CHrinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Effect of nonlinear translations on the pulsation of cavitation bubbles

Lingling Zhang(5K¥%¥%), Weizhong Chen([% 45 17), Yang Shen(7LFH), Yaorong Wu(i i %5), Guoying Zhao(FEX fIE ),
and Shaoyang Kou(7%/>#%)

Citation:Chin. Phys. B, 2022, 31 (4): 044303. DOI: 10.1088/1674-1056/ac1e18

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Rotational manipulation of massive particles in a 2D acoustofluidic chamber constituted

by multiple nonlinear vibration sources

Qiang Tang(i%5%), Pengzhan Liu(XIJll% /&), and Shuai Tang(/3 i)
Chin. Phys. B, 2022, 31 (4): 044301. DOI: 10.1088/1674-1056/ac1f0e

Weak-focused acoustic vortex generated by a focused ring array of planar transducers

and its application in large-scale rotational object manipulation

Yuzhi Li(Z= & &), Peixia Li(Z=1%#5), Ning Ding( ] T*), Gepu Guo(5 % 4F), Qingyu Ma( % ), Juan Tu(J&18), and
Dong Zhang( % %)
Chin. Phys. B, 2021, 30 (4): 044302.  DOI: 10.1088/1674-1056/abcalf

Axial acoustic radiation force on an elastic spherical shell near an impedance boundary

for zero-order quasi-Bessel-Gauss beam

Yu-Chen Zang(JE{ i =), Wei-Jun Lin(#1% %), Chang Su(77#%), and Peng-Fei Wu(Z /5 &)
Chin. Phys. B, 2021, 30 (4): 044301. DOI: 10.1088/1674-1056/abca27

Acoustic radiation force on thin elastic shells in liquid

Run-Yang Mo(32[E[H), Jing Hu(#1 %), Shi Chen([%:IT), Cheng-Hui Wang(F k<)
Chin. Phys. B, 2020, 29 (9): 094301. DOI: 10.1088/1674-1056/ab943e

Bubble translation driven by pulsation in a double-bubble system

Ling-Ling Zhang(ik¥% %), Wei-Zhong Chen(fffi), Yuan-Yuan Zhang(iKk [F1%%), Yao-Rong Wu(iHifE %), Xun
Wang(F53), Guo-Ying Zhao(FEX I[F %)
Chin. Phys. B, 2020, 29 (3): 034303. DOI: 10.1088/1674-1056/ab69ee


http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac1e18
https://doi.org/10.1088/1674-1056/ac1e18
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac1f0e
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac1f0e
https://doi.org/10.1088/1674-1056/ac1f0e
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abca1f
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abca1f
https://doi.org/10.1088/1674-1056/abca1f
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abca27
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/abca27
https://doi.org/10.1088/1674-1056/abca27
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab943e
https://doi.org/10.1088/1674-1056/ab943e
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab69ee
https://doi.org/10.1088/1674-1056/ab69ee

Chin. Phys. B 31, 044303 (2022)

Effect of nonlinear translations on the
pulsation of cavitation bubbles

Lingling Zhang(5K¥$ ), Weizhong Chen([%:4 )", Yang Shen(JLFH), Yaorong Wu(ilHE %),
Guoying Zhao(i* il ), and Shaoyang Kou(i&/>#%)

Key Laboratory of Modern Acoustics (Ministry of Education), Institute of Acoustics, Nanjing University, Nanjing 210093, China

(Received 21 June 2021; revised manuscript received 5 August 2021; accepted manuscript online 17 August 2021)

The pulsations and translations of cavitation bubbles obey combined ordinary differential equations, and their non-
linearities are studied by the bifurcation diagram and the phase diagram in a strong ultrasonic field. Bubble pulsation can
change regularly or irregularly with changing driving pressure in the time domain. The bifurcation diagrams of the pul-
sation versus driving pressure show that the pulsations and translations of bubbles have nonlinear characteristics, and the
nonlinear translations of bubbles can disorder the pulsations for certain parameters. Disorder of the pulsation can also be
caused by nonlinear pulsation itself. In addition, the phase diagrams also show that the nonlinear translations make a large
contribution to the pulsations. The same result can also be obtained when the ambient radii of two bubbles are different.

