Chin. Phys. B Vol. 20, No. 7 (2011) 074302

A unique circular path of moving single bubble

sonoluminescence in water*

Rasoul Sadighi-Bonabi®, Mona Mirheydari®®, Homa Ebrahimi®,
Nastaran Rezaee®?), and Lida Nikzad®

a) Department of Physics, Sharif University of Technology, Tehran 11365-91, Iran

b) Department of Physics, Islamic Azad University Central Tehran Branch, Tehran 14676-86831, Iran
C)Laselr and Optics Research School, Tehran 14676-86831, Iran

(Received 10 October 2010; revised manuscript received 26 December 2010)

Based on a quasi-adiabatic model, the parameters of the bubble interior for a moving single bubble sonolumi-

nescence (m-SBSL) in water are calculated. By using a complete form of the hydrodynamic force, a unique circular

path for the m-SBSL in water is obtained. The effect of the ambient pressure variation on the bubble trajectory is

also investigated. It is concluded that as the ambient pressure increases, the bubble moves along a circular path with

a larger radius and all bubble parameters, such as gas pressure, interior temperature and light intensity, increase. A

comparison is made between the parameters of the moving bubble in water and those in N-methylformamide. With

fluid viscosity increasing, the circular path changes into an elliptic form and the light intensity increases.
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1. Introduction

Sonoluminescence is the light emission resulting
from the nonlinear oscillations of a gas-filled bubble.
The most fascinating fact about this phenomenon is
the conversion of the low-intensity sound energy to
the energetic photons.[!l The light with a short pulse
width is produced by the violent collapse of the bub-
ble, which depends on the bubble oscillation.[?! Since
the discovery of the sonoluminescence, various models
have been presented to explain the light emission.[34
In the thermal radiation model, the spectral shapes
are related to the bubble interior temperature and the
light intensity is determined by the number of micro-

5] Vuong et all% showed that an ad-

scopic process.
verse gradient in the sound speed produced by the heat
transfer prevents the flow from gathering and making
shock front. The dependence of the sonoluminescence
on the bubble interior pressure and the bubble interior
temperature was also discussed. It has been shown
that as the bubble is cooled, the number of the flashes
increases accompanied by small changes in the bubble
radius.[7®]

In Ref. [9], the existence of OH radicals in water

was demonstrated and it was also verified that at low
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vapour pressure, such as in 85% sulfuric acid, the dom-
inant reaction contributed to the continuous spectrum
of the emitted light is the electron-neutral atom and
the electron-ion bremsstrahlung recombination. The
weak ionization theory and the bremsstrahlung mech-
anism were reported earlier for the stable-SBSL by
An and Ying.['9 The experiments performed by Xu
et al.'Y demonstrated that the noble gas plays a sig-
nificant role in the line spectra of all kinds of emission
models.

The other aspect in studying this phenomenon
is the bubble trajectory, which is dependent on the
variation of the hydrodynamic force and the fluid vis-
cosity. Recently, the moving single bubble sonolumi-
nescence (m-SBSL), which is mostly obtained in N-
methylformamide, was studied. In the m-SBSL, the
bubble cannot be trapped at the pressure antinodes,
so the light is emitted from the non-stationary bubble.
Following the equation introduced by Magnuted and
Legendrel'? in studying the hydrodynamic force ef-
fect on the bubble, Toegel et al.'3 studied the bubble
dynamics by using isothermal approach and identified
that the history force is the origin of destabilization in
the m-SBSL. In quasi-adiabatic compression assump-
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tion, the bubble is heated up uniformly.'¥) By using

this model, Lofsted et al.['®! studied the variation of
the bubble radius. The investigation on the unknown
parameters of the sonoluminescence was performed by
Barber et al.l'0l Although in 2000, the m-SBSL was
observed in water by Didenko et al.,[”) to the best of
our knowledge, the bubble trajectory in this valuable
host fluid has never been investigated.

In this work, for the first time, the bubble tra-
jectory in water is calculated. The ambient pressure,
at which all bubble parameters are maximized for the
m-SBSL, is identified. It is found that the bubble
moves along a complete circular path and turns into
an elliptic one with the increase of the viscosity in
the presence of other viscous host fluid, such as N-
methylformamide. Furthermore, the light intensity is
calculated by this model according to the variations
of the bubble interior temperature and the bubble in-
terior gas pressure in water. It is also noticed that as
the fluid viscosity increases, the emitted light becomes
more intense.

