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Torsional Wave Propagation in Carbon Nanotube Bundles

Arda M.}
'PhD, Trakya University, Department of Mechanical Engineering, Edirne, Turkey

Abstract

Torsional wave propagation in carbon nanotube bundle structures has been analyzed with Nonlocal
Strain Gradient Theory. Governing equation of motion of carbon nanotube bundles have been derived. Phase
and group velocity relations have been obtained. Elastic medium has been considered as a matrix material
between the nanotubes. Effect of nonlocal stress and strain gradient parameters and stiffness of elastic medium
to the torsional wave frequency and phase and group velocities have been investigated. Present results could
be useful in designing of composite materials for vibration isolators.

Key words: carbon nanotubes, wave propagation, torsional waves, nonlocal strain gradient.

Pacnpocrpasenne KpyTHJIbHBIX BOJIH B My9Kax YIJIE€POJHBIX HAHOTPYBGOK
Apna M.

VK. 1.n., Yausepcurer Tpakbsi, pakyapTeT MaIIHHOCTDpOCHNs, Dqupae, T ST
, P p , Y. P , JAUPHE, 1YDIL

AnHOTanMA

Pacopocrpanerne KpPYTHJIBHBIX BOJH B CTPYKTypax Iy9Ka YIJIEDOJHBIX HAHOTPYOOK OBLIO
mpoaHan3upOBaHO ¢ momoipio HemokanpHOi Teopun rpasgmenta gegpopmanmn. IlogydeHo ympasJisioniee
YDaBHEHHe JBIKEHHsI Iy9KOB YTJIEPOAHBIX HAHOTPYOOK. Ilosydenpr coorHomeHnss (ha30BbIX H T'DYIMIIOBBIX
CKOpocTeli. Yupyrasi cpeja paccMaTpHBaJIach KaK MATPUIHBIN MaTepua Mex 1y HaHorpybokavu. HccirenoBano
BJIHSIHOE [IaPAMETPOB HEJIOKAJbHOI'O HAIPSKEHHs] U I'PajueHTa gepopMalinn, a TakXKe XKeCTKOCTH YIIPYI'OH
CPeIbI Ha 9aCTOTY KPYTHJIBHBIX BOJIH, & TaK>Ke (pa30Bble U IPYHIOBBIe CKOpOocTH. IIpencraBieHHbIe pe3yIbTaTh
MOryT OBITH ITOJIE3HBI IPH MPOEKTHPOBAHUH KOMITO3HIIHOHHBIX MATEPUAJIOB JJIsT BHDPOU30/ISTTOPOB.

KuroueBbre cjioBa:  yriepoJHbIE HAHOTPYOKH, DACHPOCTPAHEHHE BOJIH, KPYTHUJIbHBIE BOJIHBI,

rpaJueHT HeJIOKaJbHOMH jeopmMaliim.

Introduction

Carbon nanotubes (CNTs) have become a popular material for the last 20 years.
Concept of designing a structure with superior properties have been getting attention of both
industry and scientists. CNT bundles consist of N number of nanotubes which they can be
wrapped to each other or can be embedded in a matrix material. CNT bundle structures could
be used as nano-wires or nano-fibers in composites. Torsion in CNT bundles must be analyzed
especially for the nano-wire applications of CN'Ts [1-3].

Nanoscale structures can be modeled with continuum theories. Differently from the
macroscale mechanics, small scale effect can not be ignored in the nano-scale analysis. Strain
[4, 5] and stress |6, 7] gradient nonlocal theories include the size effect and they have been used
in most of the recent research about modeling of CNTs. Recently, Lim et al. [8, 9] proposed

*E-mail: mustafaarda@trakya.edu.tr (Arda M.)
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a nonlocal strain gradient model which considers both stress and strain gradient effects of an
interval on a point in the continuum media.

Torsional characteristics of CN'Ts have been investigated by researchers over the years.
Atomic simulation studies of ideal torsional properties of CNTs carried out in several studies
[10-14]. Torsional vibration response of double-walled CNT structures [15], under the initial
compression load [16] and buckyball attached to the free end [17] were studied. Theoretical
modeling of torsional vibration of CNTs were obtained by using modified couple-stress theory
[18], nonlocal elasticity theory [19] and strain gradient theory [20]. Torsional instability of
CNTs has been also investigated in several papers [21-24]. Molecular dynamics modeling and
analysis for torsional behavior of nanotubes [25-27] were studied comparatively with analytical
results. Nonlocal torsional wave propagation in circular nanostructures [28] and multi-walled
CNTs [29] were also investigated.

Li et al. [30, 31| pointed out that, both torsional enhancing and weakening effects in
nonlocal theories are possible and correct. In a similar fashion, nonlocal strain gradient models
were used in torsional wave propagation [32] and vibration [33, 34] of CNTs. Also newly
developed nonlocal integral elasticity model has been used in analysis of torsional dynamics of
CNTs 35, 36].

According to authors’ best knowledge, torsional wave propagation in CNT bundle
structures have not been investigated yet according to literature search. Therefore, torsional
wave propagation in CNT bundle structures is studied using the nonlocal strain gradient
theory. Elastic matrix material has been considered between the nanotubes in modeling. Wave
propagation results are obtained for various parameters and velocities.

1. Analysis
1.1. Single CNT

A rod which has length (L) and diameter (d) is considered. The equation of motion in
the angular direction can be written as [37]:
2 2
where G is the shear modulus, p is the density, Ip is the polar moment of inertia, © is the
angular displacement of CNT and T is the distributed circumferential external torque. The Ip
is defined as:

I — W@ 2)

where R; and R, are the inner and outer radius of CNT respectively.

1.2. CNT Bundle

In CNT Bundle case, N number stacked nanotube which are embedded in an elastic
matrix material assumed as shown in Fig. 1. The circumferential deformation of each nested
tube is affected by elastic matrix material.
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4 Tube Bundle 7 Tube Bundle
Fig. 1. CNT Bundle Structure [38]

The equations of motion of N number of tubes can be written by applying Eq. (1) for
each tube:

0?0, 0?0,

Tl = GIPW - pIp 8t2 (3(1,)
%0, 0?0,

Ti=Glrgm — v p (30)
O*N 9*©

TN = GIPW — pIPTQN (30)

where ©; (i = 1,2,...,N) is the angular displacement of the i*" nanotube and the subscripts
1,2,....N are used to denote the order of the nanotube. T; is the total circumferential torque
due to elastic matrix effect.

Nt CNT
SO W NN
L] ) B OBF OBF g &
" S’ N d N SN
~, B \\_
H H Torsional Elastic
N K B Medium
\ \
A~ NN N N -x/
£ kil *ETEYERYE1 )
5 ' G
ith CNT
=, =

Torsional Elastic
Medium

Fig. 2. Continuum Model of the One Dimensional CNT Bundle System

The torque relation due to elastic medium between nanotubes can be expressed as
(Fig. 2):

T1 = k(@l - @2) (40,)
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T; = k(20; — ;41 — 6;_1) (4b)
TN = k)(@N - @N—l) (40)

where £ is the stiffness of elastic matrix. CNT bundle system is consist of two carbon nanotubes
with identical chirality’s and they are covered with elastic medium (Fig. 1).

1.3. Nonlocal Strain Gradient Elasticity

The integral form of nonlocal stress relation can be written as [8, 39):

Uij = Cijkl /V Oé()(|ZE — I/|,€0a)€;€ldv (5@)

ai(;?)n = (e20)*Ciju /V o (Jx — 2'|,e1a)eyy ,, dV (5b)
where o;; is the nonlocal stress tensor, O'S)n is the high-order nonlocal stress tensor, epa and
era are nonlocal parameters which are related to nonlocal stress gradient field, esa is the
material length scale parameter which is related to nonlocal strain gradient field. Material
length scale parameters can be assumed as ey = e; for the rod type structures. ag(|x — 2'|,e0a)
and «q(|z — 2'|,e;a) are the nonlocal kernel functions for the classical stress tensor and the
higher order stress tensor, respectively. Nonlocal kernel functions satisfy the conditions in
Eringen [39]. The nonlocal strain gradient theory states the total stress tensor accounts for
both nonlocal and strain gradient tensors:

tij = oy & %07,(]17)71 (6)
In. Eq. (6), sign of the higher order stress tensor can be assumed negative or positive.
Generally, strain gradient models have stiffening effect on structure with negative higher order
stress tensor. In the other hand, positive higher order stress tensor shows softening effect on
strain gradient structure same as nonlocal stress gradient. Both parameters can affect the
structure in stiffening or softening way depending on their negative or positive sign [40, 41].
Because of the lattice dynamics model of the elastic carbon nanotube structure predicts that
travelling wave frequency in CN'T structure decreases, softening strain gradient approach is
used in the present study. Comparison of strain gradient rod models can be seen in Fig. 3.

1.4. Equation of Motion

The equation of motion and boundary conditions for torsional deformation of CN'T are
obtained using the Hamilton Principle and Nonlocal Strain Gradient Elasticity. The Hamilton
Principle can be written as:

[2)
/ W + 6Fx — 0Bpldt = 0 (7)

t1

where W denotes the work done by the elastic medium, Ej denotes the kinetic energy and Ep
denotes the potential energy of the CNT. They are defined as [42, 43|:

L
W:/ TOdx (8a)
0



NOISE Theory and Practice 11

L 00
E :/ I ( ) dx 8b
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Fig. 3. Variation of Torsional Wave Frequency with Various Models

If W, Ex and Ep are defined according to the nonlocal strain gradient elasticity theory
and variational principle, following equations are obtained:

W = / / T(S@dxdt—i-/ / Ep (eoa) —5@da:dt (9a)
X
L 2 g 00 2L g ) 2’0

SEp = / / o [G}P( )}mdmw / / {eQa 2GIp (??)}5@@& (9¢)

If Eq. (7) is rearranged according to Eqs. (9a)-(9¢), Eq. (10) is obtained:
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{ 2 Td@dmdt} +{ ) g—é@dxdtJr I { gﬂ [90(L)~

PEY0) dt}+{ Iy I 5 [ (%(j)} 50dtdr + [ [p]p (8@?)} 60(ts) — 5O(t1)] dx} -

{ * [y aa‘;t {up P ( g;?t)] 50dtdx — [ [,up[p (%)] 66(L) — 66(0)] dt} -

- 90
_{_ e [GIP( - )}6@dtd:p+

+ [ {GIP (?}i)} [0O(L) — 66(0 2y 8622 {eQa GIp ( o )} §Odtdz—
o (- g (S
— 60(0)]dt} =0

(10)
If Eq. (10) is reorganized, following equation is obtained:

= o (5)] = e (52)] + oo (5) | = o0 (52 +
N I I R
_ [(eza)zafp (?)37?)} } 60(L) — 60(0)] dt + [ [(eza)mfp @zf)} [852@_

- 85@(0)1 o

' (1)

According to Eq. (11), the governing equation of motion of a CNT can be written as:
loals) e oals) 0'e
G_[p (a 2) + (QQG)ZGIP <w> = p.[p (ﬁ) - (60@)2PIP (W) + T—

and the boundary conditions are obtained as:

o (20) ot (22) a0 (%)~ cmrone (28) o1 =0 qam
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o (22)] [2€] 4 s

Eq. (12) is the governing equation of the nonlocal strain gradient CNT for the torsional
deformation. If the nonlocal parameter is assumed as zero (e¢y = 0), the strain gradient rod
model is obtained. If the strain gradient parameter is assumed as zero (es = 0), the nonlocal
rod model is obtained. If the nonlocal and strain gradient parameters are assumed as zero
(eg = ez = 0), classical rod model is obtained. If Eqgs. (3) and (4) are inserted into Eq. (12),
the equations of motion for CNT bundle is obtained as:

0?0, 010, 0?0, 010,
Clr g +(20) Gl = Pl = (con) ple g g + (O = €2)
0?0, 0?0 (14a)
—(epa)’k z L
Ox? Ox?
0%0; 9'e; 0%0; 0'0;
Glp 922 + (e20)*Glp—— ot = plp I (eoa)QpIpa 257 + k(20) — Oyt1)—
0?0 9?0 0?0 (140)
—O, ) — 21 9 @) _ i+ (i—1)
@(z 1)) (60a) k( Or2 o2 72
9?0 0'e 0?0 'Oy
Glp=g o+ 4 (e0a)*Glp =5 = plp= 5= — (e20)*plp o + k(O) — Ov-1)—
(14c)

P"Ow) _ 0wy
—(eoa)Qk( or2 a2 )

For the harmonic torsional wave propagation, displacement of each tube can be written
as:

@xl’,t) = Aiej(wt—mx) (15)

where w is the torsional wave frequency, m is circumferential wave number and j? = —1.
Inserting Eq. (15) into Eqs. (14a)-(14c) leads to:

_Pll P12 P13 Pli Al
P21 P22 P23 Pgi AQ
=0 (16)
) ) ) ) ) An_y
_PNl PN2 PN3 PNN_ L AN i

where 1; is the amplitude of the i*" tube and related terms are defined in Eqs. (17a)-
(17c):

Py = m*(e2a)?GIp — m*(Glp — (ega)?plpw? + (epa)?k) + (plpw? — k)
Py = m?(epa)’k + k (17a)

P13:P14:...:PM':0
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Pyi—1y = Pyiv1) = m*(eoa)*k + k
Py = m*(e3a)*Glp — m*(GIp — (epa)?plpw? + 2(epa)?k) + (plpw? — 2k) (170)

Py = ... = Pyi—3) = Piti—2) = Bitiva) = Piiys)y = ... = Pin =0

Pyy = m*(e2a)*GIp — m?(GIp — (epa)?plpw? + (ega)?k) + (plpw? — k)
P(N—l)N = m2(60a)2k} + k (176)
PNl - PN2 - PN(N*Q) - 0

The determinant of the coefficient matrix in Eq. (16) must be equal to zero. If the
determinant equation is solved for w, the torsional wave frequencies for N-nanotube bundle
system are obtained.