Keywords: bubble pulsation, bubble translation, nonlinear characteristics

PACS: 43.35.+d, 43.25.+y, 47.55.dp

1. Introduction

The tiny cavitation nuclei in liquid are activated by ul-
trasonic waves and grow into bubbles that are visible to the
naked eye. This phenomenon is called acoustic cavitation and
the bubbles are named cavitation bubbles.!!! The radial pulsa-
tion of the bubbles is based on the classical Rayleigh—Plesset

(2 or the commonly used Keller-Miksis equation. %!

equation
A cavitation bubble can be regard as a periodic pulsation in a
periodic weak acoustic field. In fact, although the driving ul-
trasound can usually be periodic with time, the bubble pulsa-
tion is not always periodic/*>! and can possess bifurcation. 7]
Varga gave a classification of the bifurcation structure of a
periodically driven gas bubble.l®! The pulsations of bubbles
will possess stronger nonlinearity for a multiple-bubble system
than for a single bubble.°~'6] Takahira found that the bifurca-
tion structure of multiple bubbles with the same radii which
were arrayed symmetrically in a sound field was similar to that
of an isolated bubble driven by a sound of higher frequency.!'4]
Sugita investigated the bifurcation structures of coupled non-
linear oscillations of two spherical gas bubbles subject to a sta-
tionary sound field by means of nonlinear modal analysis. !
Parlitz showed a sequence of bifurcation diagrams, exemplify-
ing the recurrent pattern in the bifurcation set and its relation

[16] However, the translations

to the resonances of the system.
of bubbles were not considered in these studies.

As is well known, the locations of bubbles do not remain
unchanged in a liquid just because of the radiation force.!!”]
The translational motions of bubbles not only directly affect

the distance between the centers of the two bubbles, but can
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also indirectly affect the pulsations of the bubbles. Therefore,
it is reasonable to consider bubble translation. Equations of ra-
dial pulsations and translational motions of two coupled spher-
ical cavitation bubbles were derived in Doinikov’s outstanding
work.[!8:191 On this theoretical basis the pulsations can be re-
calculated precisely. In this paper, the nonlinear characteris-
tics of the pulsations are discussed when considering bubble

translations.

2. The pulsations and translations of bubbles

Consider two spherical bubbles with radii R; and R, lo-
cated at x; and xp, respectively, on the x-axis in an incom-
pressible fluid with liquid density p. The radii R; and R, and
locations x| and x;, of course, obey their dynamic equations
including two pulsation equations and two translation equa-

tions. The four dynamic equations are written as!'®!

R-R-—&—E 2 Pi_ ﬁ B R%fiR3,i+2R3,,-R%7i
TET2T p T4 D
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where Rjy is the ambient radius of the i-th bubble, 1 is the
viscosity of the liquid, w is the angular frequency, pg is the
hydrostatic pressure, 7 is the polytropic exponent of the gas
within the bubbles, D is the distance between the centers of
the two bubbles, o is the surface tension and Fy; is the drag
force.21 It is seen from Egs. (1) and (2) that the pulsations
and translations of bubbles influence each other, so it is rea-
sonable to consider bubble translation. Equation (1) can be
converted to the Keller—Miksis model for large forcing ampli-

tudes, that is, the pulsation equations can be rewritten as!'®!

RN\ .. (3 R\
1— =) RE+ (- =L | R
(1% i (3-3) %
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4 D
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2D3 ’
with ¢ being the speed of sound in the liquid.

