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. The difference between (i) strong nonlinearity and (ii)

strongly expressed weak nonlinearity is discussed. Both
are responsible for waveform distortion, shocks formation,
and corresponding broadening of frequency spectra.

. Classical nonlinear phenomena significant from the

viewpoint of aeroacoustics are reviewed. Among them are
transformations of different noise spectra, and noise
control by high-intensity signal. After review, following
problems will be discussed:

. Sonic booms in turbulent atmosphere.
. New mathematical models including nonlinear integro-

differential equations (IDE). IDE describe regular and noise
waves in atmosphere where the spectrum of relaxation
times of different gases should be considered for correct
description of shock waves

. Standing waves in gas-filled resonators
. Nonlinear sound absorbers



Name of this workshop is “Computational Experiment in Aero-
acoustics”. Evidently, key word here is “Computational”

The title of our talk is “Nonlinear Wave Phenomena in Gases and
Liquids”. Key words here are “Nonlinear Phenomena”

Somebody may think, that this talk is out of line with this meeting.
But such viewpoint is incorrect. This can be easily proved.

Reall,_you can read CEAA from left to right:

Computational
A But you can
ero

l also read this

Experiment
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Acoustics  gppreviation
! in opposite
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from right to
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Excepting
Computers Acoustics

Such interpretation shows that this talk completely corresponds
to main topic of this remarkable event



However, numerical studies of nonlinear phenomena really
go on more than 40 years

“Computer” collaboration between mathematicians and
physicists was initiated by academicians N.S. Bakhvalov and
R.V.Khokhlov.

Their first meeting took place on
20 March 1974, in the office of
Khokhlov, who was that time the
Rector of Moscow University.
Khokhlov, Bakhvalov, Rudenko,
and Zhileikin participated in that

BAKHVALOV meeting.

B ack of

During 1974-1993: codes for BACM-6 and IBM PC/AT-286 were developed , 50
papers were published. Application packages were created: “NACSI” (1990)
(Nonlinear Acoustics — Computer Simulation), and “SB”(Sonic Boom). (1993).

1. Noviklov, Rudenko, Timoshenko “Nonlinear Underwater Acoustics”.
Sudostroenie, 1981; NY, Amer.Inst.of Physics, 1987.
2. Bakhvalov, Zhileikin, Zabolotskaya “Nonlinear sound beams”. Nauka, 1982.

3. Vasil’eva, Karabutov, Lapshin, Rudenko “Interaction of 1D waves in
diapersionless media” MSU Press, 1983.



There were performed first numerical studies of nonlinear
waves in acoustics. Now computer studies predominate
everywhere because of 2 reasons:

1. All simple problems are already solved, and only few
experts can solve analytically some new complicated
problems.

2. Nonlinear acoustics was a field of fundamental research
(during about 1950-1980). Now it belongs rather to applied
science and even to engineering.

Main applications are connected with medical ultrasound, underwater
acoustics, Earth sciencies, industrial NDT and aeroacoustics.

However, for better understanding of new nonlinear
phenomena it is desirable, at least at the first stage, to use
analytical approaches. | will try to give a brief review of
some phenomena which may be interesting or seem to be
promising for applications.



1. Aeroacoustics deals with both Strongly Nonlinear Waves
(SNW) and Weakly Nonlinear Waves (WNW)
WNW can demonstrate, however, strong distortion of their
shape and spectrum. What is the difference between
these two types of wave?

Up to now, mainly WNW have been studied by Nonlinear Wave Theory.

Typical strongly expressed effects of weak nonlinearity are:
transformation of

t "[ A'[ SU V\_ w Smooth single pulse to
» atriangular profile with
a leading shock front;

X=0
jy E/b/l/ transformation initially
harmonic wave to
X=0 ]

sawtooth wave with one
shock per period.