Phase velocity (vp) is the velocity of an individual particle which propagates in the
structure and it is related only with the wavenumber, not any physical quantity (Eq. (18a)).
Group velocity (vg) defines overall shape of the propagation of a group of waves at similar
frequency and can be obtained using Eq. (18b).

w

VP =1 (18a)
dw
Vg = % (186)

2. Numerical Results and Discussion

In this section, validation of present model has been achieved, firstly. After that,
variation of torsional wave frequency and phase and group velocities with various parameters
have been investigated for the N=10 number of CNTs.

Numerical results for the torsional wave frequency analysis are obtained by assuming
material constants: G = 0,467 Pa, p = 4962kg/m?>. Various studies can be found about the
determination of elastic properties and effective wall thickness of nanotubes. Inner radius of
CNTs is chosen as 0,68 nm and thickness of CNT is accepted as 0,132 nm, respectively |44, 45].

An atomic lattice model for torsional wave propagation in SWCNT was proposed in
previous study [37]. Frequency equations for Lattice Dynamic and Nonlocal Strain Gradient
theories can be obtained as below:

c ma
— 95 [sin? (—) 19
WLp —y/sin” (5 (19a)
1 — (exa)*m?

(19b)

w =cmy| —————
NESG 1+ (epa)?m?
where c is the shear speed of sound (c = /G/p).

Variation of torsional wave frequency with wave number is seen in Fig. 4. The local
frequency increases linearly with wave number. According to Lattice Dynamics, a travelling
wave has a limit propagation velocity. The strain gradient (e; = 0,25) and nonlocal (eq = 0,39)
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models show good agreement with the lattice dynamics results for the end of first Brillouin-
Zone. Nonlocal strain gradient model gives almost identical results with lattice dynamics model
for the selected parameters (e = 0,20, es = 0,21).

Fig. 4. Variation of Torsional Wave Frequency with Wave Number for Various Models
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Effect of the elastic medium in torsional wave frequency is seen in Figs. 5 and 6. For
the 1% CNT, elastic medium has no effect on torsional wave frequency. With the increasing
number of CN'Ts, elastic medium becomes more effective and torsional wave frequency raises.
Effect of the number of carbon nanotubes and elastic medium are more pronounced in small

wave numbers (long wavelengths).

Fig. 5.
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Fig. 6. Effect of Elastic Medium on Torsional Wave Frequency for Various Wave Numbers

In Figs. 7 and 8, variation of phase and group velocities for the 1% and 10th CNT
can be seen. Number of CNT increases both phase and group velocity. Elastic medium is
effective only in small interval at low frequencies (long wavelengths) for the 15 CNT. With the
increasing number of CNT, effective frequency interval of group velocity is expanded. Elastic
medium effect vanishes at high wave numbers (short wavelengths), because of the nonlocal
strain gradient model. Phase and group velocities has not been affected by elastic medium at
the end of first Brillouin Zone and show identically same characteristics.
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Fig. 8. Variation of Phase and Group Velocity of 105* CNT

Conclusion

Torsional wave propagation in multiple CNTs stacked in an elastic matrix which is
called CNT bundle has been investigated in the present study. Governing equation of motion
has been obtained using Nonlocal Strain Gradient Elasticity Theory Torsional wave propagation
frequencies, phase and group velocities for first and last CN'Ts have been determined. Effects
of gradient parameters and stiffness of elastic medium have been investigated comparatively.

The nonlocal strain gradient elasticity model is more acceptable for CNTs rather than
the only stress or strain gradient and classical theories. Elastic medium has more pronounce
effect on wave frequency especially for increasing number of nanotubes. Group velocity
effectiveness expands with increasing elastic medium stiffness and number of nanotubes.

Present results may be useful for modeling of composite materials for vibration
isolators.
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AnHoTanus

BeimosiHen  cneKTpasibHBIN  QHAMN3 ~AKYCTUYECKOrO IMyMa, CO3JaBAEMOTO  KBAIPOKOITEPOM,
0appaKMPYIOMIUM C HEBBICOKOW TIOJIETHON CKOPOCTHIO HA BBICOTE 'mTHMubero mosiera" Haa OOITUPHBIM
yJaCTKOM PaBHUHHOM MECTHOCTH, JHIIEHHONH PpPACTHTENTbHOCTH u cTpoeHuit. MccmemoBaHbl XapaKTepHBIE
OCOOEHHOCTH CIIEKTPAJBLHOTO COCTABA IMyMa, CO3aBAEMOIO B PEXKHMMAX B3J€Ta, TOPU3OHTAIHLHOIO IIOJETA C
MapIIEBOl CKOPOCTBIO, CITYCKA M IIPU3EMJICHUSI, IOy I€HHbIE 110 PE3Yy/IbTaraM PEruCTPAIuU Ha HE3HAIUTEIbHBIX
JUCTAHIUSAX 10 UCTOYHUKA. Marepuasbl 00pabOTKU U aHAIN3a AKYCTUIECKUX CUTHAJIOB MPEICTABIISIIOT HHTEPEC
JJIsT yIaJleHHOr0 KOHTpoJis npuxkenuss BITJIA jrerkoro kjacca.

KiroueBnie cioBa: BOS,HyHIHO—aKyCTI/I‘{eCKI/II./JI mrym, aMH‘HI/ITy,ZLHbII‘/JI CIIEKTD, MaJibIe OeCUIOTHBIE

JIETHbIE CPeacTBa.

Acoustic noise of a low flying quadrocopter

Zaslavsky Yu.M.', Zaslavsky V.Yu.!?
! Leader scientific researcher, Institute of applied physics, Russian academy of science, Nizhny Novgorod,
Russia

L2Senior scientific researcher, Institute of applied physics, Russian academy of science, Nizhny Novgorod,

Russia

Abstract

A spectral analysis of the acoustic noise created by a quadrocopter, bartering at a low flight speed
at a bird’s-eye height over a vast area of flat terrain devoid of vegetation and buildings, was performed.
The characteristic features of the spectral composition of noise generated in take-off, horizontal flight with
marching speed, descent and landing, obtained from the results of recording at small distances to the source,
are investigated. Acoustic signal processing and analysis materials are of interest for remote control of the
movement of light class UAVs.

Key words: air-acoustic noise, amplitude spectrum, small unmanned aerial vehicles.

Beegenune

Via/leHHbI KOHTPOJIb C IOMOIIBIO TeJeKaMep HaOJIIoIeHus, yCTaHABJIMBAEMbIX Ha
BOBJIYIIHBIX ABHXKYIIUXCA HOCUTEJISIX — JPOHAX U KBAJIPOKOITEPaX, BOCTPEOOBAH BO MHOTHX
cepax gedareqbHOCTH. K HUM OTHOCHTCA KOHTPOJb 3a JBU:KEHHEM HA3€MHOI'O aBTO H
ZKEJIE3HOJOPOZKHOIO TPAHCIOPTA, CbEMKa ITOCEBHBIX IJIOMAAEH 1 CeJIbXO3ANCTBEHHBIX YIOAUNT,
BbIABJICHHE II02KapOB B JIECHBIX MaCCHBaX. HI/I.HOTI/IpOBaHI/Ie BBIINIOJIHAETCA OIllepaToOpoM C
NYyHKTa YIPaBJeHHUS IO PaJNOKAHAIY, IO KOTOPOMY IepeIaeTcss TaKzKe BUICONH(MOPMAIINS.
Bmecte ¢ Tem, B psie ciaydaeB OKa3bIBae€TCAd HEOOXOJMMBIM HE3aBHCHMBIH KOHTPOJIL 3a
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MECTOTIOIOKEHUEM CaMOro KBaJIPOKOIITEpa W €ro ImapaMeTpaMy, B CBI3W C UeM, MPEeICTABISICT
HHTEpeC aHaJIU3 CIIEKTPAJIbHOIO COCTaBa, YPOBHA M OCOOEHHOCTE COOCTBEHHOTO aKyCTHIECKOIO
IyMa, COHPOBOXKIAIOIIEN0 €ro mojger.  AKycTudecKuil myMm OeCHHIOTHBIX JeTaTeJbHBIX
CPEJICTB HOJAPOOHO M IMHPOKO Hccjemyercss psijioM aBropos [1-10]. AxkryasbHOCTH 1POGJIEMBI
O6T)HCHH€TCH7 B YaCTHOCTH TeM, 4YTO KBaIdPOKOIITEp — MaJIO3aMeTHBII O6T)€KT C MaJIbIM
MO BeEJWYUHE CEYCHHEeM DpacCCeAHUudA IIpu pa,ILI/IO.HOKaHI/IOHHOIU/I IeJeHralmnn. HO CpaBHEHHIO
¢ OOIMPHBIME W H3BECTHBIMH MCCJIEIOBAHMAMH aKyCTHIECKOIO IMIyMa IIOJHOMACIITAOHBIX
"BUHTOKpPBLILIX" JeTaTeNbHBIX AIllapaToB H JIPOHOB HCCJIEJIOBAHHUS IMyMa KBaJIPOKOITEPA
BEPTOJIETHOTO THIIA, NPOBEIEHHBIE K HACTOAIIEMY BpEMeHM, IPeICTaBISIOTCI JaJeKO He
TTOJIHBIMU.

1. MHccnenoBaHue aKyCTHYECKOTO IITyMa KBaJgpaKoNTepa

XapaKTepHBIM MPU3HAKOM aKyCTHIECKOTO TIYMa, MOPOXKIAEMOT0 ero BUHTOMOTOPHOM
IPYIIOi, ABISIETCS CTPEKOUYIINIA, XKY KKAITUI 3ByK HI3KON HHTEHCUBHOCTH, OOHAPY KHUBAEMbI it
U PErucTpUpyeMblil Ha 3eMHOl TOBEPXHOCTH B OIPAHUYEHHON JECATKAMH METPOB OKPECTHOCTH
OT JIETHAINEI0 Ha HE3HAYMTEJIBLHONW BbICOTE KBajpokontepa. I[lo pesyabratam 06paboTKH
AKyCTHYECKOT'O CHUTHAJA, PErHCTPUPYEMOTO MHUKPO(OHOM, BOOOIINE TOBOPS, MPEACTAB/IAET
HHTEpeC MOJIydeHne JAHHBIX, 00eCIeIrBAIONIUX BO3MOXKHOCTh HACHTH(DUKAIINA JETATEILHOIO
ammapaTta JIAHHOTO KJjacca, JHAarHOCTHKH BBIMOJHIEMOTO WM MaHeBpa, W3BJIeYeHUd
uHOpMAIMK, HOJE3HON JIjis KOHTPOJIS 338 €r0 MECTOIOJIOKEHUEM U l1apaMeTpaMU JIBUZKEHUS,
TAaKUMH KaK TEKyIas CKOPOCThH M €€ HallpaBJIeHHE.