2. Mathematical model

2.1. Radial and translational dynamics

Radial dynamics of the bubble is studied by using
the Rayleigh—Plesset equation and the full expression
of the hydrodynamic force governing the bubble trans-
lational motion. This is justified because the mass and
the heat are not transferred in the very short collapse
time. The adiabatic model is limited to the collapse
time.[17:19]

In the study of the radial dynamics of the bubble,
the Rayleigh—Plesset equation is used in the following
form with the equations of the boundary conditions

implied:[®!

. 3. R
pu (Rit+ 512) = [P = Py = PO) - a0

1 Rd

where p is the fluid density, R is the bubble radius, v
is the shear viscosity of the fluid and ¢ is the surface
tension. The P(t) is the acoustical pressure exerted

on the bubble,
P, sin(wt)jo (WR';C)

P, sin(wt)( 1 n? fof*
= —P,sin —
a w GRﬁ >

P(t)

where Rq = 3 c¢m is known as the resonator radius,
|z| is the position of the bubble measured from the
centre of the resonator,!'3 jy is the first term of the
Bessel function, P, is the initial driving pressure. The
Py = 1.031 atm is the ambient pressure. The Py
is the gas pressure inside the bubble, which follows a

Van der Waals type equation (']
. d
Prao( R, t) = Pyl R(0)
. . 3R’R
= —’Y(R, R, t)mpgas, (2)

where h is the Van der Waals hard core radius and
equals to Ry/8.86. The ~ is the polytrophic compo-
nent, which demonstrates the possibility of isothermal
or adiabatic behaviour of the bubble interior and also
measures the ratio between the heat advection and the
heat diffusion.['¥) The bubble interior temperature is
given by
2

T = bR, Rot) 1] e T (3)
The complete expression of the hydrodynamic force is
derived by Magnaudet and Legendrel'? as

F(t) = 4mprvR(t)U(t)
+ 27Tp{d[}%(t)3(](t)] + 2R(t)3 dU(t) }

3 dt

¢ ¢
+87Tp1// exp {9/ R(t’)_th’}
0

« erf {\/ 9 / t R(t’)—2dt’] AROUM] 4 (4

dr

where U is the relative velocity between the bubble
and the fluid. The rate of a flow disturbance is mea-
sured by the Reynolds numbers. As the bubble has a
radial and a translational motion, two Reynolds num-
bers are introduced. The radial Reynolds number is
Re, = R|R|/v, where R is the radial bubble velocity.
The translational Reynolds number is Re; = R|U|/v.
It should be noted that when both Reynolds num-
bers are small, the expression of the hydrodynamic
force exerted on the bubble is similar to that given by
Eq. (5). However, when one of them is large, the total
force becomes

F(t) = 12mprR(t)U(t)

2 { d[R(L)PU )] dU(t)

+=7p pr + 2R(t)3}. (5)

3 dt

(13]

Toegel et al.'**! presented a modified form for the cou-

pled dynamics of the bubble radial and translational
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motion by introducing two switches

1 1

- N Ret 47
1t ( )
Ret,Crit

r

;o O =
LB YT
Rer,crit

with Rey oi¢ = 7.0 and Rey iy = 0.5. According to
Toegel’s equation, the final translational equation is
as follows:

d .. . .
R(t)*® = a[(181/1{ +3R*R)(u — v) + 3R*u — 2R%g]

— 3R?Ro3v 9;;; [(6vR + 3RR)

x (u —v) + 3R*V). (6)

2.2. Light emission

In the model presented by Yasui,'* all effects of
the thermal conduction between the bubble and the
fluid and the condensation of the water vapour, which
is the result of the chemical reactions at the bubble
wall, are taken into consideration. While the temper-
ature of the bubble interior ranges from 10000 K to
20000 K, the spectrum of the light emission detected
from the noble gas seems to be continuous and can be
produced by the radiative recombination of the elec-
trons and ions.[2% The final equation, which represents

Table 1. Physical properties of water and N-methylformamide at 23 °C.!

the light emission intensity of the bubble, is
1= (Trhi,f + Pbr,ion + Pbr,atom)re7

where, 7, is the rate of the radiative recombination,
e is the escape rate of electrons from the bubble and

hf is the resulting mean energy of the photons.4

3. Numerical simulation

In this work, the coupled radial and translational
motion of the bubble is simulated and the m-SBSL
trajectories in water and in N-methylformamide are
simulated. The pressure amplitudes are selected ac-
cording to the phase diagrams presented in Ref. [21]
and the domain presented for ambient pressure (1.3
1.5 atm) in Ref. [22]. In the work presented by Di-
denko et al.,l”) the line spectrum of the emitted light
was shown for water at P, = 1.4 atm, however the
trajectory of the moving bubble was not identified.
Here the light emission of the bubble is also studied
numerically and the bubble path is shown to be cir-
cular and periodic. All the calculations are conducted
with the driving frequency equal to 33.4 kHz accord-
ing to Ref. [21], and the physical properties of water
at T = 23 °C are shown in Table 1 and compared with
those of N-methylformamide.