(&)

3. The influence of nonlinear translations

Using Eqgs. (2) and (5), the nonlinear characteristics of
pulsations of bubbles are examined using the bifurcation dia-
gram, one of the most important spectral analysis techniques
in nonlinear dynamics. The MATLAB program package was
used to calculate the dynamics characteristics of one of two
bubbles, such as bubble 1. The driving frequency is set to the

natural resonance frequency fy using*!]

s 20\ 2 _4r
1 Y\ po Ro Pv Ro pR(z)

- 27Ro P

Jo (6)

with p, being saturated vapor pressure of liquid. We set the
physical parameters in our proposed model as py = 1.0 bar,
p = 998 kg/m?, ¢ = 1500 m/s, y = 1.4, 6 = 0.0725 N/m,
Rip = Ry0 =6 um, and 11 = 0.001 Pa-s.

3.1. The bifurcation behavior with pressure

The bifurcation diagram of the pulsation versus driving
pressure for a movable bubble is plotted in Fig. 1(a). It is

seen that the bubble pulsation appears as single period, multi-
period and even chaotic with the change of driving pressure.
The bifurcation structure is divided into four regions. The
bubble pulsation is period-one, period-doubling and period-
multiplying in regions I and III in Fig. 1(a), but disordered in
stages II and IV (see the shaded regions in Fig. 1(a)).

For comparison, the bifurcation diagram of the pulsation
versus driving pressure for an immovable bubble is plotted in
Fig. 1(b). It is seen that the bubble pulsation is disordered in
region IV of Fig. 1(a), but period-multiplying in region IV of
Fig. 1(b), which suggests that the nonlinear translation causes
disorder of the pulsation. The nonlinear translation means
that when the bubble moves in one dimension, the displace-
ment per unit time is different. In addition, there is a slight
difference in region III. The pulsation is period-multiplying
in Fig. 1(a) but period-doubling in Fig. 1(b). Therefore, the
phenomenon is caused by the translation. Finally, comparing
Figs. 1(a) and 1(b) in region II, the bubble pulsation is also
disordered, that is, even a single bubble pulsation still appears
disordered. Thus, nonlinear pulsation itself can also cause the
disorder of the bubble pulsation.
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Fig. 1. The bifurcation diagrams of pulsation versus driving pressure. Parts
(a) and (b) show bubble pulsation for a movable bubble and an immovable
bubble, respectively. The ambient radii are 6 pum, the driving frequency is
591 kHz and the initial distance is 800 pm. The red points are the research
objects in the following study.
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Fig. 2. The bifurcation diagram of translation versus driving pressure. The
parameters are the same as those in Fig. 1.
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Figure 2 shows the bifurcation diagram of translation ver-
sus driving pressure. Of course, the bifurcation structure is
also divided into four regions. The translation is period-one in
region I and period-multiplying in regions II and III, but the
location translation is mainly disordered in region IV. Thus,
the disordered pulsation can be caused by the nonlinear trans-
lation in region IV, and the degree of disorder will increase
with reduction of the distance between the centers of the two
bubbles. To sum up, the nonlinear translation can disorder the
pulsation in the case of certain parameters, and the degree of
disorder of the pulsation can increase when two bubbles are
close to each other.

3.2. Analysis of the phase diagram

In order to further understand the influence of the nonlin-
ear translations on the pulsations, we select a driving pressure
parameter in each region (see the red points in Fig. 1(a)). Then,
the bubble pulsations at different driving pressures are shown
in Fig. 3. It is seen that the bubble pulsation changes regularly
in Figs. 3(a) and 3(c) but irregularly in Figs. 3(b) and 3(d) in
the time domain.
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Fig. 3. The bubble pulsation. Parts (a), (b), (c) and (d) correspond to points
o0, p, q, and r of Fig. 1(a), respectively.