B marypHOoM SKclepuMeHTe II0 perucTpaiui IIymMa anpobupoBaH 3apyOeKHbIid
oOpasel KBaJIpOKOIITepa, IpejaraeMblii (pupMaMU-TIOCPEIHHKAME B KOMMEPYECKHUX IEJIsX
JI7IST OOCJTY2KUBAHUS CEIbCKOXO3AMCTBEHHBIX YIOMUI U XO3SIHCTB JeCHUUECTBA — JJI KOHTPOJIS
HPOTUBOIIOYXKAPHON 0oOcTanoBKu. KEro macca mmeer mOpgaoK 3 Kr, MapiieBas CKOPOCTb IHPH
FOPH30HTAIBLHOM IOJIETe HAXOAUTCSA B mpejgesaax 16-23 m/c, JocTHzKEMash BBICOTa (MOTOIOK) —
500 M. KBajpokonTep cHabzKeH YeThIPbMs 3JIEKTPOMOTOPAMHE IIOCTOAHHOIO TOKA, aBTOHOMHO
3alIUTBIBAEMBIMI OT AKKYMYJISITOPOB 4epe3 Iellb MUTaHWd, PeryIupyeMyio MO paJIuoKaHay.
DJIEKTPOABUTATEIN PACIOJIOKEHBI B YIJIaX YETHIPEXYTOJbHUKA ¢ MAKCHMAJbHBIM rabapuToM
~ 0,55 M, [pH ITOM KarK/Iblil JIBUraTe/ib HIPUBOJIUT BO BpAIllEHHE 3aKPEIJIEHHbIH Ha €ro ocu
JBYXJIONACTHON BUHT C BpAIEHHEM JIONAcTeil B rOPH30HTATLHON TIOCKOCTH (HOJHBIA paszmax
aomacreit ~ 0,25 m). Jlag mocTynaTesbHOrO JIBUZKEHHsI KBAIPOKONTEPA W BBINOJHEHUS WM
MaHeBPEHHOTO JIBUZKEeHWS MO BEPTUKAJIH, a3UMYTy U TaHTaXKy MPeaycMOTPeHO PeryJupoBaHue
CKOPOCTH BpallleHnd KaykKJIOT0 BHWHTA, KOTOPOE OCYIIECTB/IAETCS OIepaToOpoM ¢ IYJIbTa
YIUPaBJICHUSI.

3anuch 3BYKOBOTO CHUTI'HAJIA BBITIOJHEHA MPH HEOJIATONPUSITHBIX METEOYCJIOBHUSIX, He
COTMYTCTBYIONIAX BBICOKOMY €e KadecTBY, T.e. B 3UMHHUH IMepHO/i IpHU TeMIepaType BO3JIyXa
0° — 5°C, cKOpPOCTH TIOPBIBOB BeTpa, JocTuraolieil ~ 6 m/c. Akycruueckuii ¢poH B MOMEHTBI
caga "BUXpeBBIX aTMocdepHBIX TOTOKOB" 3adukcupoBan Ha ypoBHe ~ 60 — 65 n1b. Crenyer
TaKyKe OTMETHTb HEKOTOPbBIE [TOPOOHOCTH, XapaKTePU3yIOIKe yCJIOBUS perucrpanun. Tak, npu
cTapTe ¢ NOBEPXHOCTH 3eMJIU U PU3EMJICHIH UCTIOIH30BAJICH OJTU3KO PACIIOIOKEHHBIH K TYIbTY
YYaCTOK TeppuTOpHu (Ha yAaJeHuH He Gojiee JecsTKa METPOB), XOpOIIo 0603peBaeMblil Kak
BHEIITHEH TeJeKaMepoil, peIHA3HAYeHHON /I CheMKH I0oJIeTa W HAOJIIOACHU 32 JIPOHOM, TaK
1 KaMmepoii, "BcTpoeHHOI" B IPOH-HOCHTE b, PermcTpaliis aKyCTHYeCKOro IIyMa BBIMOJIHEHA,
C TIOMOIIHIO KOHJIEHCATOPHOT'O U3MEPUTEIBHOI0 MUKPOMOHA, BXOJAIIEr0 B KOMILIEKT BHEITHEe
BHU/IeOKaMepbl HAOJIIOIeHN.

Huxke wm3araiorcd xapakTepHble WiIH crenududeckue OCOOEHHOCTH —CHEKTPa
AKYCTHYECKOT'O M3JIYUECHHS, 3aPEruCTPUPOBAHHOIO SKCHEPUMEHTAJIbHO. OHU NpeJICcTaBIsSIOT
UHTEPEC JIjid 1ACCUBHOM IIIYMOIIE/JIEHIAINY, T.€. [eJIeyKa3aHusd, a TakKKe MOI'YyT ObITh 10JIe3HbI
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B HCCJICJIOBAHUAX PA3JIHIHBIX (DU3NUECKHX MEXAHH3MOB IIIYMOU3JIYYCHHS, HPOABJISIONIUXCH,
HaIllpUMep, ITPU BpallleHu BEPTOJIETHOTO BUHTA.

2. PesynabTaThl CIEKTPAJTbHON 00pabOTKM aKyCTHYECKOTO MNIyMa

CreKTpaJIbHBIH aHAJIN3 AKYCTUIECKOTO TIIyMa KBAIPOKOINTEPa BHITIOJHEH B CIIYyYasiX ero
perucTpanuu B CJIeyIONMUX OCHOBHBIX, ''peanoieTubix' u "mocienonernbix” pexxkumax: crapt
— OTPBIB OT 3eMJIM U B3JIeT, 3aBUCAHWE HAJ MECTOM CTapTa, MOJET C MapIIeBOl CKOPOCTHIO
(Ha yTajeHusIX B HECKOJhKO JIeCSITKOB METPOB), Tocajika W mpu3emseHue. Jlis anamusa,
KaK IPaBUJIO, UCIOJIB3YIOTCA BBLIOOPKH CUrHAJA JIATeJbHOCTBbIO 1° = 7...9 c. Heobxomumo
HOTYEPKHYTh, YTO TMOJE3HBI CHTHAJ JIUIIbL HE3HAYUTEJHHO TPEBLIIAeT YpOoBeHb (hbOoHA B
MOMEHTBI €r0 CHaJIa P 3aTUXAIOIINX TOPbIBAX BETPA.

2.1. Crapr

Ha puc. 1 npeacraiera aMIuTy(Has CIIEKTPOrPAMMA aKyCTHIECKOTO TITyMa B IIOJI0CE
gactoT 00— 2000 ', Kor/1a KBaApOKOITEep HAYMHAECT OTPHIB OT MOBEPXHOCTHU IpyHTa. B cnekrpe
OPHUCYTCTBYET HAOOP JUCKPETHBIX KOMIIOHEHT, KOTOPbIe 00Pa3yIOT SKBUIUCTAHTHBIN YaCTOTHBII
P, XapaKTepHBIH [JId IIyMa, CO3JaBaeMOro KarKIbIM BHHTOM. HesaBucumas "samurka'
MOTOpa KaxKJIOTO BUHTA, HEOOXOAMMasd g MaHeBPUPOBAHUs, OOYCIABIMBAET HEKOTOPOE
pa3jindue B CKOPOCTH UX BpallleHUA. HOSTOMy AUCKPETBbl OAMHAKOBOT'O HOMEpa, IOPOZKIaeMbIe
Pa3HbBIMKM BUHTaMM, HECKOJBKO CABUHYTBHI II0 YaCTOTE, YTO IIPpUBOAUT K YIOUDEHUIO HNJIU
Pa3MBITHIO JTUHUI B CIIEKTPe CYMMapHOI'O0 aKyCTHYeCKOro MoJsd. JIMCKpeTsl crieKTpa CIeayioT
¢ uarepsaigoM Af ~ 200 — 214 I't u cOOTBETCTBYIOT Psi/ly JIOIACTHBIX YacTOT. VI3BecTHO, 4TO
OCHOBHasl (mepBasi) JIOMACTHAsl YACTOTA paBHA OOODOTHON YaCTOTe, YMHOKEHHON HA 9HUCJIO
JIoTTacTell M, MOCKOJIbKY JIonacTel e, OHa B JBa pa3a Bbiiie Hee. OOOpOTHAS 9aCTOTA, TAKUM
obpazom, 6sm3ka K fog = 100 I'm. Takoe 3HavYeHME YAOBIETBOPUTEIBHO COTJIACYETCS ¢ TAKUM
nokasareseM KaK HOMHHAJIbHAS CKOPOCTh BpallieHns poropa B mpeenax ~ 5000—6000 o6 /vuH,
CTAHJIAPTHO UCIIOJIb3yeMasi B MUHHATIOPHBIX 9JIKTPOJBUTATENIAX (C HOCTOSTHHBIM HAIPSZKEHUEM
Ha 0OMOTKAX).

Single-Sided Amplitude Spectrum
\ I

Pa ul
+vHz Z:

071 7

10°

06

05

—or mc

0.4

Mumnwmuﬁmumn

0 500 1000 1500 2000

/. Hz

Puc. 1. AMOInTyaHbIi CIIEKTD IIIyMa B PeXKHMe CTapTa

0.2

0.1

2.2. Pe>xuMm 3aBUCAHUS HAJ MECTOM CTapTa

[locnemyromue CeKyHABI TOCJe CTApTOBOTO BKJIOYEHUS BHUHTOB KBaJIPOKOIITEPA
COIPOBOXK/IAIOTCs €r0 OBICTPBIM OTPLIBOM OT HOBEPXHOCTH, HAOOPOM HE3HAYUTETbHON BbHICOTHI
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U HEKOTOPBIM T'OPU30HTAJIbHBIM CMeEIeHneM OTHOCUTEJIbHO MecTa cTapTa, TaK 4TO OT TOUYKH
3aBUCAHUS UCTOYHUKA 10 MUKPOOHA 00pa3yeTcs JUCTAHINS TOPSIKA IBYX JIECITKOB METPOB.
Heckonpko omeperkas M3a0:KeHHE, MOKHO OTMeTHTh, UTO Ta YKe TUCTAHIUSA XapaKTepHa JIJIs
pezKuMa TOPMOZKEeHNS U 3aBUCAHUS NIPYU BO3BPAIEHNN KBAJIPOKONITEPA ONEePATOPOM B UCXOTHBII
KBa/IpaT TEPPUTOPUN TIOCTIE BBITIOJTHEHNUS TTOJIETHONH MPOTrPaMMBI.

Ha puc. 2 npejicraBiiena cueKTporpamMMa IliyMa B YCJIOBUSX 3aBUCAHUS KBAaJIPOKOIITEPA.
HeTpynHo BHIeTh Ka4deCcTBEHHOE CXOJCTBO € MPEJBIIYIINM CJIydaeM B XapaKTepe CIeKTpa.
Bwmecte ¢ TeMm, mmar mo gactore B MOCTEI0BATEIHHOCTH JUCKPET, OKA3BIBACTCSA HUXKE TTPEKHEro
u coctapisger Af = 143 T'u. Nmeer mecTo moHukeHne CKOPOCTH BPAIIEHUS] BUHTOB.

P 1 Single-Sided Amplitude Spectrum
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Puc. 2. AMninTyaabIil CieKTp MyMa B PeXKUMe 3aBUCAHUS

2.3. Ilojer c mapiireBoii CKOPOCTHIO

Ha ocHOBHOM wW3MepuUTEeTbHOM 3Tale JSKCIepPUMEHTa BBINOJHEHA PEerucTparnsd
[OJIE3HOI'0 CHI'HAJIa — aKyCTHYeCKOI'O IIyMa, BO3HHMKAIOUIEI'0 IIPH II0JIeTe KBaJIPOKONTepa C
MapIeBoii ckopoctbio ~ 20 M/c. B mporecce mpoBeieHNsT HECKOJBKHX CEAHCOB DeaTn30BaH
TOPU30HTAJbHBII IOJET ¢ PAa3HBIMU HAIPABJIEHUSIMU JIBUKEHHUs, NPH 3TOM MHHUMAJbHBIE
yJlaJdeHns KBaJpPOKONTepa OT MHKPOQOHA Ha TpaBep3e COCTABISIOT IeCATKH MeTPOB IpH
3HAYEHUW BBICOTHI TIOJETA TOTO K€ TOpsIKa.  ITOT ITAl TNPUXOJUTCI HA 3aBepIIeHHe
JEMOHCTPAITMOHHOTO MHUJIOTHPOBAHUS KBaJPOKONTEpa IO KOMMEPYECKOH mporpaMmme, B
KOTOPOil BBITIOJHAETCH CJA0XKHOE OappazKupoBaHue B BbICOTHOM Kopumope 50..150 M c
MOCJ/IeTYIOIIUM JIBHYKEHHEM OOPATHBIM KYPCOM K MECTY CTapTa.

Ha puc. 3 aemoHCTpHUpPYeTCs COOTBETCTBYIOIMIHMI YAaCTOTHBIN CIEKTP aKyCTHIECKOTO
IyMa, PEerucTpupyeMoro Ipu TOPU30HTAJIBLHOM II0JIeTe KBaJPOKOITepa € BbIIIEyKA3aHHOM
mapieBoit ckopoctbio. [llar mepuogmanoctu B auckpernom cnekrpe cocrasiaser Af = 172 T'm.
CrieioBaTeIbHO, CKOPOCTH BPAIEHNS BUHTOB HECKOJIBKO BBHIIIE, YeM B IIPEJIBIIYIIEM PeKIMe.
Temepr BO Bceil mojoce aHaaW3a HAOIIOIAETCS JTOCTATOYHO DperyJsdpHas IepuoindecKast
MOJIYJIANIAS AMILIATYJIHOTO CHEKTPa € POCTOM YacTOThI, OOYCJOBJIEHHAsd paHee YKa3aHHON
OPUYUHON.  3aMeTHO TMOBBHIIAeTCS BKJIAJ 0Oojiee BBICOKOYACTOTHBIX KOMIIOHEHT B OOIIHit
ypoBeHb Imiyma. Ilepexos K paccMaTpuBaeMOMY PEKUMY JIBHKEHHS JIPOHA OTJIHYAETCS
HEKOTOPOil BapmabeIbHOCTBIO, T.e.  CONMPOBOXKjIaeTcsd Oojiee 3HAYUTETHLHBIMH, 4YeM paHee
Ka4yeCTBEHHBIMH, a TaKxKe KOJUYeCTBEHHBIMU W3MEHEHUIMH, XapaKTePU3YIOIIUMUA CIeKTD
nmyMma.