23]

Fluid C/m-s7! p/Kgm™3 v/1076 m2.s71 o/N-m~1!
Water 1485 998 -1 0.072
N-methylformamide 1660 1000 1.65 0.038

In Figs. 1-5, different characteristics of the sono-
luminescing bubble, including dimensionless radius,
bubble trajectory, bubble interior temperature, in-
terior gas pressure and light intensity, are respec-
tively compared for three pressure amplitudes in wa-
ter. The three initial conditions are chosen as follows:
Ro =5 um, P, = 1.36 atm (1 atm = 1.01325x 10° Pa);
Ry = 6 pm, P, = 145 atm; and Ry =
P, =15 atm.

In Fig. 1, the variations of the bubble radius dur-

7 um,

ing one acoustical cycle for three different initial condi-
tions are compared. The variation of the driving pres-
sure is also plotted. We can see that these variations
are in phase. During each acoustical cycle, in the first
half of the cycle, as the driving pressure decreases, the
bubble radius increases up to a maximum value. In
the second half of the cycle, with driving pressure in-

creasing, the bubble radius diminishes. The numerical
calculation was performed for 20000 acoustical cycles
and the scales are chosen to be dimensionless.

50 F ---Rop=5pum ]
2 F g
T 40F 15 =
8 - i I
2 30F ] %
[=} » 40 o
5 20 R ] =~
g ; ~ ] k=
£ 10k G ] =
A s ; - ‘vd—15 5
A E F i P y {‘.m.“; A
O [ 1 L | I T LN L L
0 0.5 1.0

t/T
Fig. 1. The bubble radius and the driving pressure versus
time during one cycle.

The trajectories of the bubble is drawn for the
selected radii and the selected pressure amplitudes
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(Fig. 2). It is shown that as the pressure amplitude
and the initial radius increase, the bubble moves along
a longer trajectory. Sadighi-Bonabi et al.l'”) reported
that the translational motion of the bubble starts near
the centre of the resonator. In the present paper,
the initial coordinate, xy = 17 um, yo = 7 um and
zo = 124 pm, is selected precisely to identify the tra-
jectory of the bubble.
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Fig. 2. The bubble trajectories in the cases of (a)
Ro = 5 um and P, = 1.36 atm, (b) Rg = 6 um and
P, =1.45 atm and (¢) Rp =7 pm and P, = 1.5 atm.

Another parameter that affects the bubble inten-
sity is the variation of temperature during the col-
lapse and the expansion of the bubble. In Fig. 3, it is
shown that as the pressure amplitude of the bubble in-
creases, the bubble interior temperature increases and

its variation is more distinctive. This also shows the
dependence of the bubble temperature on its spatial
position.

Temperature/103 K

X
[5e]
[a»)
—
~
[}
-
3
3
4}
3
Q,
g
Q
=
9000 9250 9500
t/T
|l T T 1 1 T T T
X
[5e]
[a»)
—
~
[}
-
3
3
4}
3
Q,
g
Q
=
9000 9250 9500
t/T
:_Illi][fl]ll'l]['[ll[l_—
X 15F } 3
"é ;_Ro =7 um, P, =1.50 atm\':j _
g 10§_R0:6um,Pa:1.45at : _
£ E Ry =5 pum, P, = 1.36 atm v 3
3 E ] 3
& SE E
& F (@)
0E | I s =
9577.0 9577.5 9578.0
t/T

Fig. 3. The bubble interior temperature for the selected
pressure amplitudes and the selected radii. The parame-
ters are (a) Rop = 5 pm, P, = 1.36 atm, (b) Rg = 6 pm,
P, =1.45 atm and (¢) Rop = 7 pm, P, = 1.5 atm. (d) A
comparison among the maxima.

