Pabouasi nporpamMma AuCHUIITHHBI

1. HazBanue AMCHMILINHLI:
Theoretical fundamentals (principles) of acoustics. Part 2
(Propagation of acoustical waves in bounded media)

2. Jlextopsl. Lecturers.

2.1. PhD, Associate Professor Pavel N. Kravchun, Department of Acoustics,
gedackt@mail.ru, tel. +7-916-382-80-62.

2.2. PhD, Senior Researcher Vladimir G. Mozhaev, Department of Acoustics,
vgmozhaev@mail.ru , tel. +7-495-939- 29-27.

3. AHHOTAN M TUCHUILIMHLL. Annotation.

The course presents a systematic description of basic theoretical concepts and methods of the clas-
sical linear acoustics, which permit to descript emission and propagation of sound waves in bound-
ed media (waveguides, resonators, closed volumes) and solid bodies. The consideration is accom-
panied by mathematically rigorous treatment of phenomena, as well as analysis of assumptions and
approximations adopted in the mathematical statement of problems. Knowledge of the basic theo-
retical concepts is necessary for further learning of the acoustical disciplines in the Department of
Acoustics, and for independent practical studies.

4. Ilesii 0OCBOEHUS TUCUMILIAHBI.

As a result of the learning of this discipline student will be able to use methods of mathematical
physics for analytical description of acoustical waves in different problems of acoustics of bounded
media. Student will know the physical laws of emission and propagation of linear acoustical waves
in different situation.

5. 3agaun AMCHUIINHEL.

Tasks of the course are:
(1) systematic description of the theory of propagation of linear acoustical waves in bounded
media (gases, liquids, solid bodies);
(2) use of the theory for solving of the typical problems of acoustics connected with the propa-
gation of waves in bounded media;
(3) introduction to applied problems of acoustics of bounded media, examples from practice.

6. Komnerenuuu.
6.1. KomnereHunu, He00X0UMbIE /15l OCBOCHH AHCIHUILINHEI.
[IK-1, IIK-6
6.2. Komnerenuuu, popMupyemMbie B pe3yJabTaTe OCBOEHHUSI JUCIUTLINHBI.
I1K-3, IIK-4

7. TpeOoBaHus K pe3y/ibTATAM OCBOEHUSI COAEPKAHUSA TUCIHUTLINHBI
As a result of learning of the discipline student must know basic physical and mathematical models

connected with propagation of acoustical waves in bounded media, methods of the mathematical
description of acoustical waves in waveguides, resonators, closed volumes, plates and other solid
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bodies, properties of waves and principles of functioning of different acoustical devices; be able to

calculate parameters of acoustical fields in bounded media, know examples from practice.

8. Conep:xkaHue ¥ CTPYKTYpa TUCHHUIJIHHBI.

Bux padorbi 7 Cemecrp Bcero

Oomas Tpy10€MKOCTb, aKaj1. 4aCOB 72 72
AyaurtopHas padora:

Jlexuwmu (lections), aka. yacos 36 36

CeMuHapsbl, aKaJl. 4acoB

JlabopaTopHble pabOTHI, aKkaj. YacoB
CamocTrosiTesqibHasi paboTa, aKkaj. 4acoB 36 36
Bu MTOroBOro KOHTPOJIs (3a4€T, 324€éT C OLIEHKOM, IK3aMeH) 3ad4.
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N HaumeHoBaHue TpynoémkocTs (akaieMU4eCKHUX YaCOB) U COJlePKAHUE 3AHATHI ®opma
pas- pa3geia TeKyue-
aesa ro

