the molecular enthalpy of particle
J at the bubble wall temperature 7,, and f; is the sum of its
translational and rotational degrees of freedom.

The boundary layer formalism used to consider the heat
transfer O between the bubble and its surrounding liquid is
given by
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where «, Iy, and yx are the thermal conductivity coefficient of
the gas inside the bubble, the thickness of the thermal boundary
layer, and the thermal diffusivity coefficient of the bubble
content, respectively.

Equations (1)—(4) are the set of coupled ordinary differential
equations totally describing the evolution of the SL bubble that
is solved numerically.

TABLE 1. Physical parameters of various concentrations of SA solutions at different ambient temperatures.

SA T(O)  fuG)  Gs)  pem's) o (x10°N/m)  p(Kem®)  Pue(Pa) P (Pa)
0wt % 0 34059 1402.7 1.79 75.64 999.8 611 0
10 35147 1447.5 1.31 74.23 999.7 1230 0
20 36009 1483.0 1.00 70.70 998.0 2060 0
45 wt % 0 38546 1587.5 7.14 70.60 1363.0 260 291 x 10712
10 38413 1582.0 5.73 70.40 1355.3 520 1.69 x 107!
20 38316 1578.0 4.60 70.10 1347.6 920 1.00 x 10710
50 wt % 0 38486 1585.0 8.55 72.90 1411.0 193 1.09 x 10~
10 38364 1580.0 6.79 70.53 1402.9 405 7.69 x 107!
20 38243 1575.0 5.39 68.16 1395.1 802 4.74 x 10710
65 wt % 0 38486 1585.0 15.04 63.50 1571.4 60 2.1 x 107
10 38243 1575.0 13.02 63.20 1562.3 120 9.66 x 107°
20 38000 1565.0 11.05 62.90 1553.3 245 452 x 1078
85 wt % 0 37636 1550.0 56.64 54.27 1800.9 0.343 1.21 x 1073
10 37199 1532.0 36.63 56.37 1789.7 0.952 4.9 x 1073
20 36956 1522.0 25.08 56.02 1778.6 2.45 1.79 x 10~
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Physical parameters of various concentrations of SA at
different temperatures, which are used in the simulation, are
listed in Table I [22-24]. The ultrasound frequency used in the
calculations was 38 kHz for 65 wt % SA at 20°C, which
changes with the temperature. All of the host liquids are
saturated with 4 torr partial pressure Ar gas.

In order to have stable bubbles, three dominant instabilities
named shape, diffusion, and position instability are consid-
ered. The procedure for considering these instabilities in the
simulation was discussed before [17].

III. RESULTS

The stability conditions can be fulfilled simultaneously
only in a certain region of (Ry,P,) phase space. Considering
the above mentioned instabilities, the phase diagrams in the
(Ro,P,) parameter space of various SA concentrations for
different ambient temperatures are calculated. The resulting
equilibrium curves for an Ar bubble at a partial pressure of
4 torr are shown in Figs. 1(a)—1(e) for 0 wt %, 45 wt %, 50 wt %,
65 wt %, and 85 wt % SA concentrations, respectively.

The shape instability is caused by the applied pressure
changes in the spherical shape of the bubble wall, which results
in a basic distortion of the SL bubble or even breaking it up.
In Figs. 1(a)-1(e), the shape instability threshold is depicted
where, at all points in the area below the threshold line, the
perturbation of the bubble’s spherical shape is small, thus, the
bubbles are stable. However, at all points in the regions above
the threshold, bubbles will be unstable [2]. It should be realized
that, in Figs. 1(d) and 1(e), some of these lines are not shown
due to the larger Ry where, in these regions, the shape stability
is fulfilled.

Also in these figures, the curves of the threshold Bjerknes
instabilities are shown. Bjerknes force is related to the acoustic
pressure and is responsible for the bubble mean position [25].