When a shock front appears at a distance of 10° —10° wavelengths,
nonlinearity is weak but strongly expressed. Acoustic pressure here is
much less than 1 atm. In water WNW has amplitude less than 23000 atm



The question: if the wave is said to be weak or strong -itis in

comparison with what ?
If the wave (spectrum, shape) is
WNW compared with itself at initial
moment of time, and strong

¢ . changes are observed, one can
) ) point to a WNW.

If the wave is compared with a

typical magnitude of the same field
Ac.Pressure inside the medium and these
magnitudes are close oneto

[\ another, one can point to a SNW.
R -
\o/.\o/.\ For liquids
WNW

>Amp|itude 109 _1010 Pa
Elastic <
Module For air

5
SNW L =1O Pa




In the study of WNW, the equation of state (or determining equation) can
be expanded in a power or functional series. First example is the
expansion of the adiabatic equation of state in powers of density and
pressure disturbances in the vicinity of equilibrium state (Po, 2) :
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More general is the the Volterra-Frechet functional series expansion:

p'= ng K(T)p’(t _T)dT + _” K (71’ Ty )P’(t _Tl)P’(t L7 )d r,dz, +
0 00

However, such expansions cannot be used in 3 cases.

(i) if the “equation of state” contains a singularity

(i1) Secondly, if series are divergent for strong fields

(i) Thirdly, if the linear term is absent and nonlinearity dominate

Examples of 3 types of strongly nonlinear vibration systems
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Examples of 3 types of strongly nonlinear waves

The 1st is the Burgers-type equation, 2nd is the Earnshow
equation, and 3rd is generalized Heisenberg equation. All three
models have exact solutions with important physical meaning.

6_u_1§qu‘u) o°u 625 C§ 825 824 B 8243
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Shocks in noise appear
at distances ~1 m and
crackling sound exists

up to ~10 km

Sonic boom wave near supersonic aircraft and high-power
noise at launching of big missiles are examples of SNW



Exactly solvable model: quadratically-cubic Burgers Eq.

Linearity substitution: \/ — ZFSQH (V )%Inu

One of Stationary waves — stable shock

V =

with the singularity i
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T " contains 2 shocks: compression and
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~" quadratic media.
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SNW of the 3rd type: there is no linear term

Consider a chain of masses. Each moves along a parallel bar placed at the same
distance from one another. If in equilibrium state all springs are not tensed, the
linear regime does not exist.

2 The equation of motion
d X, k 3 3le—" ofamass
=——|(x, = x P —=(x ., —x)
dtz 23. n n-1 n+1 n d 2X k
x=0 X,.n  If all masses except n=m are fixed, chain m _— _ Xr?r)l
| reduces to a single ordinary equation: d’[2 a

E Normalized form: d 2X
X=xla, r=awyt 172 +X°=0

Heisenberg W. Zur Quantisierung nicht-
linearer Gleichungen. Nachr. Acad. Wiss.
Goettingen. 1953. V. lla. No.8. P.111-127

d
: , Solution expressed through Jacobi
—1 elliptic functionsis: X —= A-Sd(Aa)nt \()_5)
162 L et eXp (—ﬂ(m—1/2)) : B 2% 15
X _Ar2(1/4)m§( 1 1+exp (—27z(m—1/2))sm (em=1) %(1/4) At

Fourier series expansion contains olny odd harmonics °
The period decreases with increase in amplitude.
Higher harmonics are weak !




In the continuum model the differential-difference eq.
reduces to a nonlinear partial differential equation:

824/ ,3@24'3 Here §=@X_/52 is ﬁ:ﬂaz
= . the deformation, and 2m
ot 3 oz Interestingly, this equation has a solution describing
Continual standing waves, but the traveling waves appear only for
generalization of springs which are tensed in equilibrium. The
W.Heisenberg Eq. propagation velocity increases with increase in tension.
If springs of mechanical chain are slightly stretched and have softening
nonlinear characteristics, the equation is: 2
| | ‘ o°x ., 0°X oX )\ 0°x
This equation has some remarkable —> 0 ——=— 5
properties. In particular, it can be aa;[( axaz 0z ) oz
linearized by Legendre transformation:t=T(§=E, U:Ej
2 2
0T _ (CZ _I&fz)a T This Eq. transforms from hyperbolic to elliptic type
O&? on’ like Euler-Tricomi equation