B janbHednmx ucc/ieJoBAaHUAX PaCcCMaTPUBAEMOIO PEKUMA, IPOBEJIEHUEe KOTOPbIX
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Puc. 3. AMIUIMTYIHBIH CITEKTD IIyMa B PeXKHME II0JIeTa ¢ MapIIeBOi CKOPOCTHIO

npejosaraercs npu 6osiee 6JaronpUSTHBIX METEOYCJIOBHSIX, T.e. IIPU 0oJjiee HU3KOM yPOBHE
aTMOoCc(EpPHOro aKyCTHIECKOTO (POHA, HAPSIY CO CIEKTPOM IIyMa MHTEPECHO TaKKe MOCTPOUTH
KpPHUBBIE CIIaJa ODOINEero YpoOBHS IIyMa C POCTOM JUCTAHIUH OT KBaJIPOKOINTEPa JI0 MECTa
perucTpanum.

2.4. Ilpuzemjenme — mocagka

Ha zakmounTeibHOM 3Tale mojera, T.e. Mepe KOHTAKTOM WJIM KaCaHHeM MMOBEPXHOCTH
HOCATIOYHBIMHA CTOMKAMH KBaJIPOKOIITEPA, ONEPATOPOM C IIYJIbTA YIIPaBJICHUsS 00eCIIeUrBACTCS
PEeXKUM 3aBUCAHUA NPUMEPHO HAJ MCXOJHON CTAPTOBOU TOYKOU HA BBICOTE, HE MPEBBIIAIOIIEH
JIecsITKa MeTPOB, a 3aTeM M ero mjaaBHoe npusemsierue. Ha puc. 4 npejacrapieH aMILIUTY/IHbIH
CHEKTP TIIyMa, XapPaKTEePHBIA A4 PEKHAMa, COOTBETCTBYIOIIETO 3aKJJIIOYUTEJIBHOMY 3JTAITY.
[Ilar mepuognYHOCTH CIEKTPATBHBIX MAKCUMYMOB ([IHCKDETHBIX KOMIIOHEHT) Ha OCH IacTOT
BO3BpAIaeTCd K MCXOMHBIM 3HadeHusM Af = 216 ['m.

Single-Sided Amplitude Spectrum
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Brinosinenbl 00paborka 1 ClieKTPaJibHbIl aHAJM3 aKyCTHIEeCKOI'0 IIyMa KBa/IPOKOITEPa
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IPU PA3/UYHBIX PEKUMaxX JIBUXKEHHUH, BKJIOYad CTApT U HpuseMjienue. Jlemoncrpupyercs
BO3MOXKHOCTb HMHTEPIIPETAIMH CIEeNUMUIECKOTO BHUIA CHEKTPa IIYMa B COOTBETCTBUH C
peKUMaMH CTapTa, TOPU30HTAJIBLHOIO IMOJeTa U HpuseMienus. llokazaHo, 9To A7 JAHHOTO
TUIIA KBaJAPOKOITEpa XapakTrep aMIIUTYJAHOI'O CIEeKTPa, PacCloJIOXKEeHUe aMILJIUTY/IHbIX
MaKCHMYMOB Ha OCH 4YacTOT CJe/IyeT paccMaTpuBaTh KakK WH(pOpMaTUBHbIE IPU3HAKHI, KOTOPHIE
1ejiecoobpa3Ho TMPHUHSTH B KAa4YeCcTBE OCHOBBI LIS WAEHTHMUKANINY WIN KJIACCUPUKAIUN
JIeTaTeJbHOTO allllapaTa 10 JTAHHBIM IIIYMOTeJTeHTaIluH. YKa3aHHBle TPU3HAKH TIpH
BCEX PeKUMaxX padoThl COXPAHSIOT MOA00He, OKa3bIBAIOTCS YCTOMYMBBLIMH MK €060
Bapuade/IbHbIMU.

Taxum obpazom, pe3ysibTaThl aHAJIM3a, CHEKTPa aKyCTUYECKOTO ITyMa KBaJIPOKOITEPA
YKa3bIBAIOT HA MPUHIUIAAIBHYIO BO3MOXKHOCTD JIOKAIU3AIMH U UACHTHMUKAIINN O€CITIIOTHOTO
JIETATEJILHOTO annapara (CaMoro Jerkoro KJacca) W mpeIBapuTeJbHOTO IPOrHO3a HapaMeTpoB
JIBUZKEHUs TPHU TMACCUBHON IIYMOIEJIEHTAIINN ¢ UCIOJIb30BAHUEM JTAHHBIX O ero COOCTBEHHOM
aKyCTHYECKOM IIIyMe, 3aPeruCTPUPOBAHHOM Ha IIOBEPXHOCTH 3eMJiu. JlajibHeliie ncejie0BaHns
AKYCTHYIECKHNX IIYMOB KBaJAPOKOITEPOB € HWHBIMH KOHCTPYKTUBHBLIMU OCO6€HHOCTHMI/I n cC
JIPYTOil KOMILJIEKTaIueil BHHTOMOTOPHOM IPYIIIBI 0€3YC/TOBHO PACIHIUPAT IpeJcTaBIenne 06 ux
AKYCTHYECKUX XapaKTEePUCTUKAX M OYIYT CIOCOOCTBOBATH PA3BUTHIO VIAJEHHOTO KOHTPOJIA 34
MUHHATIOPHBIMH OECIHUJIOTHBIME JIETATEIbHBIMHU AIIapaTaMu ¢ BePTOJETHBIMI BUHTAMH.
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AnHoTanusa

BrimosiHen npubmKeHHbIN paciyer aKyCTUIECKUX XapPAKTEPUCTUK PE30HATOPOB B BUJIE BSI3KOYIPYTUX
MpOOOK C 3aKPEIIEHHBIMEA OOKOBBIMHU TOBEPXHOCTsIMU. PacCMOTpEHBI 5 OCHOBHBIX PA3HOBUIHOCTEH TaKUX
pesonaropoB. IlpuBenennr mpuMmepbl CpaBHEHUS PE3Y/IbTATOB TPHUOJMKEHHOW W TOYHON TEOPHUil W MpPUMEPbI
SKCIIEPUMEHTAIBHOIO OATBEP K/ I€HUs MPUOINKEHHON TeOPUH.

KuroueBbie ciioBa: BA3KOYIIPYIUe MaTepHaJibl, PE30HATOPBI, AKYCTH4YeCKad IIPOBOIUMOCTD,

PE30HaHCHaA YaCTOTa.

Viscoelastic resonators
Kazakov L.I.

K.F.-M.N., leading researcher, Pacific Oceanological Institute
named after V.I. II'ichev FEB RAS, Vladivostok

Abstract

The approximate calculation of acoustic characteristics of resonators in the form of viscoelastic corks
with fixed side surfaces is made. 5 main types of such resonators are considered. Examples of comparison of
results of approximate and exact theories and examples of experimental confirmation of the approximate theory
are given.

Key words: viscoelastic materials, resonators, acoustic conductivity, resonance frequency.

Beenenue

Huzke monydenbl npubiauzKeHHbIE —pacdeTHble  (DOPMYJIbl I AKyCTHIECKUX
XapaKTEePUCTUK BI3KOYIPYTUX PE30HATOPOB, BBIMOJHEHHBIX B BUIE NMPOOOK € 3aKpEILIeHHOM
OOKOBOIl MOBEPXHOCTHIO C/ACAYIOIINX AT KOH(MUIYpAIUA: CIUIOMIHON KpPYIVIbIA IUIMHID,
TPH Pa3HOBUIAHOCTH B GopMe KPYIJOr0 HUIHHIAPA C LEHTPAIbHBIM KPYIJILIM OTBEPCTHEM,
Kpensiiuecst 00 o HO#, iubo obenmu 6okoBbiMu noBepxHocTsaME ("BHemHWA", "BHY TpeHHMII"
M KOJIBIIEBOI Pe3OHATOPBI, CM. PHC. 3), IPAMOYTOJIbHBIA B I1ane pe3oHaTop. CocTosTebHOCTD
HpUOINKEeHHBIX (DOPMY/I MOATBEPKICHA CPABHEHUEM C Pe3yIbTaTaMU TOUYHBIX BLIYUCJICHUN U
9KCIEPUMEHTOB.

JI1060# MexaHn49ecKuii Pe30HATOP COCTOUT U3 MACChl, YIPYTOCTH U OTeph. BeeM 3Tum
paccMaTpUBaeMble MaTepUAJIbl 0018 1aK0T.
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1. IIpubGaum>keHHas Teopus PE30HATOPOB
1.1. Bsaszkoynpyrume MaTepHaJIbI

Kareropust BI3KOyIPyIruxX MATEPUAJIOB OXBATHIBAET BECbMa OOIIMPHbII KJIACC BEIECTB,
TAKAX KAaK DPE3WHbI, MATKHE IJIACTMACCHI, OUEHb BSI3KHME YKUJAKOCTH (CMOJIBI, OUTYMBI U TD.),
reJIi, PACTUTENHHBIE W YKUBOTHBIE TKAHU W T.J. DTH BEIIECTBA 3aHUMAIOT MPOMEKYTOTHOE
MECTO MEZKJTy HJICATBHO YIPYTUMHU TBEDIBIME TEJTAMH H BA3KIMHE HECZKIMACMBIMHU YK TKOCTSMH,
coBMernast B cebe CBOfiCTBA TeX M JIPYTHUX.

OMHOPOMHOE HM30TPONHOE  BA3KOYNPYrOe Tejo, 1OJ00HO HIEAJLHO  yIPYIOMY,
XapaKTepU3yIOT JABYMsl MOJYJSIMU yIPYTOCTH, HApuMep, moaysem casura o (Ia) n momymrem
obbemuoro cxkarust K (ITa) [1, c. 22]. Tlpm KoseGaHUAX B BS3KOYNPYIOM TeJie MPOUCKXOTUT
(KaK W B BSA3KOH JKHJKOCTH) JIMCCHUIAIUS MEXAHUICCKOH 9SHEPIHH 3a CYeT BHYTPEHHErO
Tpenus. 1103TOMY €ro MOJy/JIH YUPYTOCTH MPH FAPMOHHYECKUX KOJEOAHWUSIX MPUHIHITHAILHO
KOMILIEKCHBIE U 9aCTOTHO-3aBHCUMbIe BeJudauHbl 2], [3].

3 aByx Momysieii yupyrocTu BsI3KOYNPYTOrO MaTephaja BasKHEHIINM  sIBJISETCS
KOMILJIEKCHBIH MOJYJIb CJIBUTA:

pH(w) = pw)[l —in(w)], (1)

rie w — Kpyroeas dYacrora 3ByKa, p(w) — MOJyJab CABHIA, i — MHHMas eaumHmia, n(w) —
K03 )UIIEHT CABUTOBBIX oTepb. OH PE3KO OTJIMYAETCS OT MOJYJIsl BCECTOPOHHETO CZKATHS
K cnemytonum. Bo-1epBbIX, /Ui BCeX BI3KOYIPYTHX MATEPHATIOB HMEET MECTO COOTHOIICHHUE:

| w* <K, (2)

KOTOPOE, TMO-CYIIECTBY, CJIYKHT OIpeJIeJeHHeM TaKUX MaTepuajoB © OTHOCHT UX B
paspsin "mpakTudeckn HeckuMaembix", "BomonomoOHBIX" Beriects [4, ¢. 446|. Bo-Bropwix,
9aCTOTHBIE 3aBUCUMOCTH [i(w) U 1(w) HAMOOJIEe APKO MPOSIBJISIIOTCS B JIHANIA30HE 3BYKOBBIX W
YJIBTPA3BYKOBBIX UacTOT, B TO BpeMs KaK MOIY/JIb OOBEeMHOrO CxKaTwsg K B 9TOM IHaIa30He
OT YACTOTHI MPAKTHYECKH HE 3aBHCHUT, & MOITOMY MOXKET CUUTATHCS AeHCTBUTENIHHONE yIpPYyTOil
KOHCTAHTON BEIIeCTBA.