The diffusion curves represent the points in the phase space
with the zero net mass change in the bubble over one cycle.
The gas contents of the bubble stay constant in time, which are
not changed through diffusive mass exchange with dissolved
gases in the liquid. The curves of the diffusion instability are
represented in Figs. 1(a)-1(e). The points on the segments of
the diffusion curve with the positive (negative) slope are stable
(unstable). The points with the infinite slope are metastable
[2,26]. The metastable points are called the threshold of the
acoustic pressure at which the SL effect begins, depending on
the host liquid temperature. The threshold pressure increases
as the ambient temperature decreases, and the threshold radius
almost is constant at about 2 pm.

The maximum stable bubble phase parameter is determined
from the intersection of the diffusion curve with the dominant
instability curve in each concentration and temperature. The
highest light intensity corresponds to the largest achievable
driving pressure on the diffusion curve. The obtained data
from the numerical simulation for the Ar bubble, at the time
of the maximum stable single bubble (the intersection points)
for different concentrations of SA at different temperatures,
are given in Table II.

In Fig. 1, the decrease in the ambient temperature leads
to the shift in phase parameters of a stable SL bubble toward
the higher pressure amplitudes in all concentrations of SA
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FIG. 1. Phase diagrams in the Ry — P, space of the Ar bubble
for different concentrations of SA at different ambient temperatures.
(a) Water, (b) 45 wt % SA, (c) 50 wt % SA, (d) 65 wt % SA, and
(e) 85 wt % SA.

solutions. In the intersection points, the higher the ambient
temperature and the lower the SA concentration result in
the more dominated shape instability. This trend, for the
concentrated SA solutions in lower ambient temperatures,
favors Bjerknes instability, which, in the boundary between
the positional instability and the shape instability threshold
MSBSL, is originated [3,8,9]. The shape instability depends
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on the viscosity of the host liquid that strongly increases up to
almost double (Table 1), also, with decreasing its temperature,
the viscosity, increased by the concentration of the SA, causes
the bubble to be more stable. In other words, in SA solutions
with higher viscosities, the bubble’s surface perturbations
damp out to become more stable in shape [10]. It should be
realized that, based on the experimental measurements, the
viscosity enhancement that produces larger bubbles is not the
main reason for the increase in SL intensity. This was approved
in the earlier experimental papers where they reported that they
were not able to produce SBSL with SA, phosphoric acid,
and glycerin at the higher concentrations [3,27]. Therefore,
some other reasons, such as the vapor pressure, the bubble
contents, and the amount of work performed on the bubble for
the increase of intensity should be considered.

The time evolution of the radius of an oscillating bubble
in one cycle is shown in Figs. 2(a)-2(e). The radius axis is
normalized to R in each temperature and SA concentration. In
this figure, one can notice that, reducing the SA concentrations,
the after bounces are increased due to the increase in the surface
tension and the reduction in the density of the host liquid [2].
In SA, the time of the collapse is longer than that of water.
For water, 45 wt % and 50 wt %, the order of collapse time
first is 20 °C, which is followed by 10°C and 0°C; whereas,
it is changed for 65 wt % and 85 wt %. According to these
figures, the expansion ratios are almost 8 (Table II), which is
about the same for all concentrations and temperatures. Since
the bubbles consist of Ar noble gas, therefore, the expansion
ratio is determined by the equation of mass diffusion applied
to the Ar concentration relative to the saturation concentration
according to previous papers [10].

Vapor pressure directly affects the number of particles pen-
etrating the bubble. Partial vapor pressures of SA molecules
and water molecules over different concentrations of SA
solutions are given in Table I. It can be seen that the partial
vapor pressures of water and SA decrease by a factor of 3
as the ambient temperature is reduced. Thus, it is expected
that the number of existing water molecules in the bubble
decreases. In Fig. 3, the number of water and Ar molecules
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inside the SBSL bubble for different concentrations of SA at
three different temperatures is indicated. For all mentioned SA
concentrations, water vapor molecules decrease as the ambient
temperature is reduced. The calculated amount of water vapor
molecules directly determines the number of endothermic
chemical reactions inside the bubble and the total chemical
energy exchange as a part of the energy exchange given by
Eq. (4a).