KOH-
TpoJist
AynutopHas padora CamocTosiTe1bHasI padoTa
Lections
1 |Acoustical waves |Lection No.1 (2 hours) (2 hours)
in bounded liquid |Normal waves in regular waveguides with rigid walls. Propagating | Working with the lecture material and reading the recom-
media. Regular and non-propagating (evanescent) modes. Cut-off frequencies. Dis- | mended literature. Solving tasks on the theme of lecture. Home
waveguides. persion of normal waves. Phase and group velocities. work
Lection No.2 (2 hours) (2 hours) (HW),
Representation of a mode as a sum of plane waves. Waves in the flat| Working with the lecture material and reading the recom- Control
layer at least one of which boundary is acoustically soft (model of a |mended literature. Solving tasks on the theme of lecture. work
shallow sea). Cut-off frequencies. Low-frequency band of attenua- (CW)
tion. Asymptotic of long ranges.
2 |Waves in pipe Lection No.3 (2 hours) (2 hours)
sections. Acousti- | Pipe section as a four-terminal circuit; characteristic matrix, input | Working with the lecture material and reading the recom-
cal four-terminal | impedance (low-frequency approximation). Resonance frequencies |mended literature. Solving tasks on the theme of lecture. HW,
circuits. Resona- | of pipe section (eigen frequency spectrum of open and closed Cw
tors. pipes).
Lection No.4 (2 hours) (2 hours)
Non-regular waveguides. A joint of two waveguides of different Working with the lecture material and reading the recom-
cross sections: the effect of impedance transformation. The Helm- | mended literature. Solving tasks on the theme of lecture.
holz resonator, its resonance frequency.
3 |Waveguides of Lection No.5 (2 hours) (2 hours)
slowly varying Equation for the wave propagation in waveguides of slowly varying |Working with the lecture material and reading the recom-
Ccross section. cross section. The Webster equation. Decision of the Webster equa- |mended literature. Solving tasks on the theme of lecture.
tion. Effective radius of waveguide. Cut-off frequency.
Lection No.6 (2 hours) (2 hours)
Conical, exponential and catenoidal megaphones. Decisions of the | Working with the lecture material and reading the recom- HW,
Webster equation for them. Megaphones and concentrators. Input | mended literature. Solving tasks on the theme of lecture. Cw
impedance of megaphone, its frequency dependence. Input imped-
ance of the conical megaphone, its specific properties. Examples of
practical use.
4 |Principles of Lection No.7 (2 hours) (2 hours)
acoustical match- | Acoustical matching systems. The solution of the matching problem |Working with the lecture material and reading the recom- HW
ing. Flat layer as a |for one flat layer (for one frequency). The characteristic matrix and |mended literature. Solving tasks on the theme of lecture.
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matching system. |input impedance of the flat layer. A short review of multi-frequency
and broadband matching methods. Examples of practical use.
5 |Acoustic fields in |Lection No.8 (2 hours) (2 hours)
closed volumes. | Methods of description of acoustical fields in closed volumes. The |Working with the lecture material and reading the recom-
Reverberation. statistical theory (a diffuse field), balance of acoustical energy in the |mended literature. Solving tasks on the theme of lecture.
closed volume. The standard reverberation time. The Sabine formu- |Preparing to the colloquium.
la. Connection of absorption coefficient with impedance of surface.
Local reacting impedance. HW C
Lection No.9 (2 hours) (2 hours) '
(1 hour) Fundamentals of wave theory of reverberation. Axial, tan- |Working with the lecture material and reading the recom-
gential and oblique modes. Reverberation of modes. Acoustical mended literature. Preparing to the colloguium.
quality criterions for rooms and halls.
(1 hour). Colloguium with tasks on themes of parts 1-5. General
discussion on themes of parts 1-5.
6 |Ynpyrue Bonusl B |Jlexyus NelO (2 uaca) (2 hours)
HU30TPOITHEBIX Tensopsl gedopMaIn U HalpsoKeHus. 3akoH ['yka. YpaBHeHMs Working with the lecture material and reading the recom- HW
TBEP/BIX TeNaX. | IBMKCHHUS M30TPOINHBIX TBepIbIX Tel. [IpomonsHbie u monepeunsie |mended literature. Solving tasks on the theme of lecture. CW’
BOJIHBI B TBCPAbIX TCJIAX.
7 |Otpaxkenue u Jexyus Nell (2 uaca) (2 hours)
npeoMIICHHE I'paHruHbIC 3a/1a4M aKyCTHKH TBEPIOTo Tena. Y ciaoBus Ha rpanunax |\Working with the lecture material and reading the recom-
aKyCTUYECKUX paszena. mended literature. Solving tasks on the theme of lecture.
HW,
BOIIH Ha rpanunax |Jlexyus Nel2 (2 uaca) (2 hours) cW
paszena cpep. OtpaskeHre TOPU3OHTAIEHO U BEPTHKAIBHO MMOIspru30BaHHBIX caBH- |Working with the lecture material and reading the recom-
TOBBIX BOJIH OT CBOOO/IHOM IPaHMUIIBI TBEPAOTO TeIa. mended literature. Solving tasks on the theme of lecture.
8 |Pacmpoctpanenue |Jlexyus Nel3 (2 uaca) (2 hours)
aKyCTHYECKUX Merton oTpaXkeHUs B 3a[1aUaxX pacnpocTpaneHus rpannunbix BoH. | Working with the lecture material and reading the recom-
BOJIH B OTPaHH- mended literature. Solving tasks on the theme of lecture.
HW,
YEHHBIX TBEPABIX |Jlexyus Nel4 (2 uaca) (2 hours) CcW
Tenax. AKkycTHYeckre BOJHBI Ha CBOOOIHOM MOBepXHOCTH TBepaoro Tena, | Working with the lecture material and reading the recom-
Ha TPaHMIaxX pas/eNia TBEPABIX TEN, TBEPAOTO TENA M JKHUIKOCTH. mended literature. Solving tasks on the theme of lecture.
9 |VYupyrue BoaHbI B |Jlekyus Nel5 (2 uaca) (2 hours)
TBEpABIX IIacTH- | OnpeaeseHne XapaKTepUCTUK TOPU30HTAIBHO TOISIPU30BaHHBIX Working with the lecture material and reading the recom-
Hax. MOJ METOJOB ITOTEHIIHAIIOB. mended literature. Solving tasks on the theme of lecture.
Jexyus Nel6 (2 uaca) (2 hours) HW,
JlucriepcHoHHbIE COOTHOIICHUs Panes-JIamoba. Working with the lecture material and reading the recom- Cw
mended literature. Solving tasks on the theme of lecture.
10 |BeprukanbHO Jlexyusa Nel7 (2 uaca) (2 hours)
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mossipu3oBanuble | [IpomoabHBIE W M3THOHBIE BOJIHEI B TBEPIBIX IUIACTHHAX. Working with the lecture material and reading the recom- C
MOJIbI TBEPJIBIX mended literature. Solving tasks on the theme of lecture.
TUTACTHH. Preparing to the collogquium.