2 2
Phase velocity of quasi-harmonic wave is Ve = \/C —,B‘Ao‘ /6

2 2
Consequently, self-trapping comes at amplitudes ‘Ao‘ >6c"/ S

Moreover, this “self-stopped” wave traps all other weak waves propagating
trough this spatial region



Accretion on a Singularity of strongly nonlinear wave
Singular solutions have well-known Eqgs of the theory of nonlinear waves.

Example: usual Burgers Eq.
Let it be valid for SNW 8_\/ +V a_v =T azv
L : 2
Some of its singular solutions: 8t @Z 82
2I° -1
_ _ 0
V=- , V =—tan o Near the singularity weak disturbances are
L— L, described by formulas:
I V, = Z_io q)[zo+\/(z—zo)2+4l“t}, Z>1,,
J(z—z, ) +4Tt

V, = CD[Z ~J(z-1z 2+4Ft}, 7<7,.
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> This process is similar to the

Velocity of motion

Nereases at L accretion on the black hole.
approaching to Singularities behave like particles.
singularity: They are stable and can interact
o / with each other
V= Analogous solution has 12T oV oV LY
Z,—Z KdVand other well-known V=——vW —+V—=I'—=

models: (Z_Zo)2 ot 0z oz’



2. Classical phenomena of Statistical Nonlinear Acoustics
“General” evolution equation for nonlinear waves is

p ¢ _op| ¢ B 2, A2 = 2, a2
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Here [ isthe time,and X.V.Z - )
Khokhlov- Cartesian coordinates. The coordinate X ]
Zabolotskaya Eq. coincides with the preferred orientation of | X
the wave propagation. Other (transversal) |
coordinates are introduced in the cross- //J
section of a beam. |

(a) Intensities of 2-nd mn 3-rd harmonics of narrow-band noise (solid curves) and tone signal
of equal intensity (dashed curves). (b) —is the experiment. Interactions of wide-band noise

with tone signal (c). Spectral fragment up to higher harmonics (d)

lM

I’ F|gs c, d Great number of’harmomcé dppéar. Wide-band noise spectrum is
reproduced at the left and right of each line, therefore“white noise” grows rapidly.
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Nonlinear transformation of high-intensity noise
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Information on the fine structure of the initial signal, and, at long
distances, a self-similar spectrum is formed, whose evolution In
time is determined by a single time scale z(z) .
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respectively.
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It is possible to observe also the initial noise damping (dotted line in
Fig.a) and additional nonlinear absorption of signal
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General approach to the nonlinear evolution
of noise spectra

1. If initial spectrum SO(Q) of stationary noise is,.known, we can
calculate the auxiliary correlation function RA(EZ,T)

R,(z,T)= jSO(Q)exp —iQT—ZDzszK(s)cos(Qs)ds dQ
b 0

2. Now it is necessary to perform nonlinear integral transformation to
calculate the correlation function of acoustic pressure at arbitrary
distance traversed py the wave in nonlinear medium:

R(z,H):—EJCD 10 6RA(Z’T)dT, ® = erf
27| 22J02(2)-R,(z,T)| OT

3. Performing Fourier transformation in accordance with Wiener-
Khinchin theorem, we calculate spectrum for arbitrary distance: S(Z, 9)

4. Integral intensity of noise equals to: o (z) = R(Z,O)



3. Sonic booms in turbulent atmosphere

: 1 Soniv Boom generation
NW

3000 Pa Yy
Turbulent
‘ boundary layer
f the

\
-\3\ WNW

Relaxation of atmospheric gases must be
taken into account 4

K(s)=2 m,exp(-s/t,)

This kernel of IDE corresponds to relaxation of
oxygen (n=1), nitrogen (n=2), carbon oxide (n=3)
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However, main harmful impact on humans and technical
equipment produces not high acoustic pressure, but rather
high pressure gradient. It depends on the steepness of shock
fronts. In turn, the shock width depends on molecular
relaxation of atmospheric gases. Wave propagation in such
media is governed by nonlinear IDE:

0 ap_f p&p_mo 0 jK(é]p(T—ﬁ)df :C_OALp

or| oz cip, Ot 2¢,0t°

The form of kernel can be
calculated on the base of models
of molecular kinetics. The kernel
also can be reconstructed using
measured frequency
dependencies of sound velocity
and absorption.