The terms of Eq. (4a) are calculated with a similar procedure
as in our recent paper [17]. The calculation shows that there
is a reduction in the chemical part of the energy exchanged
with decreasing the ambient temperature due to the reduction
in the number of water vapor molecules (see Fig. 3). The
contribution of the chemical term is smaller than the first two
terms in Eq. (4a). The main term in this equation is the work
performed by the ultrasound field on the bubble.

The trend of change in the amount of the work performed on
the bubble and the maximum SL intensity with the variation
in ambient temperature are the same (see Fig. 4). In Fig. 4,
the maximum SL intensity for different SA concentrations
is indicated, which thermal bremsstrahlung mechanism of
radiation is used to calculate the SL radiation similar to
Yasui [13]. The variation in the ambient temperature changes
the SL intensity. One can see that an increase in the ambient
temperature for 0 wt % and 45 wt % SA concentrations causes
the decrease in the maximum bubble temperature and the
maximum light intensity. This is a similar behavior noticed
experimentally in the water [10,13—16]. However, in the higher
SA concentrations, 85 wt % and 65 wt %, in contrast to the
lower concentrations, the increase in the liquid temperature
increases the maximum bubble temperature and the maximum
output power. At the SA concentrations around 50 wt %, it
was very exciting to see that the radiation intensity is almost
temperature independent. This was what was noticed in the
experimental paper for a 65 wt % SA concentration [3], and
it was an experimental paper limited down to 9 °C. However,
these careful calculations clarify the point that the variations
are small for the 65 wt % and 45 wt % where, for 50 wt %,
it is almost constant. Furthermore, Fig. 4 indicates that, at

TABLE II. The bubble parameters presented at the time of maximum SL intensity for various concentrations of SA.

SA Ty P, Ry Tymax Roin Rinax Expansion ratio Nar (x10'0)
0wt % 0 1.422 5.53 30 360 0.885 44.00 8.00 2.40
10 1.388 4.92 29 190 0.772 39.75 8.08 1.65
20 1.376 4.58 28 172 0.705 37.09 8.10 1.29
45 wt % 0 1.737 6.96 40 435 1.051 53.73 7.72 4.53
10 1.701 6.80 40 759 1.013 52.70 7.75 4.08
20 1.631 6.27 39 301 0.922 48.84 7.79 3.12
50 wt % 0 1.752 6.86 40 293 1.036 53.03 7.73 4.33
10 1.730 6.90 41 182 1.028 53.13 7.70 4.25
20 1.679 6.62 40 863 0.967 51.30 7.75 3.63
65 wt % 0 1.811 6.55 38 440 0.982 50.24 7.67 3.78
10 1.789 6.63 39 835 0.981 50.85 7.67 3.74
20 1.767 6.67 41 167 0.974 51.16 7.67 3.68
85 wt % 0 2.177 6.35 26 479 1.001 48.06 7.56 3.34
10 1.991 6.43 33010 0.967 48.76 7.58 3.37
20 1.886 6.52 37 105 0.956 49.42 7.58 3.39
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FIG. 2. Time evolution of the radius of bubbles during one period
for different concentrations of SA. Equilibrium radii and ultrasound
pressure are given in Table II. (a) Water, (b) 45 wt % SA, (c) 50 wt %
SA, (d) 65 wt % SA, and (e) 85 wt % SA.

the higher concentrations of SA solutions, the light intensity
is decreased, specifically for 85 wt % SA, and at the 0°C
light intensity, it drops sharply and becomes less than that of
water. This is in agreement with the experimental paper that
the SL spectrum for bubbles of 4 torr Xe in the 85 wt %
SA could not be observed where the total light emission
for the water at 1°C and 85 wt % SA systems is almost
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FIG. 3. The number of particles inside the SBSL bubble at the
maximum achievable intensity for different concentrations of SA at
different ambient temperatures. (a) Water, (b) 45 wt % SA, (c) 50 wt %
SA, (d) 65 wt % SA, and (e) 85 wt % SA.