Combined with other methods of judging disordered mo-
tion, the phase diagrams for a movable bubble are plotted in
Fig. 4. The phase orbit is a closed curve in R—R space in
Fig. 4(a), that is, the phase orbit passes through the Poincaré
section[??! from the same place every time, which means the
pulsation is single period. In Fig. 4(c), the phase space orbit
is closed by multiple cycles (see the inset), which means that
the pulsation is period-multiplying. However, the phase point
wanders randomly and never repeats its path in Figs. 4(b) and
4(d), which confirms that the pulsation is disordered. Com-
parison with the phase diagrams for an immovable bubble
(see Fig. 5) shows that the pulsation is disordered in Fig. 4(d)
but period-quadrupling in Fig. 5(d). Thus, nonlinear transla-
tion can cause disordered pulsation. In addition, the pulsa-
tion is period-multiplying in Fig. 4(c) but period-doubling in

Fig. 5(c), which means that the nonlinear translation makes a
large contribution to the pulsation.
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Fig. 4. The phase diagrams for a movable bubble. Parts (a), (b), (c) and (d)
correspond to points o, p, ¢, and r of Fig. 1(a), respectively. The inset to (c)
corresponds to the red wireframe.
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Fig. 5. The phase diagrams for an immovable bubble. Parts (a), (b), (c) and
(d) correspond to points s, ¢, u, and v of Fig. 1(b), respectively. The insets in
(c) and (d) correspond to the respective red wireframes.

3.3. Different ambient radii

The above discussion is about the effect of nonlinear
translations on the pulsations when the ambient radii of two
bubbles are the same. In this section, we mainly discuss the
effect of nonlinear translations on the pulsations in the case of
two bubbles with different ambient radii. Two sets of bubbles
are selected for study.

It is seen from Figs. 6 and 7 that the pulsation of the bub-
ble with change in driving pressure still has similar character-
istics to Fig. 1. Comparing the shaded regions in Fig. 6, the
pulsation is disordered in Fig. 6(a) but period-two in Fig. 6(b).
Similarly, the pulsation of the bubble in the shaded regions is
very different in Fig. 7. The pulsation changes from period-
two to disordered when considering bubble translation. This
indicates that nonlinear translation can cause disorder of the
pulsation for this set of parameters. In addition, when compar-
ing the two groups of bubbles it can be seen that the ambient
radius of bubble 2 also affects the pulsation of bubble 1.
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Fig. 6. The bifurcation diagrams of pulsation versus driving pressure. Parts
(a) and (b) show bubble pulsations for a movable bubble and an immovable
bubble, respectively. The ambient radii are 10 pm and 5 pum, respectively,
the driving frequency is 343 kHz and the initial distance is 970 um.
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Fig. 7. The bifurcation diagrams of pulsation versus driving pressure. Parts
(a) and (b) show bubble pulsation for a movable bubble and an immovable
bubble, respectively. The ambient radii are 10 um and 5.5 um, respectively,
the driving frequency is 343 kHz and the initial distance is 970 um.

4. Discussion and conclusion

The pulsations and translations of cavitation bubbles obey
combined ordinary differential equations, and their nonlineari-
ties are studied in this paper using the bifurcation diagram and
the phase diagram in a strong ultrasonic field. The bubble pul-
sation changes regularly or irregularly with changing driving
pressure in the time domain. The bifurcation diagrams of the
pulsation versus driving pressure show that there are nonlinear
characteristics in the pulsations and translations of bubbles,
and the disorder of the pulsations can be caused by the nonlin-
ear translations of bubbles. In addition, the nonlinear pulsation
itself can cause disorder of the pulsation. The bifurcation di-
agram of the translation is also examined, and shows that the

degree of disorder of the translation increases with reduction
in the distance between the centers of the two bubbles. In addi-
tion, the phase diagrams also show that nonlinear translations
make a large contribution to the pulsations, and can cause dis-
ordered pulsations. The same result can also be obtained when
the two bubbles have different ambient radii, that is, nonlinear
translations can cause disorder of the pulsations for certain pa-
rameters. To sum up, the pulsations of bubbles are greatly
affected by translations of the bubbles.
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