Profiles of shock waves
calculated for exponential kernel




Expert System for selection of optimum regime and route
of SPA flight

consideration must be given to:

1. SPA: aerodynamics, speed,
s . manoeuvring, route

2. Atmosphere: stratification, regular
K iInhomogeneity, turbulence,

. humidity, wind, molecular

"""" composition

L
LJ
L
L4
L4
L4

------------- :}‘1, 3. Wave: nonlinearity, diffraction,

..... . refraction, scattering, absorption,
% molecular relaxation

4.Nature of the ground: relief, acoustical
: properties of boundaries, response
¢ to pulse signal, penetration to the
ocean and to the ground through the
rough surface

5. Impact on: living beings (humans,
marine and terrestrial animals),
buildings and equipment




Penetration depth of 1 MHz - ultrasound in different
biological tissues (intensity decreases «e» times)

Lungs > 0.2cm Frequency dependence of
Scull bones =  0.7cm absorption iss ", where

: I Index n varies from 2.1 (for
Skin 2.5¢m skull bones), and 1.7 (testicle),
Muscle,along — 6 cm to 1.1 (muscle of skeleton) and
fibers 0.6 (skin)
Brain — O CM
Blood —— 40 cm

Power index N is a fractional number. Therefore waves in tissues cannot
be described by differential equations. The adequate model for waves in
tissues is IDE, where kernel K(s) is different for different media.
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Nonlinear Noise Waves in Soft Biological Tissues
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Fig. 1. Dependence of intensity of first noise harmonic on distance 7 = xj'xsﬁ in units of nonlinear lengths (a); on distance

Nz = x/xp in units of dispersion-dissipation lengths (b) for different values of the ratio of characteristic lengths N = xs5 /xp.
depicted in the figure.
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Integro-differential equations in nonlinear wave physics.
Part 1. Dynamics

0O.V. Rudenko
“General” evolution equation for nonlinear waves is
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Cartesian coordinates. The coordinate X
coincides with the preferred crientation of
FHYSE@S the wave propagation. Other (transversal)
: coordinates are introduced in the cross-
section of a beam.
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5. Standing waves in gas-fi
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6. Nonlinear Helmholtz resonator for high-intensity sound absorber
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Is tuned. In opposite, nonlinearity can amplify ,
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One can meet nonlinear phenomena in many areas of
natural sciences and engineering

Rudenko and Gurbatov demonstrate to the Governor Shantsev their new
medical devices during the exibition of innovations
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[naeHan | ABToDsl | K

K

All papers published In
AcPhys by selected author

Katakoe B.A.

KabGakoB B.A., PocvH IN.C. «M3MepeHMe WMHaMUYECKMX CBOWCTE YODYIWMX MaTepKanos Npu voapes 20, c. 242-247 (1974)
AKYCTHHBCKWEA ®ypHan, 20, 2, c. 242-247 (1974) | Pybpuka: 05.12

KataHoe H.D.