Momynau ciBura peswH MOTYT OTJIMYATHCS JAPYT OT JAPYra B JECATKA W COTHHU a3 H
aexar B npegenax p(w) = 10° + 10% Ila. KosdduumenTsl ¢ABUTOBBIX IOTEPh PE3UH OOBITHO
nopsaka n(w) = 0,1 =+ 1,0. ¥V Bcex Baskoynpyrux marepuaynos napamerpsl K (Ila), miorHocThb
p (xr/M3), ckopocTb Boau cxxarus ¢ = (K/p)'/? (M/c) npuMepHO Takme ke, KaK y BOJDL.

Ha Hu3KHX 9acToTax, KOTJa BeICOTA MPOOKU h (M) MaJja B CPABHEHUW C JJIAHON BOJTHBI
CKATHUsl, TOCJeHell MOXKHO IpeHeOpedh W CYUTATh MATEPHUaJ MPOOKH HECKUMAEMBIM. JTO
JIOTIYIIIEHNE TO3BOJISIET TIOCTPOUTH IPHOINKEHHYI0 TEOPUIO BBIHYKAEHHBIX KOJe0aHUN TTPOOKH
C 3aKpeIIeHHOi DOKOBO TTOBEPXHOCTHIO.

Ob1ee ypaBHeHHe IBHXKEHHUsI OIHOPOJHOIO H30TPOIHOIO YIPYrOoro TejIa MOXKHO
zanucarb B Buje |1, c. 23, 26, 125]:

P oe

3

= AT — —2
nat 2(1+0)

VP, (3)

rie U - sexrop jedbopManun cpeibl (M), 0 — eé koapdunuent [Tyaccona,

1
P=—— = =2 (0m + 0y +022) =
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3BykoBoe japienue ([1a). B cury mpeamonaraeMoil HECXKEMAEMOCTH CPEJIBL:

3K —2u 1
o= ——— & —.
2BK +p) 2

Torpa jiis TapMOHUYECKUX KoJiebanuii ypaBHenue (3) mpuMer BUI:

e TN
—iwpV = TAV - VP (4)

IIo dopme 3To ypaBHeHHe coBmajiaer ¢ ypaBHeHmeM Hasbe — CrTokca J1d MaJibIx
rapMOHIYECKUX KoJIebaHuil BA3KOi kuakoctu [5, ¢. 73, 350|, mpuuem posib BSI3KOCTH 37€Ch
urpaer BesuurHa (¥ (w)/w. DTo yKasbiBaeT HA AHAJIOIMIO JBUKEHUN BsI3KOYLUPYIoil 1pobKu
pe30oHaTOpa U CTOJIONKA BA3KON KUJIKOCTH B TPyOe.

g 1ocTaTOIHO BBICOKOM MTPOOKN MOYKHO IPEINOI0KATh, YTO JBUZKEHUE MPOUCXOIUT
TOJIBKO BIOJb HenTpaibuoit ocu z u V, = V,(zr,y). Ecmu npu stom cumtats P = P(z2),
To u3 ypasHenusi (4) ciemayer mocrosiictBo VP.  Ilpenebperass BIMsSIHEEM BO3JyXa HAaJ
IpO6OKOIi U IIPHCOEIMHEHHOIT MacCOil cpe/ibl (BOJBI) HA BXOJE PE30HATODA, MOSIBIISIIONIEiCs n3-3a
HEPABHOMEPHOCTH KOJIeOATEILHONW CKOPOCTH M0 CEYEHHIO TTPOOKHU, HaliaeM:

dP(z) P

dz h’

rie P — 3ByKOBOe JaBiieHne, JefdCTBYOIIee CHU3Y Ha pe3oHaTop. B srom ciyuae ypapraenue (4)
HpUMeT BUJI:
9 iwP
AV, + V. = o, (5)
wrh
WM B IMITHHIPUYECKUX KOOPJIMHATAX:

d?Vv, 1dV, 5 wP
dr? * r dr V=
3nech

KOMIIJICKCHOE€ BOJIHOBOC YHUCJIO C,ZLBI/IFOBOfI BOJIHBI.

1.2. ImausapwyecKuii pe30HATOP

JInst MUIWHIPAIECKOTO Pe30HATOpa KPYIJIOrO CeueHus pajuyca a ypapaenue (6) mmeer
pelreHueM:

N

~~
=

=

:wZJ%%%_q’ )

OTKYJa HaiiieM CPeTHIOK 10 CeYeHNI0 IPOOKH MPOAOIbHYI0 CKOPOCTH!

V0 P [ 2Ji(ka) P Jy(ka)
P T) = - —_ = - —7
iwph | kaJy(ka) iwph Jo(ka)
rie J,(ka) — dynkmun Becces. [Tostomy my1d TpuwBemeHHONH K BOJEe IPOBOJIUMOCTH

IUIMHIPAIECKUX PE30HATOPOB paJuyca a (B IPEINOJIOKEeHUH aJIIATHBHOCTH UX IPOBOJIUMOCTEN )
MOJTYIUM:
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_ €poco J2(Ka) (9)
iwph Jo(ka)’
rIe € — J0Js IJIOMAIH TIOBEePXHOCTH, 3aHIMAEMAs ITUMHU PE30HATOPAMIE; Py — ILIOTHOCTH BOJDI,

Co — CKOPOCTb 3BYKa B BOJI€.

Ecan B pazyioxennn

OCTABUTH TOJIHKO JIBa MEPBHIX deHa, T0 yaurbiBas (1) u (7), upeacrasum (9) B npuOINKEHHOM
BUJIE:

2 .
EPoCowa —
Y (w) & P00 — , (10)
8u(w)h - wn(wp)
wy pt(w
rue
2,45
wp = - M_ (11)
@ P
coOCTBeHHAs Kpyropasg 4dYacTOTA IHJIAHIPUYECKOTO Pe30HATOPA. SHaueHNe YHCIEHHOI'O

KodddunmenTa 371ech MOXKHO YTOUYHUTH, 3aMETHB, 4TO Ipu 7) K 1 cobcTBeHHAs YacTOTa
OCHOBHOTO pe3oHanca B ¢dopmye (9) Gymer onpeaensaThes mepBbiM KopHeM dhyukiwu Jo(ka),
paBaBIM 2,405.

Bropoe mpubim:keHWe K TOYHOMY 3HAYEHUIO W, IOJYYNM, €CJU B IIPeJIbIIyIieM
.. 8 4 (rpa)®
Pa3JIOKEHUU IIPUPABHAEM HYJII0 CYMMY IIE€PBBIX TPEX claraeMplx: —— — — — ———— = (.
(kpa)? 3 144
Pemmenne 3Toro KBaJpaTHOTO OTHOCHTETLHO (k,a)? ypasmenus mpuseer K dopmyne (11) ¢
yuCaeHHBIM Ko3ddpunuentom 2,413, 9To npepbpimaer Tounoe suadenue 2,405 Beero ma 0,34%,
T.. B 5,5 pasa TouHee HAYAJBHOTO ITPUOTHKEHHSI.

Ha puc. 1 gns mmmmHIADUYECKOTO PE30HATOPA MPEJACTABICHBI Pe3yJbTaThl pacdera
nposogumocreii o "tounoit" (9) m upubmmxkennoii (10) dopmyram, a TakKe JTaHHBIE
U3MepeHnii Ha THJApoakKycThdeckoit Tpybe aumamerpom 41 MM npu Temuneparype 30°C.
[TapameTpsl pe3oHaTopa: MaTepuag — CTPOMTENbHBIH Outym; ¢ = 0,859, 2a = 3,8 cm,
h = 4,35 cm; po = 995,7 kv/M3, ¢o = 1509,4 m/c; p = 1200kr/M3, p = 0,63 - 10% Tla, n = 0,4.
Jnst coberBennoit wacrorsl (11) mpunst muoxureas 2,405.  Bcee pacdersl m mocTpoeHme
rpadukos Ha puc. 1 (um gamee, Ha puc. 4 u 5) BBIIOJHEHB HA KOMIBIOTEDE C MOMOIIBIO
Mathcad 15.

13 pucynka cienyer, uro mnpubamxkennas ¢dbopmyna (10) mocraroaro xopomra st
HACTOT W < Wp.

[Ipu He CAWIMKOM MAaJbIX 3HAYEHUSX 1) MOCJEAYIONINE CIBUTOBbIE PE30HAHCHI B
BeIpazkennu (9) He CyIIeCTBEHHbI, U MOKHO cuuTarh dhopmyay (10) npumeHnMOil TakkKe U Ha
JacToTaX w > wy. Ho B JaHHOM cilydae Ha 3THX YacTOTaX BKJaJ B IPOBOJUMOCTb BHOCHT
erme u oTAa’deHHblii (Ha wacrore 19,5 kKI'1) MOJIYBOTHOBOH PE3OHAHC MPOJOIHLHON BOJIHBI,
pacnpocTpaHsomneiics B mpobdke co CKOpocThio ¢; = 1697 m/c. B s10oM npuvmrHa pacxozxKaeHus
pacdYeTHBIX ¥ SKCHEPUMEHTAJBHBIX JAaHHBIX HA YaCTOTaX W > Wy, HOCKOJBKY TPOJOJLHOI
BOJIHOI MBI M3HAYAJIBHO IPeHeOperin, MOCYUTaB MaTepruaa IPOOKHA HECKUMAEMbIM.

U3 dopmyn (9), (10) u (11) BEAHO, YTO NPOBOIMUMOCTH ITHJIHHIPHIECKOTO
pe3oHaTopa 00paTHO HPOIOPIUOHAIbHA BbICOTE HPOOKH h, a COOCTBEHHAsl dacTOTa OOPATHO
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HPOIOPIHOHAIbHA €€ pajauycy a u He 3aBucuT oT h. Ilociemsnee obcrogrenbeTBo g h > 2a
MOATBEPXKIAIOT U3MepeHust aBropa (1976 r.), mpeacrasiennsie Ha puc. 2. Craabslit poct w, ¢
yBesndeHueM h obs3aH (He YUYUTBIBAEMOU 3)1er) MaJIOU MPUCOEANHEHHONH Macce Ha BXOJE.

Ilpu w — 0 u3 dopmyasr (8) serko HafiTu cMmerneHne MPOOKU IHJINHIPHIECKOTO
pe3oHaTOpa Moj jJeficTBreM ruapoctaTudeckoro nasienust Py (ITa):

I
U = ——(a* —r? 12
O(T) 4M<O)h<a/ r )(M)7 ( )
OTKy/la MakCHMasbHbIi poru6 B nenrpe npodkn Uy(0) = Pya®/4u(0)h (M), a cpemunmii mo
P2
cedennio nporud Uy(r) = Su(0)h (m). Ecisin onpegennrs 3uadenue w, Merogom Pajes, B3ss B
I

kadectse (opMmbl Kostebanuii crarmaeckoe cmerenne (12) |6, ¢. 189, 323|, To cHoBa mpumeM K
dbopmyme (11).

Re Y(f), Im Y(f)

,_,
[}
-

—_
=
ot
LN

f k'
Puc. 1. KommnoneHTH KOMILTEKCHON TpoBouMocTH Y (f) IMUIHHAPAIECKOTO Pe30HATODA:
— "1ounerit" pacuer (9); — — npubsukennsiii pacder (10); o, + — u3MepeHus
1.3. '"Bwuemruwuii" pe3zonatop

JInst nuaMHAPIYIECKUX PE30HATOPOB € IEHTPAIBHBIM KPYIUIBIM OTBepcTHeM (puc. 3)
obrue perrenust ypaBHenus (6) comep:kat Hapsany ¢ dbyukimeii Beccems Jy(kr) Takzke GyHKINIO
Heitmana Ny(kr), a ompejiesieHre YacTHBIX pellleHHil TpeOyeT ydera IDaHHYHBIX YCJIOBHH Ha
0benx ODOKOBBIX IMOBEPXHOCTSIX IPOOKH.

"Buemuuit" pezonarop 3akpensieH TOJHKO CBOell BHyTpeHHE!l GOKOBOI OBEPXHOCTHIO
paanyca a, Kak MOKa3aHo Ha PHUC. 3, a. ITO AAET MEePBOE IPAHUIHOE yCJIOBHE!

V.(a) = 0. (13)

Buernraioro 60KOBYIO MOBEPXHOCTb pajimyca b cuuTaeM CBOOOJHON OT KacaTebHBIX

ouU, 8UZ>
_l’_

= 0, 9TO IJId JOCTATOYHO BBICOKHX

0z or

HANpsIKeHuit, T.e. Ha Heil 0,,(b) = ,u(

r=b
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12
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Puc. 2. 3aBucumocTb cOOCTBEHHOIT 9acTOTHI PE30HATOPA OT €r0 OTHOCUTEIBHON BBICOTHI S:
e — IUJIMHADHYECKHH pe3oHaTop, s = h/2a;
m — KBaJIPDATHBIIl B cedeHnn pe3oHaTop, s = h/l, [ — ctopoHa KBajpara

HpO6OK 9KBUBaJIEHTHO YCJIOBHIO

—0. (14)

J'/ /
/]
= AN e
——‘--_'_{.—A g :/
£y =] ‘{:;

i g

b
a

Puc. 3. Pe3onatops! ¢ 1ByMsi 60KOBBIMHU TOBEPXHOCTIMHU U CIIOCOOBI X KPEIJICHUS B
THAPOAKYCTUIeCKO Tpybe: a — "sHemuuit" pesonatop; 6 — "BuyTpennunit" pesonarop;
B — KOJIBIIEBOA PE30HATOP

DTO BTOpPOE I'PaHUYIHOE YCJIOBHE.