The interior gas pressure is shown in Fig. 4. Dur-
ing the bubble expansion, its volume increases enor-
mously, so the interior gas pressure decreases corre-
spondingly. During the bubble collapse, the applied
pressure increases, accompanied by a reduction in the
radius, thus the interior pressure increases.
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Fig. 4. The interior gas pressure versus time during 500 cycles. The parameters are (a) Rp = 5 pm, P, =
1.36 atm, (b) Rp = 6 um, P, = 1.45 atm and (c) Rg = 7 pm, P, = 1.5 atm. (d) A comparison among the

maxima.

At the moment of bubble collapse during each cy-

cle, bright flashes of light are observed. According to

the ambient conditions, the brightness for each flash

is different. Figure 5 shows that with ambient pres-

sure and initial radius increasing, the light intensity

increases. In Fig. 5, it can also be observed that as

1/10=5 W-m—2

1/1073 W-m—2
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the bubble interior temperature increases, the maxi-
mum of the light intensity increases. The light that
appears at the moment of bubble collapse is propor-
tional to the bubble interior temperature. The emis-
sion consists of short bright flashes, which result from
the atomic and molecular excitation inside the bubble.
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Fig. 5. Light intensities for the selected initial conditions: (a) Rg = 5 pum, P, = 1.36 atm, (b) Rp = 6 pm,
P, =1.45 atm, and (¢) Rp = 7 um, P, = 1.5 atm. (d) A comparison among the light intensities.
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Figures 6-8 show the comparisons between the
properties in water and in N-methylformamide for
the selected pressures and the selected relative
radii. The initial conditions for the bubble in N-
methylformamide are Ry = 8 um, P, = 1.56 atm.
According to the earlier experimental results reported
by Didenko et al.,l”! the bubble parameters increases
with the fluid viscosity increasing.

Sadighi-bonabi et al.l'l presented an optimum
pressure, with which all bubble parameters were
maximized. In the report by Didenko et al.,l”!
the brightness of the light flashes resulting from N-
methylformamide were compared with that from wa-
ter, though here a comparison is made among bubble

parameters at these selected pressures.
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Fig. 6. (a) Variations of the gas pressure for the gas-
filled bubble in N-methylformamide with time. The cal-
culation is performed for the maximum pressure, for which
the bubble parameters are maximized. Rg = 8 um, P, =
1.56 atm. (b) A comparison between the maximum values
of the gas pressure in water and in N-methylformamide.

From Figs. 6 and 7, we can see that the bub-
ble temperature and the interior gas pressure in N-
methylformamide are much higher than those in wa-
ter and as a consequence, the light intensity produced
by the bubble in Methylformamide is higher than that
in water, as shown in Fig. 8. It can be demonstrated

that as the bubble interior temperature increases, the

light intensity increases.
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Fig. 7. (a) The variation of the interior tempera-

ture versus time with the maximum pressure for the
N-methylformamide. (b) A comparison between the

maximum values of temperature in water and in N-

methylformamide.
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Fig. 8. (a) Light intensity for the selected pressure value
in N-methylformamide. Ry = 8 pm, P, = 1.56 atm. (b) A
comparison between the maximum values of light intensity
in N-methylformamide and in water.
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Fig. 9. Bubble trajectory numerically drawn for the ini-
tial parameters Ryp = 8 pm, P, = 1.56 atm, showing the
elliptic path clearly.

Figure 9 shows the elliptic path of the moving-
SBSL in N-methylformamide. In comparison with the
trajectory in water, which is shown in Fig. 2, it can be
seen that as the fluid viscosity increases, the bubble
trajectory shape changes from circular to elliptic and
the diameter of the bubble trajectory turns larger cor-
respondingly. This increase of the trajectory diameter
is due to an increase in the maxima of all components
of the hydrodynamics force, which result in the exer-
tion of an additional momentum from the fluid on the

sonoluminescing bubble.

4. Conclusion

The unique circular path of a moving single bub-
ble sonoluminescence in water is identified for the first
time. It is shown that there is a maximum pressure
for the m-SBSL in water, with which all bubble pa-
rameters are maximized. It is found that as the am-
bient pressure increases, the light intensity increases
correspondingly. The obtained bubble parameters for
the water case are compared with those for the N-

methylformamide case with the same initial condition.

It is also found that the light intensity is directly re-
It is ob-
served that as the fluid viscosity increases, the light

lated to the bubble interior temperature.

intensity increases, which is in good accordance with
the earlier experimental results reported by Didenko
et al. in 2000.
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