Bopucoe C.B., Kabanos H.®@., PyTeHko A.H. «2KCNepvMeHTanbHbIE MCCNenoBaHMa NVETYaUWMK aKkyCTHYSCKoro Nond Ha
CTaUWMOoHaDHLIX Thaccax» 42, c. 347-358 (1998)
AKYCTHHECKHE #ypHan, 42, 3, c. 347-338 (1996) | Pybpuxa: 07.17

Bonpapb N.@., Gopucoe C.B., Mupko B.H., Kabanoe H.®., KanuHuH C.B., MopryHoe H).H., PyTedxo A.H.,

Yynaxkoe A.WM., LliIenipee A.H. «/ccnefopaHve KOoDOTKONOEDWMOAHLIX GAYKETYaLMA MHTEHCMBHOCTH M dasbl
CAAPOAKYCTHYECKMY CMIHaN0os Ha MenKoBOAHLIX CTalMOHapHbIx Tpaccaxs» 42, . 25-31 (1996)
Awycrvueckni mypaan, 42, 1, c. 25-31 (1996] | Pybpuxa: 07.17

Napmpoe A.B., Nonrmx N A., Kabanos H.®. «[IpMMeHeHMe NasepHulx aedopMorpados B rMapoakycTHee: 41, . 235-

239 (1995)
AKYCTHHECKHA ®ypHan, 41, 2, c, 235-239 (1993) | Pybpura: 07,20

KabapyxuH HO.WN.

KabapyxuH HO.W. «[JapamMeTpHYSckiMid MCTOYHKMK 3BYVKA CO CN0eM NDMIDadMYHbIx NY3eiDekoB> 42, ¢, 718-720 (1996)

AKyCTHHECKHA ®ypHan, 42, 5, ¢, 718-720 (1998} | Pybprka: 05.08

KabapyxuH HO.WM. «AHOMaNsHOS 33aTYXaHWME SEVHA Ha NDUIPDaHMYEbIX NySbiDeiaxs 40, c. 995-997 (1994)
AKYCTHHBCKWEA ®ypHan, 40, 6, c. ¥95-957 (1954 ) | Pybpuka: 05.05

Kaﬁawxuﬂ HO.H. «AHOMANEHOES MENYYeHWE NapaMeTDWMYeCcKOro MCTOYMHMKS SBYKS C0 CNoSeM NMPMIDaHMYHBLIX NYS5IDEKOE»
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Bce BeinyckK | 2014 N25 | PyDOpukm

Classification headings
Py6pukn

01 KOHIPECCHI, KOH®EPEHUWMW, CEMWUHAPEI, CMMNO3MYMbl, COBETEI, COBEWAHKMA

04 KNACCWYECKWE NMPOBMEMbI MMHEAHOW AKYCTWMKW M TEOPHUK BOJH
NEXT IMPORTANT

04.01 MaTeMaTWyecKad TEOPWA DACNPOCTRaHEHWA BOMAH

04.03 OTpawenve, AMdpakura W pedpakuma BOAH I N FO R MATI ON P RO D UCT

04.04 PaccesHWEe aKyCTHUYECKMX BONH

0D4.08 CToA4ve BONHLI, PE30OHAHC, HOPManbHbIE MOoAbI

04.11 MHNanyyeHWe UCTOYHMKOE, MMNeNaHC, KapTHHLI Noner S i g n aI i n g i n fo r m ati O n

D4.12 4YWcneHHsle METOObLl, KOMOBKTEDHOS MOASNWDOBAHKWE

04.14 MeToabl WIMEDEHWA W MHCTDYMEHTEI

0D4.15 KonebasWs pacnpefsnedHbIX CUCTEM, BMBPaLWMA, CTDYKTYDHAA akyCTHKa

04.16 Bondsl B8 MHOroMasHbIX, NODUCTLIX, DE3IMHONOACOHBIX C ax, NonvMepax

D4.17 CTraTWMcTUYecKas aKycTvKa

n
05 HENUHENHAS AKYCTUKA I ltt '//akl I lfo ru
05.02 Teopwda HeNWHEMHbIX AKYVCTUYECKWUX BONH - "

