Pabouasn nporpaMMbl THCHUIIJTUHBI

1. HazBanue qucuumiannbl: Acoustic cavitation
2. JlekTOpBI

2.1. Oleg A. Sapozhnikov, D.Sc., Professor, Department of Acoustics,
oleg@acs366.phys.msu.ru, tel. +7-495-939- 29-52.

2.2. Valery G. Andreev, Ph.D., Associate Professor, Department of Acoustics,
oleg@acs366.phys.msu.ru, tel. +7-495-939- 29-52.

3. AHHOTAIMA AUCIUILINHDI

The course focuses on a systematic presentation of the laws of cavitation phenomena caused by in-
tense acoustic waves in liquids. Along with the study of the gas bubbles’ behavior, the
accompanying acoustic cavitation processes in the surrounding liquid are considered. Learning
material is relevant to widespread cavitation phenomena in nature and their many applications in
ultrasound technology and medicine. The course examines the basic laws of dynamics of gas
bubbles in acoustic fields and the specific application of acoustic cavitation in research and
industry, as well as in medical diagnosis and therapy.

4. llean ocBOeHMsI TUCUUTJIMHBI

The main objective of this course is to familiarize students with how the presence of steam and gas
cavities affect the mechanical strength of the liquid, what is the character of acoustic cavitation in
different regimes, what conditions determine these regimes, what are the laws of propagation of
acoustic waves in a medium with gas bubbles, and how the ultrasound-induced bubble activity im-
pacts the liquid itself and objects located in it.

5. 3agaun JTUCHUILIHHBI

Obijectives of the course are: (1) a systematic description of the physical foundations of the
phenomenon of acoustic cavitation; (2) a description of the current state of research in this area;
(3) acquaintance with the principles of specific devices that use acoustic cavitation in the industry
and medical practice.

6. Komnerenuun
6.1. KomnereHun, He00X0AUMbI€ J1JI1 OCBOCHHS JUCIMILIHHbI

[K-1, TIK-6, M-OHK-2;M-UK-2; M-I1K-8§;
It is assumed that the students are familiar with basic methods of mathematical physics, as well as
know the basics of acoustics and wave physics.

6.2. KOMl'leTeHlII/II/I, Q)opMupyeMble B pe3yJbTaTe OCBOCHUA NUCHUITJIUHDBI

M-IIK-1; M-IIK-2; M-IIK-3; M-I1K-4, M-IIK-5; M-IIK-6; M-UK-3; M-CIIK-1
After listening to the course, the students will learn how to apply the methods of mathematical
physics to solve a wide class of problems related to acoustic cavitation.

7. TpeOoBaHus K pe3yJbTATAM OCBOEHUSI COAEPKAHUSA TUCIHUTLINHBI

As a result of learning the discipline the student should: (i) know about the effect of microbubbles
on the mechanical strength of liquids; (ii) be familiar with the behavior of a single bubble under the
influence of an alternating pressure of a sound wave; (iii) know the equation of bubble dynamics in
general; (iv) be able to calculate the behavior of the bubble and acoustic waves in the approximation
of small perturbations; (v) know the basic mechanisms of action of cavitation bubbles on the liquid
itself and the objects contained in it; (vi)understand why bubbles are effective energy
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concentrators; (vii) be familiar with the physical phenomena which manifest this unique property of
bubbles.

8. Coep:kaHue U CTPYKTYPa AUCUMIIUHBI

Bua padorbi 1 g eMech 4 Bcero

Oo0mas Tpy10€MKOCTb, aKaj. 4aCOB 72 72
AyaurtopHas padora:

Jlexiun, akaz,. 4acoB 18 18

CeMuHapsbl, akajl. 4acoB 18 18

JlabopaTopHble pabOTHI, aKkaj. YacoB
CamocTrosiTesqibHasi paboTa, akaj. 4acoB 36 36
Bu MTOroBOro KOHTPOJIs (3a4€T, 324€éT C OLIEHKOM, IK3aMeH) 3ad.