Pemennem ypapuennss (6) g "BHemHero"  pe3oHaTropa,  yAOBIETBOPSIONIEM

rpaandHbIM yeaosuam (13), (14), 6yzer:

Vi(r) = P {JO(/W)Nl(/ib) — Ji(kb)No(kr) 1} ' (15)

iwph | Jo(ka)Ni(kb) — Jy(kb)No(ka)
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Boruuciup cpeiHIO IO CEYEHUIO MTPOOKH IIPOIOJIbHYIO CKOPOCTH 10 (hOpMY.Ie:

b
Vi) = -2 / V.(r)rdr,

b2 — g2

HafieM 3aTeM MPHUBEIEHHYIO MPOBOANMOCTH "BHEmTHuX'" pe30HATOPOB, pacHpeaeTeHHBIX 10
ILJIONIAJIN C ITOBEPXHOCTHON KOHIEHTPAIHEH £:

_ €PoCo 2ka Ji(kb)Ni(ka) — Ji(ka)Ni(kb)
Y= oph {/s2(b2 — @) Jo(ra) N1 (b) — Ju (D) No(a) 1} '

Bocnonb30BaBImmch, M3BECTHBIMU PA3JIOKCHUSIME I MIIHHIAPAYICCKUX (DYHKITHI
[7, c. 413, 428|, duryphyto ckobKy Bbipazkenus (16) MOKHO HPEJICTaABHTH B BUJIE:

(16)

U (c)z?
{.}= 5 . - : (17)
21— A(c)2? + B(c)z* — D(c)zb + ..
rie
Ka
— 18
- (18)
b2
C = ;,
2 2
T(c) = ——1Inc—3c+ 1, (19)
c—1
AQ) = clnem et 1o b (CF20 ey Sa ot (20)
¢)=clnc—c — nc— —c :
U(c) c—1 3 3
OcrapuB B 3HaMeHaTese BbipaskeHust (17) TOJBKO JBa TEPBBIX CJIAraeMbIX, 3aIUIIeM:
U (c)z?
B e e e 21
{od 2[1— A(c)x?)’ (21)
[Moncrasus 310 B hopmysy (16) u yanrsias (1), (7), (18), naiimem:
2 .
epocowa¥(c) -3
Y (w) & pal > : (22)
8p(w) wiplwp)
1 - 2 - ”7(“’)
wpt(w)
e
2 | plwp)
= - : 23
wp a pA(C) ( )

C xpyroii cropoust, u3 dbopmyast (16) caegyer, uro npu 7 <K 1 cOBCTBEHHYIO 4acTOTY
OCHOBHOTI'O PE30HAHCA TOJIZKEH OIPEIeAITh HePBblii KOPEHb yPABHEHMUS:

Jo(ka)N1(kb) = J;(kb)No(ka),
KOTOPBI COTTACHO CpaBOYHUKY |8, c. 238| paBen:

[1+ a(e)]

2(ve—1)

Kp@ = T
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rae dyuxnusa 1 + a(c) npeacrasiena B [8] rpadukom ma puc. 136. Ilostomy misg w, Takxke
IOJTY 9HM:

rll+a(e) [uy)
= ue-1)\ 5 (24

Cpasuus 910 ¢ BelpazkenueM (23), maiigem:

- (8528

[l + a(e)

Anmpokcumupysa dyukmuio 1+ ac) B ananasone ¢ = 1...4 3aBucumoctoio 1 + a(c) =
_3ye+1
=i

OJLYy YU M

s T(3b+a) |p(w,y)
P 8b(b—a) p

A(e) = 2,882¢ (ﬁ; ;)2 (26)

Hnst ¢ = 1...4 3nauenus A(c), Berancaennsie mo gpopmynam (20) u (26) pasasrcs menee
gem Ha 2%, 9TO CAYZKHUT JUITHAM JOBOJOM CIPaBeIInBOCTH mepexoia (17) — (21).

(25)

Ho, Buanmo, ay4inuit BApuaHT — 9T0 HailTn (Kak B 1. 1.2) 1714 W, BTOpoe IpHO/IHKEHNeE,
uCIob3yd pemtenue ypasuenus 1 — A(c)z? + B(c)x? = 0.
[Ipu ¢ — 1 qyra dynknuii (19), (20) nme0T MECTO pa3IOKeHHsI:

2 1 1 1
Ue)==(c—1)2[1+=-(c=1)+—=(c—=1*+ —=(c—1)*+ ... 2
(€= 3le= 17 14 4= )+ e~ 1P+ gole= D%+ 27
2 7 439 319 ,
Ale)=Z(c=12 14+ —(c—1)+ —(c—1)*+ —(c—1*+...|. 28
(© = 2e=17 14 gyle= 1)+ e~ P+ e -] (29
Cayuwait ¢ = b*/a®> — 1 coorsercrByer "BHemmHeMy" pe3oHaTOpPy B BUJE IIUHHOI

10JIOCHL TUPHHOW d/2 = b — a, ojHa GOKOBas MOBEPXHOCTH KOTOPOH 3aKpelieHa, a JApyrast
cBoboaHa. CobeTBEHHAST YacTOTAa TAKOTO pe3oHaTopa coracHo dopmy (24), (25) pasHa:

T M(wp)
=g\ T, (29)

IToutn TO Ke camoe mostydaercs U u3 GopMyssl (23) ¢ yuerom pasnokenus (28):

o VIO ()

b= (30)

N3 coobpazkeHuii CAMMETPHH SICHO, 4TO TAKYIO YK€ COOCTBEHHYIO 4acTOTy Oy/IeT UMeTh 1
MOJIOCOBOI PE30HATOP YABOEHHOI NMMUPUHBI, ¥ KOTOPOTO 06€ GOKOBBIE TIOBEPXHOCTH 3aKPEIJIEHHI,
T.K. OH MOKeT OBITH COCTaBJIeH U3 JIBYX "BHEIIHUX" pe30HATOPOB, IPUMBIKAIOIIMX APYT K IAPYTY
CBOOOTHBIME KpasiMi. IIpOBOJMMOCTD TMOJIOCOBBIX PE30HATOPOB Haiizem 1o dopmyie (22) ¢
yderom passoxenus (27):
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e pocowd? —1
Y = . 31
= Yo ) o
1—— —in(w)
wpn(w)

Dopmyasr (29), (31) OymayT mosydeHbl HUKE APYIHM CIOCOOOM HPH PACCMOTDEHUH
PE30HATOPOB, MPAMOYTOJILHBIX B ILIAHE.
Ilpu ¢ > 1 u3 Boipaxenwuit (19), (20) caenyer:

U(c) = c¢(2lnc - 3),

A(e) ~ éc) {1+3£—i)2].

Ot dyuxnun obecrednBaloT BepHble 3HaYeHus W, U Y (w) B upegene upu a — 0,
¢ — 00:

f(wp)
plnc

2
wng _>O,

epoco Y(c) EP0Co
—iwph 2A(c)  —iwph’

Y(w) ~

JleiicTBuTEIBHO, yHpyTash YHEPIHsl Pe30HATOpPa, KOHIEHTPUPYIOMAIcS BOJM3H €ro
MeCTa 3aKpeIlVIeHHs, CTPeMHTCA K HyIo BMecTe ¢ a — 0, uro obecmednmBaer w, — 0 u
COBIIQJIEHUE [TPOBOJMMOCTH PE30HATOPA € MACCOBON MPOBOIUMOCTBIO €10 POOKH.

Takum obpazom, dbymkmmu U(c) (19) u A(c) (20) XOpoIIO ONMHCHIBAIOT HOBEJCHUE
"premHero" pezoHaTOpa NpH BeexX 3HadeHuAX ¢ = b?/a? > 1. Dro onpapablBaeT Upe/cTaBIeHue
dburyproii ckobku Bbipaxenus (16) B pesomancuom Bume (21), rme A(c)z® mpm mambx
|#?| urpaer poab pameeckoii mompasku [9].  KpasumcraTmueckoe pemenne, JIOMOJHEHHOE
" muHaMuaeckoit!  pa3JieeBCKON  MOMPABKOi, OKA3bIBAETCsl CIPaBeIMBBIM B ropas3ao Oosee
MMTUPOKOIT TTOJI0CE YaCTOT, YeM, Ka3aJ0Ch Obl, MOKHO OBIJIO TIPEIIOJI0KITh.

Cpennnii o cedennto nporud "BremHero" pesonaTopa mo AeficTBEeM I'HAPOCTATHICCKOTO

napiaenus Py paseH:

—  a*¥(c)

Uy = ——=Fo(m).

0= Soyn W
1.4. "Buyrpennwuii" pezoHarop

Y "suyrpennero" pesoHaTopa 3aKpeILIEHA BHEIIHdA OOKOBas IOBEPXHOCTH, a
BHYTDEHHsISI HOBEPXHOCTb OCTAETCsl CBOOOTHOM OT KacaTeJbHBIX HampsiKenuii (puc. 3, 6). Ecan
HCIIOJIB30BAThL 00paTHBIE MO CPABHEHWIO ¢ puc. 3, (a) 06o3HAYEHHs PAJNYCOB, & UMEHHO, Yepe3
a 0003HAYWTDH BHENIHUH, a depe3 b — BHYTPEeHHUH paJuychl MPOOKH, TO JIETKO YCTAHOBHUTD, UTO
g pacdera "BHyTpeHHero" pe3oHaTopa MOIYyIUM Te Ke (hOpMyJIbl, 9TO U A "BHeIrHero", ¢
TOfi JIUIIb pasHUIeil, YTO Teneph B HUX OymeT ¢ = b?/a? < 1. JIeficTBUTENLHO, IPU MPUHATOM
0003HAYEHUN PAIUYCOB MPOOKW TPAHWYHbIE YCJIOBUS Jjisi €€ CJABUIOBBIX KOJICOAHWIT TaKKe
samumryres B Buge (13), (14), a pemenunem ypasuenus (6) Oyzer soipazkenne (15).

[Ipu BBIYHCIeHHH COOCTBEHHOH KpyroBoil wacToThl "BHyTpeHHero" pesoHaTopa IIo
dbopmyne (24) snavenus dyakuuu 1 + afc) caepyer Gparh U3 JeBOM MOTOBUHBI rpadhuKa Ha
puc. 136 cupasounuxa [8]. Ho npomte u tounee maiitu mist (w,) BTOpoe npub/IHKeHHE.



NOISE Theory and Practice 37

IIpu ¢ — 0 "BHyTpeHHHit" pe3oHATOP MEPEXOAUT B NMUJIMHAPHYECKHN myHKTa 1.2.
ITockoabky B sTOM caydae W(c) — 1,A(c) — 2/3, To masg OpOBOAUMOCTH U COOCTBEHHOI
YACTOTHI PE30HATOPA CHOBA MOJIyYaeM cooTBeTcTBeHHO hopmynsr (10) u (11).

1.5. KoJuabIiieBoli pe30oHaTop

O6e GOKOBBIC TOBEPXHOCTH 3TOIO PE30HATOPA — BHEITHAS PAJUyCa ¢ U BHYTDEHHSA
paamyca b — 3aKpemieHbl, KaK ITOKa3aHO Ha PUC. 3, B. I1l03TOMYy TDaHUYHBLIMH yCJIOBUAMU
ypaBHeHwusi (6) /1T KOJIBIEBOTO Pe30HATOpA GYIyT:

V.(a) =0, V.(b) = 0,

a €ro peleHueM —

V.(r) (32)

_ P {[Jo(/fa) — Jo(k)]No(rr) — [No(ka) — No(kb)]Jo(kr) 1}
iwph Jo(ka)No(kb) — Jo(kb) No(ka) '

ITocrymas Tak »ke, Kak B I. 1.3, HOIyduM I pacdera KOJBLIEBOIO PE30HATOPA
dbopmysbl, anamormunble BeipaxkenusM (22), (23), rme poab ¥(c) m A(c) GymryT urpars,
COOTBETCTBEHHO, (DYHKIIMH:

Wo(c):%—kl—i—c, c:Z—Z<1, (33)
Ao(c) = Wo(c) — %1(6) (1 z;cc s 4; e ) . (34)
Taxke momamoduTCS:
Bu(e) = [ale) = Au(e)] | 30(0) ~ o) — 50

rae

o(c) = (1 =) (114 38¢ +11¢*) +3(1 +9¢ +9¢* + *) Inc.