05.03 PacnpocTpaHeHWs MHTEHCHMEHLIX BONH, NWioobpasHele W cnabele YaapHele BONHEI

05.04 HenwHelHan aKyCTWKE TBEpALIN Ten

05.08 NapaMeTpHYECKWE aHTEHHBl, DACCEAHME IBVKA Ha IBVKE

05.09 AkycTU4YeCKWEe TEYEHWMS M PAAVaLWMOHHOE A3BNEHWE

05.11 MCTOYHMKM UHTEHCHBHOMD 3BYKA, HOKYCUDYILIME YCTDOWCTES

06 OUIMHYECKASA AKYCTHMEA
06.01 CxopocTh, AMCOEPCHA, AMDPAKLIMA M 3aTYXaHWe B ra3ax ¥ B MWAKOCTAX

06.02 CkOpOCTh, AucnepcKya, AWMDPaKLIMA M 3aTYXaHWE B MUAKWMX KPUCTANNaX, CYCASHIWUAX M 3MYNBCHAX, nonuMepax

06.03 Crkopocts Mcnepcua dcceAHue L] dHLIMA KW 3aTyxXaHe B Tee bixX Tenax: YNpyrkie KOHCTAHTBLI

06.05 AKYCTUYECKAEA KABMTALIMA, COHONMOMHUHECLEHIIMA
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DUINYSCKAN DaKyneTeT
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Bce BbINYCKK» O NpoeKTe>

MoCNeaoBaHun
| P¥EPUKM || ABTOPHI || pcTouHMKw || PDF-BEPCHA || K HUTATENAM |

Bce spinvekm | 2014 M9S5S | McToddKg | BecThME MIY. Cepua 3 @U3MKa. ACTPOHOMKMA. 2014, N2 2

Titles and
BecTHuK MIY. Cepus 3: ®usmka. ActpoHomus. 2014, Ne 2 abstracts

ropavenko B.A., TopaueHko T.B., KpacHonucuere H.B., Hekpacos B.H. «BekTopHo-thazoBEeie MeToAR! M COZAAHME MNEPCNEKTUEHBIX AKYCTHUSCKMX
CHMCTEM HOBOMD MOKONeHWA» BecTHk Mockoackoro yHHMBepcHTeTa., Cepua 3: @uavia. AcTporomis, N2 2, c. 3-21 (2014)

OBCYy#aAaITCA pe3yNeTaTel TEOPETHMUECKME W SHCIepHMeRTalsHbIX MCCNel08alKiA, UenNb KOoTopeX — 000CHOBaHME NOTEHUMANBHLIX BOSMOXHOCTEH BEKTOPHO-
tazoBblx METOO0E MPH PelUSHWIA PasnHUHblX NPUKNaaHLIX 33034 MMAPOaKyCTUKK. 3T MCCNS00BaHMA B0 MHOMOM cnocoBcTE0BaNK AaKTUEHOMY BHEAPRSHMKD
SEeKTOPHO-DaZ0BbIX METOA0B B NPaKTHKY MMAD0aKyCTHMYSCHKMX M3MepeHid. NperMylLecTBa BEKTOPHO-Da30BsIX MeToA0s, 0Co0eHHD B MrMApoaxyCTHKe,
NPoOABNAKITCA NPexas SCero NpW CYWacTEeHHOM orpaduderni ofnacTi NpocTpadcTea ANA pasMelleHua 1 B cpefe. B cnydas pasMelleH A oQMHOYHOro
KOMBWMHMpOoBaHHOro npyMemHore Mmoayna (KMM) mmMeeT MeCcTo KadyeCTBeHHbIM CKadokK, KOTopPbLIM COCTOWMT B NOABNeHIMKY HOBoro "KadecTea” ¥y TOYeYHOW NPpUMeMHOR
CHMCTEMBI — BOSMOMHOCTHA ONpeieneH s MecTONoNoMeHWa MCToYHMKa 3BYKa. Apyras occoderHocTs MCcnons3oBaHKa KIMM — S0SMOMHOCTE MPUMMEHEHIMA
NPMHUMIMANEHC HOBIX (M0 OTHOWEHKWE K cKMcTeMaM Ha Gaze rmgpododos) anroputros obpadoTkr MEGOPMaLMKM, OCHOBAHHBLIX Ha NPAMOM M3MEPEHKMK NoToKa
AKYCTHUECKOM IHEPMMK {MOWKHOCTH), T. . B=lA8NeHi To &8 YacTK, KoTopas ofycnosneHa aHHMzoTponvel Nona MK HanKMuKes B cpefe cocpeoToueHHbIx
MCTOYHVKOE.