Jlexyus Nel8 (2 uaca) (2 hours)

(1 uac) Bomusl JIsBa: mapuuansHoe mpeacTaieHue u qucnepcuon- | Working with the lecture material and reading the recom-

HBIE CBOMCTBA. mended literature. Solving tasks on the theme of lecture.

(1 uac). KonnokBuywm 1o paszaenam 6-10 ¢ pemenuem 3aaad no BceM | Preparing to the colloquium.

pasmenam. Obmas auckyccus mo pasaenam 6-10. Kpyrisrit crom.

I[IpexycMoTpensl cienywiiue (popMbl TEKYIIEro KOHTPOJIsSI YCNIEBAEMOCTH

1. Home work (HW);
2. Colloguium (C);
3. Control work (CW);
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9. MecTto gucuuniaunsl B crpykrype OOII BITIO

1. MucuumnuHa no BeIOOpY (0e3 anbTepHATHBBI).

2. BapmaruHas 4acTh, mpodeCCHOHATBHBIN 00K, CIenKypC Kadeapsl.

3. The course is based on the mathematical physics, general physics and the introductory course of
the Department of acoustics “Introduction to acoustics”. The course is connected with some
themes of the course “Theory of waves” which is read in the same semester.

31 I[I/ICIII/IHJ'II/IHI)I, KOTOPBIC JOJI’KHBL OBITH OCBOEHEI JJIs1 HaYdaJla OCBOCHUA I[aHHOfI AUCHUIIIN-

HBI:
Mathematical analysis, General physics, Theoretical mechanics, Introduction to acoustics.