Crp. 2u3 10




®opma

N HaunmeHnoBanue TpynoémkocTh (akageMHUYeCKUX YACOB) U cOJep:KaHue 3aHATHIl TEeKyLIero
pas- pasgena KOHTpOJISA
aeJa AynuropHasi pabora CamocrosiTe1bHast padoTa

Jlexknun CeMuHapbl 10 TeMe

1 | Basic Lecture Nl (2 hours) Seminar M/ (2 hours) Derivation of solutions of the wave equa-

information of | Derivation of the wave equation from the hydrody- |Study of theoretical material and tion in the case of plane and spherical
acoustic waves. |namic equations. Brief summary of the acoustic solving problems relating to the lec- | waves. Solution of the problem of the
Properties of waves in liquids and gases. Traveling and standing  |ture Ne 1 radiation of acoustic waves and infinitely
fluids. Physical |waves. Wave beams. Spherical waves. Monopole large piston and pulsating sphere. (2 hours)
phenomena that |radiation. Structure of liquids in terms of the
play a role during | molecular-kinetic theory. The phenomena of the Derivation of the Laplace pressure in the
acoustic cavita- |surface tension, thermal conductivity, viscosity. cases of spherical and cylindrical shapes of
tion Theoretical mechanical strength of liquids and its the liquid surface. Solution of three tasks to

comparison with the experimentally observed values study the effects of surface tension,

of tensile strength of the liquid. viscosity and thermal conductivity.

(2 hours) H, D, WT

Lecture N22 (2 hours)

Equations of dynamics of classical viscous fluid and
some problems related to the dynamics of bubbles in
the liquid: the drug force for a uniform translational
motion of a solid sphere and the empty sphere; water
hammer and its manifestation on impact of a liquid
jet on the surface; added mass during the fluid mo-
tion. The solubility of gases in liquids. Henry's Law.
Diffusion of the gas into the liquid. Examples of
events where dissolved gas in the liquid plays the
role.

Seminar Ne2 (2 hours)

Study of theoretical material and
solving problems relating to the lec-
ture Ne 2

The solubility of gases in liquids. Henry's
Law. Diffusion of the gas into the liquid.
(2 hours)

Movement of empty and solid sphere under
the influence of a harmonic force in a vis-
cous fluid (2 hours)
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Role of bubbles
in mechanical
strength of lig-
uids

Lecture Ne3 (2 hours)

Definition of cavitation. Varieties of cavitation:
hydrodynamic, thermal (boiling), and acoustic
cavitation. A brief discussion of mechanisms.
Tension strength of fluid in the presence of gas
bubbles. Laplace pressure in the bubble. The
response of a single gas bubble to the static pressure.
Blake threshold. Natural mechanisms of liquid

Seminar Ne3 (2 hours)

Study of theoretical material and
solving problems relating to the lec-
ture Ne 3

Types of cavitation. Features of acoustic
cavitation in liquids. (2 hours)

Tensile strength of fluid in the presence of
gas bubbles. Laplace pressure in the bubble.
Blake threshold. (2 hours)

purification from air bubbles. H, D, WT
Lecture N4 (2 hours) Seminar N24 (2 hours) Motion of a bubble in a viscous liquid. Cav-
Features of bubble motion in a viscous fluid. Cavita- |Study of theoretical material and itation nuclei. (2 hours)
tion nuclei. Mechanisms to stabilize microbubbles.  |solving problems relating to the lec-
Experiments to measure the strength of the liquid. ture Ne 4
Linear dynamics |Lecture N25 (2 hours) Seminar A5 (2 hours) Rayleigh equation for bubble motion in an
of a single gas Derivation of equations of the dynamics of an empty |Study of theoretical material and incompressible fluid. (2 hours)
bubble in a liquid |cavity in the approximation of an incompressible solving problems relating to the lec-
with bubbles. fluid (Rayleigh equation). Accounting for the ture Ne 5 Stable cavitation. Stable cavitation thresh-
Interaction of Laplace pressure and the gas pressure in the bubble. old. Liquid degassing (2 hours)
bubbles with Linearization of the equations of bubble dynamics.
acoustic field The natural frequency of small oscillations (Minnaert
frequency). Free and forced vibrations of the bubble.
Stable cavitation. Emission of acoustic waves by an H WT

oscillating bubble in a linear approximation.
Radiation and viscous losses.

Lecture N6 (2 hours)

Gas bubble as an effective acoustic scatterer. Scatter-
ing cross-section and its dependence on the frequen-
cy. Sound propagation in a fluid with gas bubbles.
Effective-medium model, the nature of the absorp-
tion and dispersion.

Seminar Ne6 (2 hours)

Study of theoretical material and
solving problems relating to the lec-
ture Ne 6

Scattering cross-section of the gas bubble
and its dependence on the frequency.
(2 hours)

Sound propagation in a liquid with bubbles.
Effective compressibility. Speed of sound.
(2 hours)
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Nonlinear
phenomena in
cavitation.
Rectified
diffusion of gas
during the bubble
oscillations

Lecture N7 (2 hours)

Nonlinear bubble oscillations induced by the acoustic
wave. The generation of harmonics and
subharmonics. Artificial polymeric shell bubbles and
their use as contrast agents in medical diagnostics.
Bjerknes forces. Radiation force acting on bubbles in
traveling and standing acoustic wave. Interaction
force between two vibrating bubbles. The role of gas
diffusion in the dynamics of the bubble. Rectified
diffusion. Stable cavitation.