IIpu ¢ — 1 KoJIbIEBOI pe30HATODP MEPEXOMUT B MOJIOCOBOIH MHpuHOI0 d = a — b. g
9TOTO CJIyHasi CIPABEJINBBI PABTOKEHUS:

Wo(c) = éu oy [1 + %(1 _o+ %(1 21—+ ] ,

Aglc) = 1—10(1 —c)? ll + %(1 —c) + ] :
HCTIOJIb30BaHNe KOTOPBIX MPUBOIAT K yzKe n3BecTHBIM dopmysam (30) u (31).

VHTepecHo TakkKe OTMETHTH, 9TO IpH ¢ — 0 KOJbIEBOH Pe30HATOP, HECMOTPs Ha TO,
YTO €ro TEeHTPAJbHAs YacTh 3aKperieHa 10 OCeBOll JUHUHU, BeJeT cebs Kak IMUIMHIPHICCKU
PE30HATOD, MOCKOJIBKY U3 dopmya (33), (34) mpu ¢ — 0 caeayer: Vo(c) — 1, Ag(c) — 2/3.
DTO, MO-CyIIECTBY, TOT K€ "BbIpoxkaeHHBIH" 3ddext, aTro m mra "Buemuero" pesonaropa,
3aKPEILIEHHOTO 110 OCEBOM JINHUH.

U3 Beipaxkenus (32) BUIHO, 4TO COOCTBEHHYIO YACTOTY KOJIBIIEBOTO PE30HATOPA MOXKHO
TaK’Ke OIPEIEIHTD [0 IePBOMY KOPHIO K,b ypaBHEHUS
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Jo(l‘f,b . E)No(ﬁb) - J()(Hb)No(K,b . 6) = 0,

KOTOPBIH COMJIACHO CIpaBOYHUKY [8, ¢. 237, puc. 134; ¢. 242, Taba. 52| MOXKHO HpeJICTABUTH B
BHJIE:

S(k)
b= —=
e
e k = 2, S(k) — dynknusa, rpaduk koropoii mokazan Ha puc. 134. C yuerom (7) 310

b

JIaeT OYeHb ITPOCTYIO U yA0OHYIO (POPMYITY I onpeeeHus COOCTBEHHON YaCTOTHI KOJIBIIEBOTO
pe3oHaropa:

S(k) [p(ew,)
vSab\ (33)

[IpubsnzKennoe 3HaYEHIE STOH BEJIMIUHBI TOJYIUM, 3aMenus B (35) S(k) na dbyukuuio:

o)

2h) (36)

Oyukrun S(k) u Sy(k) npeacrasmens: na puc. 4. Hammmo cucremarnieckoe HeGobINOE
npeBbllenre TPUOIIZKEHHBIX 3HAUYeHHil Hal TouHbIME B npejgenax 0,66...1,23% (kak u mpu
OTIpe/Ie/IEHIN HANMeHbIIeil cOOCTBEHHO IacTOTH KOHCTPYKINA [0 MeToay Pames [9]).

32 T T

S0(k),S1(k), S(k)

1 10 100

k
Puc. 4. I'pacdukn dbyHKIMI:
— So(k), (36); — — Si(k); @ — S(k), [8, Tabu. 52|

Ha puc. 4 rak:ke nokasana kpusad Si(k) mig Broporo npuOIHKeHUd wy, 10 1. 1.2 u
. 1.3, nosnydennas 3amenoii B (36) Ag(c) — Ai(c), rue

. QB[)(C)
Aule) = Ao(c) — v/As(0)? — 4Bo(c)’
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9TO CJIe/yeT HOACTaBHTD B (23) BMecTo mepsoro npubsuzxenus Ag(c). VI3 pucynka BuaHo, 910
BTOPOe TPUOJINKEHIE CYyNIeCTBeHHO (IPUMEpPHO B 7...9 pa3) Tounee mepBoro: npesbiinenue Sy (k)
uag S(k) cocrasisier Beero 0,07...0,18%.

1.6. IlpsmoyroJpHBIIH B IIJIAHE PE30HATOP

Paccmorpum Temnepb pe3oHATOP C HPSIMOYTOJbHONW B IL1aHe MPOOKOH, orpaHmYeHHOMN
B CEUYCHHUHU OCAMH KOODJUHAT M HpsaMbIME & = d,y = [. B camom obriem ciiydae akcHaIbHbIE
CMEIEeHUs JOCTATOYHO BBICOKO# MPOOKH € 3aKpelieHHOH OOKOBO# MOBEPXHOCTHIO MOYKHO 33,1aTh
B BHJIE ABOUHOTO PAa:

™Tmx . Ty
U, (z,y,t) A () SN sin ——.
TR s

m=1n=1

Cunrast BEJUYUHBL Gy, (t)  OOODIMEHHBIME  KOODJMHATAMH, [PUMEHHM I WX
OIpeJIeIeHUsT TPUHIIAI HANMEHBIIEro JefCTBHs, KaK 9TO ¢JeJaHo B Kuure [10| mpu usydennu
BBIHY2KJICHHBIX KOJIeOAHUN MpAMOyrobHoit MeMOpanbl.  Omnyckas BBIKJIAJIKH, IIPUBEIEM
KOHEYHbIE Pe3y/IbTaTh:

648/)000 —iw
Y(w) = Z Z / mZ 12 2 (W) - (37)
mln1m2n2(d2+12){1_wz—u(w)_m(w)

KOMIIJIEKCHaA MPOBOJAMMOCTDL PE30HATOPOB NPAMOYTOJBHOT'O C€YCeHUA, TOe

(Wmn) (M2 n?
O =T T(ﬁ*z—z B

cOOCTBEHHBIE YAaCTOTHI PA3HbIX MO/ CJBUTOBBIX KOJI€OAHUH MTPOOKY;

oo

Th= i S (;2 n2)<M>— (38)

m1n1m2n2 _|_

d? [2
CpeIHUil 110 cevueHuIo MPOornd MpoOKK pe30HaTOPa MO JeHCTBUEM THAPOCTATHIECKOTO JaBJICHNS
B.
B sTux dopmynax mrpuxu y 3HAKOB CYMMHPOBAHHST YKA3BIBAIOT Ha TO, UTO UHUCIA M
W 7 JIOJI2KHBI TPUHUMATH TOJbKO HeYeTHHIE 3HAYCHUS.
Beujiy ObICTPOH  CXOAUMOCTH DsiZIOB B  BbipazkeHun (37) OCHOBHOH BKJIaja B

IPOBOJMMOCTh BHOCHT HHU3IIAsi MOJa CJABUTOBBIX Kosebauuit (m = n = 1), umeromasa
CcOOCTBEHHYIO YaCTOTY:

o [H (L 1Y o

B moarBep:KieHme CKa3aHHOTO Ha PUC. D NPHUBEIEH IpPUMEp CPABHEHHS YACTOTHBIX
3apucumocteil monoit mposogumocta Y (w) (37) u e mmsmei Mo Yi(w) (m = n = 1)
JIS CJIEIYIONINX 3Ha4deHuit mapamerpoB: € = 1; d = 4dcem, [ = 6,5bcem, h = 8cm; py =
= 1000 kr/m%, ¢o = 1500 m/c, = 1,25 - 107 IIa, p = 1200 kr/m°, n = 0,3.

[Ipu | — 0o moayduMm MOJ0COBOi pe3oHaTop mupuHoiO d. B 3TOoM ciaydae dpopmyia
(39) nmepexomut B (29), a u3 Boipaxkenus (37) npakrudecku ciaegyer (31). [eitcrBuressho,



Kazaxkos JI.I.
Baskoynpyrme pe3oHaTopbl 40

Re Y(f), Im Y(f)

f, '

Puc. 5. IIpoBomuMOoCTH IPAMOYTOJBHOTO B CEUCHUN PE30HATOPA:
— mosHas mpoBoguMocts Y (f) (37)
— — mpoBOAMMOCTD Hu3mied Moasl Yi(f) (m =n=1)

eCJid Ipu CYMMUDOBaHHHA 110 1 OI'PaHUYUTLCA JIMIIL IIEPBBIM YJICHOM C 1 = 1lm y4ecTb, 4TO

o | 2
Yol = ) |11, c. 16], To unca0BOH MHOKHUTENL B IpaBoil YacTu Buipaxkenus (37) mia Y (w)
n=1 N
1 1
OKasKeTcsd PaBHBIM —; = ———, 4TO IIOYTH COBIAJIAET C YUCJIOBBIM MHOKUTeeM — B (opmy.ie
12,18 12

(31).
0o ’/T4
YVuureipas Takxe, 9to y /— = —. [11 c. 17|, u3 pripakenus (38) HafizeMm BemIHHEY
m=1 M

96

CpeJiHero nporuda moJIoCH:

P
Uy = —2% (w).
0= Tp00n W

3akJ/roueHue

[Tonyuensr npubnauzkenubie (GopMyabl i pacdeTa MPUBEIEHHBIX KOMILIEKCHBIX
npoBoguMocTeii Y (w) H COOCTBEHHBIX 9YACTOT W, BA3KOYNPYIUX Pe30HATOPOB. POpMYyJIbI
OCHOBAHBI HA TPEIIOJOKCHUAX:

~ BBICOTA TPOOKU PE30HATOPA CPABHUMA WK OOJIBIIE eé IONEePeYHBIX Pa3MepOB, UTO
HO3BOJISIET CYNTATH CMEIIEHUsI B Hell IIPEeMMYyIIeCTBEHHO aKCHAIbHBIMU;

— Marepuas NpOOKH NPAKTHUYCCKH HECKUMaeM, T.e. XOPOIINO  BBHITOJTHACTCS
cooTHorenne (2), W MPOJOJbHBIE PE30HAHCH B MPOOKE MMEIT MECTO HA 9acToTaX, HaAMHOTO
IPEBBIIIAIIINX CIBATOBYIO COOCTBEHHYIO TaCTOTY Wp;

— B pa3/IOXKEHHH IIOJYYEHHOIO0 B ITUX HpeanoJoxkeHusXx '"Tounoro" perrenns
JIOIYCTUMO OCTABHUTh TOJIBKO J[BA CJATAeMBbIX, YTO NpuBOAUT (mepexogom tuna (17) — (21))
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BBIUJIEHEHUIO HU3IIeil CIBUIOBOM MOJIbI KOJIeOaHUIl B BU/Ie PE30HAHCHOI'O BhIPAaKEHMUST,
— cOOCTBEHHO 4acTOTOHl w, pe3oHaTopa cJjejiyer CUUTAThb e€ TOYHOe 3HadYeHHe s
HU3IIEH MOJBI.

Haiiyten npocToii, HO 04eHb TOYHBIH CIIOCOO ONpeeIeHnus] BTOPOTO NPUOINZKEHU [T
Wp, OCHOBAHHBIM Ha NPUPABHUBAHUHI HYJIO CYMMBI IIEPBLIX TPEX cjaraeMblX B 3HaMeHaTese
dbopmyasr (17).

Huzmasi moma xoporno amnnpokcumupyer "rtounoe' 3HavYeHMe HTPOBOIUMOCTH HA
JacTOTaX W < Wy, & TAKyKe HIPH W > Wy, €CJAU 3HAYeHUd 1) He CIUIIKOM MAJIbl, KOLJa DPOJIBIO
HOCJIEIYIONINX CABUTOBBIX PE30OHAHCOB B MPOOKE MOXKHO IpeHeOPedbD.

PaccMoTpenHBIe 3/1eCh BI3KOYIIPYTHE Pe30HATOPHI MOTYT HAWTH TPUMEHEHNe B PA3HOTO
POJIa 3BYKO - U BHOPOTACSAIINX YCTPOUCTBAX, & TAKXKE ITPU M3MEPEHUN KOMILJIEKCHBIX MOJTY./Ieit
caura (M MOJyseil BCECTOPOHHETO CKaTHsl) BSI3KOYIPYTuX Marepuasos [12].
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Restoring the distribution of pulse signal in space using methods of
near-field acoustic holography
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Abstract

The development of acoustic measurement technology gives opportunity to measure noise levels at
a convenient distance from the object, with respect to its the geometry and signal-to-noise ratio, and then to
calculate signal levels at the desired distance. The methods of acoustic holography is widely used here. To do
s0, the amplitude and phase of the signal must be measured in a sufficient number of points. Of great interest
is the measurement of the characteristics of broadband signal sources is of great interest. When solving such
a problem, two parameters are most important: the form of temporary realization and the average level of the
pressure field. The calculated waveform as a function of time is best illustrated by the example of pulse signals.
In the present work, describe the corresponding laboratory experiment conducted in an anechoic chamber. The
technique for reconstructing the far field is given, followed by the results of calculations and comparison with
experimental data.

Key words: nearfield acoustic holography, far field, pulse signal.