2014) | Pybpuka: 04,14

WaxnapoHoB B.M. «MeToaWKkKW pelleHUA CACTEMEl HEMWHERHBIX YPABHEHWHA Konebasuid gna onpegeneHua rpaerMTalMoHHOMA NOCTOAHHOM: BecTHMK
Mockosckoro yRMBepcHuTeTa. Cepna 3: @uanka., AcTpoHroMuA, N2 2, c. 60-66 (2014)

PaccrMoTpeHEl METOQUKKW PELUEHWA CUMCTEMEl HENWMHERHBIX YDaBHeHWH KonebadmiA, Noxkazaka NepocnekTUEa PAaclvpers G yHKUMOoHaNEHBIX BOSMOXMHOCTEN
MMEHILWMXCA METOOWMK ONA onpegeneHisa rpasMTauUroHHOR NocToAHKEOR G nNpy HecdepruHoi diopMe 83aMMogeAcTayoWwWmMy Ten. Npoadanvavpoeada paboTa,
onvcasHas 8 JAH CCCP, T. 245, N22 2a 1979 r. 2aBKMCHMMOCTE SHAYEHKMA G 0T MOZMUKFA NPUTRAMMEBAHWMX MACC MO¥HO 00BRCHHUTE HAMTMYMEM NapaMarHMTHOro
acbcberra Ero HI"-‘IIf‘ITBLI,I"Iﬂ TOYEYHOM Maccoi C onpe,qenenwer-q ee BeMMUKHbl M NONo¥EeHKMA NPUMEENa K NONYYeHKHD CTAaHOapPTHOMO 3HadeHwA G.

ropavenko B.A., TopaueHko T.B., 3afopoxHbii C.C., McaiueB C.A., YuaeB A.B., AMOCOB M.A. «HekoTopble 0CoBeHHOCTI BOCMPUMATHMA CAYXOoSsIMK
HEMpOHaMKM HW3KOYacTOTHBIX CMIHanoss BecTHuk MockoBokoro yHWBaepoHTeTa., Cepra 3! @uzmra. ActpolomMmiag, N2 2, c. 88-97 (2014)

PaccHMoTpeHbl HEKOTOPsIE 0COGEHHOCTH BOCTIPHUATHA CAYX0BEIMKM HEAPOHAMIKM YenoBeKa MHDPasayXoBbix KonebaHWi, reHeprpyeMblx M3MeHeHMeM YacToTel M
FPOMKOCT ZEBYKOCMBIWLKMMOro AManazoHa. MNokKazadHo, YTo CNYX0BsIe HeApoHe!l PEarMpYsT Ha MPOMKOCTHYHY OrMBalys0, BeIASNAR COOTEETCTRYHIWME
MHDPazBYKOBLI2 YACTOThl ANA nocneayoweid 1x obpaboTkn. JadHHbIA MEXaHWM3M BOSMOMEH, 2CNH ¥yX0 pabfoTaseT B HENWHEeRHOM PEXMME, MPOM3S0aa
AeTEeKTUPOBAKKE C MOCNEOYHILMM BpeMeHHsIM YCpeaHeHMeM e Medee 40-50 Mc. Npy COENafesk YacTOoTel TEYKOBOrD K043 C KakkM-nkEo prTHOoM
FOMNOBHOMD MO3ra MOMET BOSHMKHYTh De3I0HAKC, vaenuqmaamu_l,ww aHnanyp,v C{JOTEIE:TCTEI‘,"IOLIJ,EFO pyUTMa.

c. 38-97

88-9

BecrHux Mo

CECKDM 3: Mwznka. AcTpo

(2014)
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