Seminar M7 (2 hours)

Study of theoretical material and
solving problems relating to the lec-
ture Ne 7

Cavitation detection. The generation of
harmonics and subharmonics. Experimental
measurement of the cavitation threshold in
liquid. (2 hours)

The forces acting on the bubble in the
acoustic wave. (2 hours)

H,D

Extreme events in
the collapse of
bubbles

Lecture /28 (2 hours)

Rayleigh problem of the collapse of an empty cavity
in an incompressible fluid. Exact solution based on
the availability of gas in the bubble. Bubble as an
energy concentrator. The degree of increase of
pressure and temperature in the collapse. Time of
onset of collapse. Sonoluminescence. Its mechanisms
and characteristics. Sonoluminescence in a cavitation
cloud and in a single bubble. Sonochemistry. The
hypothesis of the possibility of reaching a thermonu-
clear reaction in a collapsing bubble.

Seminar Ne8 (2 hours)

Study of theoretical material and
solving problems relating to the lec-
ture Ne 8

The collapse of the bubble in the sound
wave. Sonoluminescence. (2 hours)

The possibility of a thermonuclear reaction
during the collapse of bubbles. (2 hours)

H,D

Transient acoustic
cavitation.
Acoustic
cavitation in
medical
ultrasound
applications

Lecture M9 (2 hours)

Transient acoustic cavitation. Its thresholds.
Instability of the bubble shape. Creation of microjets
in the collapse and their role in the cavitation erosion
of solids. Experimental methods for the study of
transient cavitation. Passive and active detection of
cavitation. Mechanical Index in the ultrasound
application to medical diagnosis. Cavitation
thresholds in tissues. Role of acoustic cavitation in
the destruction of tissues in ultrasound therapy.
Cavitation histotripsy and boiling histotripsy.

Seminar ANe8 (1 hour)

Demonstration (1 hour).
Observation of cavitation in a high-
intensity ultrasonic beam emitted by
a piezoceramic source at a frequency
of 1 MHz. Observation of cavitation
caused by the ultrasonic magneto-
strictive source at a frequency of 18
kHz. Discussion.

Transient acoustic cavitation threshold.
Generation of microjets and shock waves.
(2 hours)

Role of cavitation at the drug delivery. Me-
chanical Index. (2 hours)

Lithotripsy and the role of cavitation in the
destruction of kidney stones. (2 hours)

H, WT

I[IpexycMoTpensl cienywuue (popMbl TEKYIIero KOHTPOJIsSI YCIIeBAEMOCTH
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1. Homework (H);

2. Written test (WT);
3. Oral test (OT);

4. Discussion (D).
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9. MecTto gucuuniaunsl B crpykrype OOII BITIO

1. JlucuuiuinHa SBISETCS 00513aTCIbHOMA.

2. BapmaruHas 4acTh, mpoeCCHOHATBHBIN 0J0K, HAYYHO-HCCIIE0BATEIILCKAN CEMUHAD.

3. The teaching is based on the knowledge gained in the earlier all-faculty courses on mathemati-
cal physics and undergraduate programs of the Department of Acoustics, in particular, "Fluid
Mechanics"”, "Introduction to Acoustics,” "Wave Theory" and "Theoretical Foundations of
Acoustics."

3.1. JIucuuIinHbl, KOTOpbIe JOHKHBI OBITh OCBOEHBI JJIsl HaYala OCBOCHUS TAHHOW JAMCHUTLIH-
HBbI:
Mathematical Analysis, General Physics courses

3.2. lucuuriiuHel, 17151 KOTOPBIX OCBOEHUE JAaHHOW MTUCIUTLIMHBI HEOOXOIMMO KaK Mpeie-
CTBYIOIIIEE:
Research practice, research work

10. O6pa3oBaTe/ibHbIE TEXHOJIOTUH
Presentation is given mainly in the traditional way (using chalk and blackboard). Some laws of
cavitation phenomena are illustrated using computer projector. In addition, experimental demonstra-

tion are conducted of cavitation in the field of high-power ultrasonic sources. During the colloqui-
um, a general discussion is performed on the topic of the course.