3.2. I[I/ICI_II/IH.HI/IHBI, IJI1 KOTOPBIX OCBOCHHC HaHHOﬁ JAUCHUITIIMHBI HCOGXOIII/IMO Kak Ipeauic-

CTBYIOIIIEE:
Further courses of the Department of Acoustics, scientific practice, research work.

10. O6pa3oBaTebHbIE TEXHOJIOTHH

The course is exposed mainly in traditional way (on the desk). Some themes are illustrated by com-
puter and projection equipment or color photographs. General discussions are held during two col-
loquiums. Final general discussion is held in the form of round table (students and lecturers).

11. OueHo4Hble cpeACTBA JJIsl TEKYIIEro KOHTPOJIS yCIIeBaeMOCTH U NPOMEKYTOYHOM aTTe-
CTAlUH

Bomnpoch k 3auety 1o crienkypcey «Teopernyeckue 0cHOBBI aKycTHKH. PacnpocTpanenne
AKYCTHYECKHUX BOJIH B OTPAHMYEHHBIX CpeIax»

1.

2.
3.
4.

10.

11.

12.

13.

14.
15.

16.

Normal waves in regular waveguides. Propagating and non-propagating (evanescent) modes.
Cut-off frequencies.

Normal waves in flat layer. Cut-off frequencies. Asymptotic kr>>1.

Conical megaphone, its input impedance. Exponential and catenoidal megaphones.
Reverberation in closed volumes (statistical theory). Diffuse field. Balance of acoustical en-
ergy in closed volume.

Acoustical resonators of small wave size. The Helmholz resonator (input impedance, reso-
nance frequency).

Flat liquid layer. The characteristic matrix and input impedance of the flat layer.
Non-regular waveguides. A joint of two waveguides of different cross sections: the effect of
impedance transformation.

Equation for the wave propagation in waveguides of slowly varying cross section (the Web-
ster equation). Decisions of the Webster equation.

Acoustical matching systems. The solution of the one flat layer matching problem (for one
frequency).

Acoustic fields in closed volumes. The statistical theory, diffuse field. The standard rever-
beration time. The Sabine formula.

Fundamentals of wave theory of reverberation. Axial, tangential and oblique modes. Rever-
beration of modes.

Propagating and non-propagating (evanescent) modes in regular waveguide. Cut-off frequencies.
Dispersion of normal waves. Phase and group velocities. Representation of a mode as a sum of
plane waves.

Pipe section as a four-terminal circuit; characteristic matrix, input impedance (low-
frequency approximation).

Tenzops! nedopmaru U HanpspKeHHs. 3aKoH ['yKa U1 H30TPOIHBIX TEJ.

Mopynu ynpyrocTy IpH pa3IMuHbIX Je(opMaIusx H30TPOITHBIX TBEPIbIX Tel (0e3rpanny-
HO€ T€JI0, IUIACTUHA, CTEPIKEHB).

Mertona moBepxHOCTEH pedpakiuu A1 aHaIu3a OTPAKECHHS U MPETIOMIICHHSI YIIPYTHUX BOJIH.
O0111e 3aKOHOMEPHOCTH OTPAYKEHHSI U TIPEIOMIICHUS aKyCTHUECKUX BOJIH HA TPaHHUIIAX
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17.

18.

19.

20.

21.

22.

23.

M30TPONHBIX Tel (ycioBUs (Pa30BOro CHHXPOHU3MA, CBSI3b YIJIOB OTPAXKEHUS U IIPEJIoMJIe-
HUS, TpaHC(HOpPMALIKs TUTIOB BOJH, KPUTHYECKHE SBIICHUS).

HpOI[OJ'II)HI)Ie H NOMECPCYHBIC BOJIHBI B TBECPALIX TCJIaX (ypaBHeHI/IH ABWXXCHUSA, MMOJIApU3alns,
CBSI3b MEXKIY CKOPOCTSIMHU).