identical for xenon bubbles [4]. The maximum SL intensity
for ambient temperatures of 20 °C, 10°C, and 0°C occurred
in SA solutions of 45 wt %, 50 wt %, and 65 wt %, respectively,
and with decreasing the ambient temperature, the maximum
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FIG. 4. The maximum SL intensity for different acid solutions
versus ambient temperature. SL intensities have been normalized to
the SL emission of 65 wt % SA at 20 °C.

bubble intensity shifts toward the lower concentrations of the
SA solutions.

For more clarification about the results of SL, the ambient
radius and the number of the Ar molecules inside the bubble are
described. The increase in the ambient radius, which results in
the increase in Ar inside the bubble, leads to the brightening of
the SL. The ambient radius in aqueous SA is larger than the one
in the water. Therefore, the number of Ar molecules in bubbles
in SA is more than that of water. Hence, the SL in aqueous
SA is brighter. On the other hand, it should be realized that,
in the various SA concentrations, except 0 wt % (water), the
ambient radii are almost identical, which leads one to conclude
that the number of Ar molecules are roughly in the same order
(see Table II). The intensity obtained from the bremsstrahlung
mechanism directly depends on both the temperature and the
number of Ar molecules inside the bubble. Thus, the intensity
variation in different concentrations is mainly due to the
variation in the maximum temperature inside the SL bubble.
From Table II, it can be noticed that the maximum temperatures
for three moderate concentrations of SA at different ambient
temperatures are almost constant except for water and 85 wt %
SA. The reduction in ambient temperature causes them to
increase and to decrease, respectively.

The response of the Ar bubble in 85% SA to the ultrasound
field is quite different from other SA concentrations based on
two reasons. First, the main content (99% of the particles) of
the bubble is Ar molecules, which decrease as temperature is
reduced in contrast to the other concentrations. Since the Ar
molecules are the source of bremsstrahlung radiation, there
should be a decrease in SL radiation in 85% SA (see Fig. 4)
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with a decreasing in the ambient temperature. In addition,
the decrease in the amount of work performed on the bubble
is another reason for the SL intensity reduction in 85% SA,
which was explained before in detail.

The effect of other physical parameters, such as surface
tension and liquid density is negligible due to their almost
constant values in various temperatures. However, the increase
in the surface tension reduces the peak temperature and the
pressure during the collapse instant [28]. The surface tension of
the various SA concentrations does not affect the temperature
variations. An increase in liquid density yields slightly more
violent implosions; however, the effect of this parameter is
negligible because the density is almost constant as the ambient
temperature is changed [28].

IV. CONCLUSIONS

The behavior of the Ar bubble in different concentrations
of SA at different ambient temperatures was studied using
the hydrochemical model. It can be concluded that some
main parameters affected the SL intensity in various SA
concentrations, such as vapor pressure, viscosity, and chemical
composition, and the variation in these parameters with
temperature and SA concentration affected the amount of
work, maximum temperature, and SL light intensity of the
bubble.

The maximum light intensity was calculated using a
thermal-bremsstrahlung mechanism. Calculations indicated
that, at the fixed degassing condition, each SA solution had
a different response to temperature variations. The result was
observed at a concentration of about 50 wt %, and it was the
temperature independence of the output intensity for SL at this
concentration. The calculations also indicated that, for a higher
SA solution [85 wt %], the SL for a lower temperature dropped
where it was less than that for water, and this was consistent
with the experimental papers. Furthermore, it was found that,
for 65 wt % SA, the maximum light emission occurred at the
higher ambient temperatures. However, for lower 50 wt % and
45 wt % concentrations, the maximum intensity appeared at
lower temperatures.
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