11. OueHo4HbIe CpeACTBA A5 TeKYIIero KOHTPOJIS YCIeBAeMOCTH U NPOMEeKYTOYHOM aTTe-
CTAlUH
Bonpochl K 3a4eTy N0 CIENKYPCY KAKYCTHYECKAs] KABUTALHUSI»

1. Write linearized hydrodynamic equations and deduce from them the wave equation for the
acoustic waves.

2. What are the features of sound radiation by an oscillating sphere?

3. Write the formula for the Laplace pressure in the case of cylindrical and spherical interfaces be-
tween a liquid and a gas.

4. Write the heat transfer equation and explain the physical meaning of the relevant quantities.

5. Write expression for the drag force at a slow uniform motion of a solid sphere in a viscous fluid.

6. Provide expression for the pressure that appears during water hammer effect.

7. Response of a single gas bubble to static pressure. Blake threshold.

8. Derive the equation of the dynamics of an empty cavity in the approximation of an incompress-

ible fluid (Rayleigh equation).

9. Write Rayleigh equation and make its linearization. Derive the natural frequency of small oscil-
lations (the Minnaert frequency).

10. Based on the solution of the linearized Rayleigh equation, express the scattering cross-section of
the bubble and its dependence on frequency.

11. Apply the method of successive approximations to the Rayleigh equation to obtain an expres-
sion for the signal emitted by the bubble at the second harmonic of the incident harmonic wave.

12. Get exact solution of the Rayleigh equation for the dynamics of an empty spherical cavity in an
incompressible fluid. Time of onset of collapse.

13. What is sonoluminescence? Types of sonoluminescence and its mechanisms.

14. What is the Mechanical Index and how it characterizes the safety levels of ultrasound?
Cavitation thresholds in tissues.

15. Role of acoustic cavitation in ultrasound therapy. Cavitation histotripsy and boiling histotripsy.

Oﬁpa3m)1 3aav 1Jist CaMOCTOATEC/ILHOI'O PEINCHUA
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Problem 1. Under the influence of the acoustic wave radius of a gas bubble in a liquid decreased
from R1=10 um to R,=5 um. Assuming an adiabatic compression process, calculate the final tem-
perature t, and the gas pressure in the bubble p,. The initial parameters t;=20°C and p; =1 atm.
Adiabatic exponent isy = 5/3.

Problem 2. Free oscillations of a gas bubble in a liquid are described by the following equation for

the bubble radius R:
3y
RR +§F'€2:i P, +2—O- (&j ﬁ_poo ’
2 Lo R, LR R

where the dot denotes differentiation with respect to time, p,, p,, o, y are constants equal

respectively the fluid density, external pressure in the liquid, the surface tension of the liquid and
gas adiabatic exponent, Ry is unperturbed bubble radius. Linearizing the equation, obtain an expres-
sion for the free oscillation period.

Problem 3. A gas bubble of radius Ro =1 um performs small oscillations in the liquid at ambient
pressure (po = 1 atm = 10° Pa). Determine the period of free oscillations of the bubble. Adiabatic
exponent is y = 5/3, the surface tension is o = 0.08 N/m.

Problem 4. A gas bubble is sitting in a fluid. In the initial state, the pressure in the liquid is po , the
initial bubble radius Rq . The pressure of the liquid is very slowly (so that the state of the gas in the
bubble can be assumed isothermal) is lowered to a value p. It is known that the gas pressure in the
bubble ppubbie 1S expressed through fluid pressure p as follows: ppubsie = P+26/R , where o is the sur-
face tension of the liquid.
Questions:
1) Find a formula relating the final bubble radius R with finite pressure p;
2) Find the negative pressure threshold pinreshoid in the liquid, from which a further decrease of
the pressure p will lead to instability of the bubble (i.e., a lack of equilibrium values of the
radius of the bubble ) - Blake threshold.

Problem 5. Find a threshold for the negative fluid pressure pinreshold, from which a further decrease
of the pressure will lead to instability of the bubble (i.e. lack of equilibrium values of the radius of
the bubble) - the so-called Blake threshold, for a bubble with an initial radius of 0.5 um.

12. YueOHO-MeTOAHYECKOE 00eceueHne JHCIUILTHHBI

OcHoBHas1 iMTEparypa:

1. Croxton, C.A. Introduction to Liquid State Physics. - John Wiley & Sons Ltd,1975, 296 pp.

2. Frenkel, J. Kinetic Theory of Liquids. - Peter Smith Publisher, Incorporated, 1984, 488 pp.

3. Hill, C.R., Bamber, J.C., and ter Haar, G.R. (Eds.) Physical Principles of Medical Ultrasonics,
2nd edition. — John Wiley & Sons, 2004, 528 pp.