Boanst CToyHIN: yCIOBHS CYIIECTBOBaHUS, CTPYKTYpa CMELIEHUM U JUCIIEPCUOHHBIE COOT-
HOIICHMUS.

KoaddummenTs! otpaxenns SV-CIBUTOBBIX BOJIH OT CBOOOIHOW TPaHHIIBI H30TPOITHOTO
TBepaoro Tena. Kpuruueckue u OprocTEpOBCKUE SBICHUS MPU OTPAKCHUU.

HeomHopoansie ynpyrue BOIHBL: (a3oBasi CKOPOCT, MOJISIPH3AIHS, CTPYKTYpa CMEIICHUN U
KpUBbIe pedpakiuu.

MCTOI[ OTpAXCHUSA B 3aJa4ax paCpOCTpaHCHUA I'PAHUYHBIX BOJIH. KommnnekcHsie YTIJIbI OT-
pakeHusl 1 HEOTHOPOAHbIE BOJIHBI. [lapunanbHOe npencTaBieHne ynpyroro BO3MyeHUs
Ha TpaHulle TBepAbIX Te. OnpeaeneHnue CKOpOCTH U MOSpU3aLMU TPAHUYHON BOJIHBI.
Bonnbl Panes: pemienne MeTo10M OTpaKE€HHUS, TUCIIEPCUOHHBIE XapAKTEPUCTUKU U CTPYK-
Typa CMEILIECHHMN.

Xapakrtepuctuku SH-M0/1 B TBEpABIX MIACTUHAX (PEIICHUE METOJIOM OTPaKEHHS, MOAOBBII
COCTaB, CTPYKTypa CMEIICHHIA).

OO0pa3ubl 32724 17151 KOHTPOJIBHBIX padoT.
Examples of tasks for control works

1.

N

The Helmholz resonator has the resonance frequency Fo=500 I'r; at temperature t,=20°C
Calculate the resonance frequency of resonator for air with temperature t;=200°C and t,=-
170°C. Consider air as ideal gas.

Calculate the lowest cut-off frequency for shallow sea with depth H=75 m.

Calculate the ratio of resonance frequencies of the Helmholz resonator with hydrogen and
air. Gases consider as ideal, density of air is equal to 1,3 kg/m?®, hydrogen - 0,09 kg/m°.
Calculate the input impedance of the conical megaphone (xo=10 sm) in air for frequency 50
Hz.

Bomnpocsl Kk KOJIOKBHYMaM 10 crienkypey «TeopeTrnyeckue 0CHOBbI AKYCTHKH, YACTh 2)»
Questions for colloquium

1.

Determine the average absorption coefficient of the surface for diffuse field and calculate it
for room with total square of surfaces S and volume V, if the reverberation time is equal to
RT. Calculate for $=600 m?, V=1000 m®, T,=1,5s.

Determine the impedance matching. Calculate the thickness of flat layer and wave imped-
ance of output medium for layer with wave impedance Z, and sound velocity co. Frequency
of matching is f. Wave impedance of input medium is Z;.

Resonators in architectural and aircraft acoustics (general description). Resonance equation
in terms of input impedance of resonator. Calculate the resonance frequency for resonator of
small wave size in air with pipe 1=10 sm, 2ro=4 sm and spherical volume 2R=20 sm.

Show the vertical dependence of sound pressure in shallow sea with depth H for 3 lowest
modes for rigid bottom and soft bottom.

O0pa3ubl 32124 1719 CAMOCTOSITEILHOI0 pelieHus (IOMAITHUX 32/1aHUI)
Examples of tasks for home works

1.

Calculate the frequency range in which the sea with depth H=75 m and soft bottom will not
transmit acoustic waves. Draw the depth dependence of sound pressure and phase and group
velocities for 3 lowest modes. Bottom consider flat, sound velocity independent on depth
(c=1500 m/s).

Calculate density of medium, if the Helmholz resonator has pipe I=4 sm and r=1 sm, volume
V=1260 sm°, and resonance frequency f=850 Hz (gas is ideal).
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Flat layer with thickness I, wave impedance zo and sound velocity ¢o matches 2 media, wave
impedance of one of them is z;. Calculate wave impedance of the second medium and fre-
quency of matching.