4. Flynn, H.G. Physics of Acoustic Cavitation in Liquids. In: Physical Acoustics, vol. 1, part B
(ed. by Mason, W.P.). - Academic Press, New York, 1964, pp. 57-172.

5. Shutilov, V.A. Fundamental Physics of Ultrasound. - CRC Press, 1988, 378 pp.

6. Akulichev, V.A. Pulsations of cavitation voids. In: High Intensity Ultrasound Fields (ed. by Ro-
zenberg, L.D.) — Plenum, New York, p. 205, 1971.

7. Leighton T.G. The Acoustic Bubble. - Academic Press, 1994 - 613 p.

8. Young F.R. Cavitation. - Imperial College Press,1999 - 418 p.

JonoHuTeIbHAdA JIUTEpaTypa:
1. Pesubya I1., [le Jlenep M. Knaccuueckass KuHeTHYECKas! TEOPHS KUAKOCTEH U ra3oB. M.: Mup,
1980. - 424c.
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I'aBpuiioB JI.P. @oKycupOBaHHBIA yJIbTPA3BYK BBICOKOW MHTEHCHMBHOCTH B MeauluHe. — M.:

®dasmuc, 2013, 656 c.
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Kues: Buma mik., 1984. — 68 c.

7. Maprymuc M.A. OCHOBBI 3ByKOXUMHHU (XHUMHUYECKHE PEAKLUU B aKyCTHYECKHUX MOJSIX): YueO.
rocobue ISl XUM. U XUM.-TEXHOJ. criell. By30B. — M.: Beicur. mik., 1984. — 272 c.

8. beprman JI. YabpTpa3Byk U ero npuMeHeHHe B Hayke M TexHuke. — M.: MHoctp. nut., 1957, —
726 c.

9. bponun ®.A., YUepnoB A.Il. YnaneHue 3ayceHleB U AUCHEPrUPOBAHNE TOPOLIKOBBIX MaTepHa-

JIOB TIPU BO3JCUCTBUY yJbTpa3Byka. — M.: MammHoctpoenue, 1978. — 55 c.

ouhsw

Iepuonnyeckasi qureparypa:

1. Apfel R.E. Sonic effervescence: A tutorial on acoustic cavitation. - J. Acoust. Soc. Am., 1997,
v. 101, no. 3, pp. 1227-1237

2. Bailey, M.R., Khokhlova, V.A., Sapozhnikov, O.A., Kargl, S.G,, and Crum, L.A. Physical
mechanisms of the therapeutic effect of ultrasound (A review). - Acoustical Physics, 2003, v.49,
no.4, pp.369-388.

HuTepuer-pecypesi: http://acoustics.phys.msu.ru

13. MaTepuajabHO-TeXHHYECKOE o0ecreyeHune

B cootBercTBHHE ¢ TpeOoBaHMAMHU 11.5.3. oOpa3oBaTensHOro crangapra MI'Y 1o HanpaBICHHIO MTO-
rotoBku «®duznkay.

VYuebHas aynutopus ¢puzndeckoro paxyiabrera MI'Y
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http://acoustics.phys.msu.ru/

Cneunann3np03aﬂﬂble KOMIICTCHIHHA l'[pO(l)I/I.]'IbHOi;I HanpaBJCHHOCTHA Oﬁy‘lel{l/lﬂ

(cenMaTU3MpPOBaHHbIE KOMIIETEHIIHM MarucTepckoii mporpammbl)/ Competencies.

M-CIIK-1

Deep understanding of the physics of cavitation phenomena occurring during propa-
gation of intense acoustic waves in liquids. Ability to apply the acquired knowledge
about the dynamics of gas-vapor cavities in the liquid in specific experimental
situations involving different regimes of acoustic cavitation. The ability to calculate
the parameters of acoustic radiation required to create a particular regime of
cavitation. Understanding the mechanisms of action of oscillating bubbles on the
fluid and embedded objects in relation to the processes used in modern ultrasound
technologies. Understanding the role of acoustic cavitation in medical ultrasound ap-
plications, the ability to calculate safe levels of acoustic pressure in ultrasound devic-
es used for medical diagnostics. Ability to solve problems on the dynamics of gas
bubbles in a liquid with the help of modern mathematical methods. Ability to
organize and plan applied and fundamental research on acoustic cavitation using
facilities, equipment, and information technology. Skill to describe research results in
the form of research reports, articles and presentations.
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