Calculate the output impedance Z, for the pipe with length | and cross section S (VS << 1),
for which the input impedance is equal to Z,.

Onpenenuts 4acTOTHI MEpeXoja U MOCTPOUTH IUCHEPCHOHHBIE KPHUBBIE AJISA IEPBBIX TPEX
Moy JIsBa B ctpyktype CdS-SiO. CxopocTu monepeyHbIX BOJIH B 3TUX MaTepualiaX paBHBI,
COOTBETCTBEHHO, 2.5 1 3.5 kMm/c.

PaccunTarh 4acTOTy OTCEUKM MOJBI a3 B CTAJIbHOMN IUTacTHHE TOMMHON 1 cMm. IlocTpouts
€€ IUCIEPCUOHHYIO KPUBYIO.

OnpenenuTts TOMIIMHY aJFOMMHHUEBOM IUIACTUHBI, B KOTOpoM Ha yactoTe 1 MI'1 Bo3mMokHa
yIpyTas BOJIHA CO CKOPOCTBIO, PABHOW CKOPOCTH 3BYKa B BO3ZYXE.

YeMy paBHO MpUOIMKEHHOE 3HaYeHHE (ha30BOW CKOpocTU 5-if Mozbl Ce3aBbl B CTPYKType
Zn0O-SiO na gactore 1000 MI'u? TommunHa maeaku ZNO — 100 mkM. CKOPOCTH CABUTOBBIX
BOJIH B IJICHKE U MOJUIOKKE PaBHBI, COOTBETCTBEHHO, 3 U 3.5 KM/C.

12. YyeOHO-MeTOANYECKOE 00€ecTeueHHne JUCITUILINHEI

Basic literature:

1.
2.
3.

o

HB©oooNe

M. A. Isakovich. General Acoustics. Nauka, Moscow, 1973 (in Russian).

E. Skudrzyk. The Foundations of Acoustics. Springer - Verlag, Wien - New York, 1971.

S. N. Rzevkin. The Course of Lectures on the Theory of Sound. Moscow University Press,
Moscow, 1960 (in Russian).

Pierce A. Acoustics: An Introduction to Its Physical Principles and Applications. — Acousti-
cal Society of America, 1989.

V.A.Krasil’nikov, V.V.Krylov. Introduction to physical acoustics. — Nauka, Moscow, 1984
(in Russian).

L. M. Brekhovskikh. Waves in Layered Media. Academic Press, New York, 1960.

P. M. Morse. Vibration and Sound. McGrow - Hill Book Co., Inc., New York, 1948.
Jannmay JIJI., Jludmur E.M. Teopust ynpyroctu. — M.: Hayxka, 1965.

Auld B.A., Acoustic fields and waves in solids,  N.Y.: Wiley & Sons, v.II, 1974,

. I. A. Victorov. Sound surface waves in solids. Nauka, Moscow, 1981 (in Russian).
. 'punuenxo B.T., Menemko B.B. ['apMonnueckue koneOaHusi U BOJHBI B TBEPABIX TENaX. -

Kues: Hayk. nymka, 1981.

. Acoustics in tasks (edited by S.N. Gurbatov and O.V. Rudenko).—M. Nauka, 1996. (in Rus-

sian).

Additional literature:

1.

2.

3.

L. Brillouin, M. Parodi. Wave Propagation in Periodic Structures. Masson et C-ie , Dunod
editeurs, Paris, 1956, (in French).

V.V.Krylov. Fundamentals of theory of emission and scattering of sound. - Moscow: Mos-
cow State University Publ., 1989 (in Russian).

Acoustics in tasks (edited by S.N. Gurbatov and O.V. Rudenko).— M.: Fizmatlit, 2009. (in
Russian).

Web site:: http://acoustics.phys.msu.ru

13. MaTepuainbHO-TeXHUYECKOE o0ecreyeHue

In accordance with the requirements of p. 5.3 of the MSU educational standard on the direction
"Physics".

Lecture-room No 3-65.
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