BoccranoBJjienne pacnpenejieHusI HMIOYJIbCHBIX CUTHAJIOB B IPOCTPAHCTBE
MeTrogaMu OJIN>KHENOJIBHOH aKyCTHYIeCKOl rojorpagun

Kocrees /I.A.', Camun M.B.?
LCr. mab.-mccrenosarens, HIIP PAH, H. Hosropox, yi. YabgHoBa, 1. 46

23aB. 1ab. subpoaxycruxm, UI1® PAH, H. Hosropox, yi1. YiabaHosa, 4. 46

AHHOTAUA

OO U3 HANpaBJIeHHH DA3BUTHS METOAOB AKYCTHYECKHX H3MEDEHHI - 9TO MEPeXoj] K H3MEPEHHIO
VPOBHEIT HIyMa HA TOM PACCTOSHHH OT OOBEKTAa, IJie ITO YJ0OHO HCXO/S U3 T€OMETDHH U COOTHOINCHHS CHIHAJI-
IIyM, € TOCJEAYIOI[HM PAcdeTOM YPOBHSI CHTHAJA HA HHTEPECYIOIIEl JUCTAHIHH, C IPHMEHEHHEM MeTOJ0B
akycrudeckoii rojorpagun. Ilpm srom ammanryna u ¢a3a CHrHaJIa JOJXKHA ObITh H3MEDPEHa B JOCTATOTHOM
KostmgecTBe To4eK. Bosibinoit uHTepec nmpeacTaBiser H3MepeHne XapaKTePUCTHK HCTOYHHKOB IMTHPOKOMOJIOCHBIX
curgagoB. Ilpu permennn momo6HOH 3amatdd, eCaH Pedb HAeT 00 aKyCTHKe, HaHOOJee BAa’KHBIMH SIBJISTIOTCS
JiBa mapaMmerpa: (popMa BPEMEHHOH peau3amuud U CPeJHHil ypOBeHb 1oJis japiexus. DopMy BpeMeHHOIt
pean3amny HATJISIHee BCETO HCCJIEJOBATH HA MPHMEPE HMITYJIbCHBIX CHIHAJIOB. B Hacrosimeii pabore ommcan
COOTBETCTBYIOIIUIT TAOOPATOPHBII SKCIIEPHMEHT, ITPOBEJIEHHBII B O€39X0BOI KaMepe, METOIUKa, BOCCTAHOB/ICHUST
JTaJIBHErO MOJIsI, & TaK K€ Pe3YJIbTaThl PACIeTOB H CPABHEHHE C SKCIIEPHMEHTATbHBIMH JTAHHBIMIA.
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Introduction

The use of near-field holographic methods opens up possibilities for measuring
characteristics of sources under complex external conditions. For example, near-field methods
are used if it is necessary to measure the source field in the far zone, and this is not possible,
due to the limited size of the laboratory setup on which the experiment is being conducted.
For example, one can place a large-aperture sonar can in an anechoic pool to measure the
parameters of its signal in the near zone. Then a specific procedure is available to calculate
the radiation pattern in the Fraunhofer zone [1]|, while the size of the basin does not allow
direct measurements of the far field.

In the previous work [4], we described a number of methods for converting the results
of near-field measurements to the far zone. Continuous signals were considered in that work,
but the methods described above can be generalized to the case of broadband signals, which is
going to be done in this work. The application of near-field methods to the analysis of sources
of broadband signals is of particular interest to researchers [2, 3| in view of the great practical
importance of this issue.

When reconstructing the field of a broadband source in space, two aspects are of
interest: the average signal level and its waveform. Proper reconstruction of a waveform is best
illustrated by the example of pulsed signals. Methods for calculating the field in the far zone
are verified in the present work with the use of the results of near-field measurements for pulsed
signals.

1. Experimental installation

Similar to the previous work [4], the experiment was carried out in an anechoic chamber.
The installation diagram is shown in Fig. 1. The installation consisted of a loudspeaker
without an enclosure and a microphone. The measurements were carried out in a plane where
a system of thin metal cables was stretched, allowing the microphone to be fixed at the nodes
of a rectangular grid. The microphone was alternately installed in the grid nodes, the speaker
remained stationary. At each point, the same realization of the pulse signal was played, the start
time of the playback and the start time of the recording were synchronized. After combining
all the records, a general picture of the field in a plane was obtained. Records were made at
two heights of the speaker anchorage, which corresponded to the near and far zone. In the
first series of measurements, the speaker was located at a distance of z,.,. = 18 cm from the
measurement zone above its center and emitted a sequence of pulses, each of which had a
frequency of 1 kHz, a duration of 4 ms, and the time between pulses was 5 s. The estimate
of the Fresnel parameter is: F, = 1,53 (F, = AZnear/D?, here: X is the wavelength, D is the
size of the aperture of the loudspeaker). The measurement zone was a rectangle with sides of
192 cm and 131 cm. The distance between the nodes in both coordinates was variable and
averaged 12 cm. In the second case, the source was located at a distance z¢,, = 215 cm from
the measurement zone, which corresponds to the Fraunhofer zone (F, = 18,27). In Fig. 2 a
wave front is constructed along the line of sensors y = —84 c¢m, 2 = 2,047
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Fig. 2. Temporal scan of the signal at several points along the line at the boundary of the
measuring zone

2. Analysis of the results
2.1. Signal processing of the synthesized planar antenna

To calculate the field, we use the reasoning given in [4,5]. Write the Kirchhoff —
Helmholtz integral, for this use the green function for the soft boundary and the fact that the
size of the measuring section of the plane in the near zone was taken large enough so that the
source field would fall along the edges and no stationary phase points appeared on the areas
outside it [6].
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R) = —% //p(ﬂzy)% (ei;R) ds (1)
S

where i — imaginary unit, p is the complex pressure amplitude [usually Pa, but conventional
units are used in this article - V|, single frequency is considered here, the transition to a wide
spectrum will be made below, k is the wave vector [m™!|, S - zone in the plane (2 = 2,,¢.,) where
pressure was measured, R set of vectors from nodes in near zone (x,y, Zyeqr) to the required
observation point |m|, n is the normal to the measurement plane. Formula (1) is called Huygens
second integral formula. Tt determines the value of sound pressure in a half-space based on the
known value of sound pressure on the plane. If the distance to the observation point is much
longer than the wavelength, then formula (1) can be converted as follows:

zk cos(a LR
~ etrar 2
p(R) = R / / zy)e™dS (2)

where 7 - set of vectors from the origin to the nodes of the measuring zone (x,y, Zyeqr) [m],
« is the angle [rad] between the normal to the measurement plane and R. Since we made an
assumption the R > r, now R can be understood as the radius vector from the center of the
plane to the required observation point in the far zone. This approach for calculating the far
field was called FPK (Far Plane Kirchhoff). Expression (2) can be generalized to the case of
wideband signals, and in particular for pulsed signals, by carrying out the standard procedure
of transition from the spectral to the temporal representation [7]. Then (2) takes the form:

SRR - scosa azp@ _Rr]> @

C ome

where ¢ is the speed of sound [m/s], As is the area of the cell [w?], r; is the vector at the j-th
measurement point in the near zone [m].

The values obtained by formula (3) were compared with the signals recorded at this
point in the far zone. Fig. 3 shows the results for several positions of the receiving microphone.
The calculated signals on these graphs are represented by a blue curve, the red line corresponds
to the measured signal at this point.
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Fig. 3. Comparison of the results of direct measurements in the far zone and calculations
based on near-field measurements. Microphone position: top plot: =0 cm, y = 0 cm,
2 = Zfqr = 215 cm, bottom plot = 24 cm, y = 24 cm, 2 = zp,,. FPK method. Acoustic
pressure is plotted in relative units over the vertical axis.

It can be seen from the graphs that this method, although quite simple, allows for
sufficient accuracy in restoring the signal in the far zone from near-field measurements, which
was demonstrated by comparison with the control signals recorded in the far zone.

The obtained results demonstrate that this method, with its simplicity, allows one to
restore the waveform and phase center of a signal in the far zone with sufficient accuracy. The
difference in amplitude is associated with the instability of the method, because the integral
in formula (2) can diverge in the general case. To show this, let us assume that the section S
is infinitely large and substitute the spherical wave as p. The origin of the spherical wave is
(0,0, 29). To reduce the calculations, assume o = 0, i.e. R is aligned with the z axis. After the
substitutions made and also assuming r > zp, we can rewrite expression (2) in the following
form:
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r 7

p(R) =~ ) /cos(?kr)dr + i/sin(ri)dr
0 0
where A\ — wavelength [m].

Considering the integration zone as a set of rings of A/4 width, one can notice that
both integrals turn into alternating series whose members do not decrease by absolute values:

A/8 3)/84nA\/4 A/4+nA /4
k
p(R) =~ —% / cos(2kr)dr + Z / cos(2kr)dr + i Z / sin(2kr)dr
0 " N/84n)/4 " ni/4

Therefore, equation (2) contains a diverging integral.

However the discussed integral is convergent for sources with a higher multipole order.
Coming back to the practical task of processing the measurement results, we note that the
calculation by formula (3) will result in a finite value due to the finite area of S and due to the
introduced apodizing factor. But the increase of the measuring section of the plane may not
lead to the expected result of increasing the accuracy. Therefore, the method is workable, and
in a number of tasks the achieved accuracy is sufficient.

2.2. Signal processing of the synthesized linear antenna

Next, consider the technique described in [5], and tested in [4], where it was called Far
Line Transfer (FLT). This technique allows to restore the field in the far zone, according to the
results of a linear antenna |7]. Here, this is simulated by sampling for processing data from
sensors located on one straight line in the plane of the source and the point at which the field
is restored, in this case the straight line is y =0, 2 = 0.

Introduce a cylindrical coordinate system with the z axis, ¢ is the angle between the
z axis and the axis of the receiving antenna [rad|, radius p = \/y? + 22 [m]. The acoustic field
can be expanded in cylindrical waves:

p(x,p0,p) = Z Z D1 Hy (Ko p) €08(10) + Ciom Hy (Komp) sin(lip)] etzm) (4)

l m

where by, ¢, - coefficient, H; — Hankel function of the [-th order, 1-st kind (sets the diverging
wave in the time dependence e '), wave number k,, = /k? — k2 [m~!], if a k* > k2,
otherwise k,, = i\/k2,, — k? and H(k,,p) attenuates with increasing p.

The main idea of the proposed method is to eliminate the summation over [ in
formula (4). To do this, specify the following limitation of the measurement method.

1. the length of the antenna must exceed the length of the source plus two radii of the
1-st Fresnel zone,

2. it is required to calculate the field in the floor of the plane formed by the axis of the
source and the axis of the antenna, here is the half-plane y = yo = 0, z > 0(¢ = 0).

3. the source should not have an overly complex radiation pattern in the y, z plane. The
expansion (4) of the source field can be limited in azimuthal indices to | < l,,42, and the restored
distribution in z in the far zone can be limited to harmonics kum < Ky mae = VA2 + K2,;,, Where
KminZnear = V lmam +1

The FLT method was described in [5]. According to the indicated work, it is possible
to calculate the field in the far zone at the point (Rsin«a, 3, Rcos ) in the following way:
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by NAZ | wzpeqr COS v

R 2mce (5)

where o — the angle between the direction perpendicular to the axis of the antenna and the
vector to a point in the far zone [rad|, N is the number of measuring points, the coefficient b,,-
be according to the formulas (6):

pla,R) =

b = [ bye™*dw

1 N/2 A (6)
bm - N Z hl (‘r”>p(xn7y07Znear)€(_2k’”"x")
N n=—N/2

where m* (coefficient index b,,+) is chosen so that k- /k = sin «.
hy — Hanning function, defined by the following formula (7):

1 27 (x, — o1 + Az /2)
hi(zn) = — (1 — cos .
1(@n) w ( €08 Ty — 1 + Az (7)
N
W be out of the normalization condition > hi(x,) = N.
n=1

The signal calculated using equation (5) is presented na Fig. 4
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Fig. 4. Restore a field at a point (0,0,2,,) using a linear antenna method «FLT». The
ordinate axis represents acoustic pressure in relative units

This method with good accuracy allows you to calculate the field in the far zone, using
a single measurement of a linear antenna.

Conclusion

The paper is devoted to comparing methods of near-field acoustic holography, applied
to pulsed signals. The restoration of the field in the far zone from the nearfield measurements
is in good agreement with the control measurements by the phase and the waveform. Using
the “linear antenna” method, the amplitude is also restored with high accuracy. The proposed
methods allow, for example, to measure the pulse transfer function of the speaker system
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without using an anechoic chamber, provided that the duration of the generated pulse allows
one to suppress the reflection from the walls by the gating method.
The authors are grateful to Prof. Huancai Lu for useful discussions.
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UccnenoBanme BoIH ynpyrux gedopMaliii B IMIIEBOM MPOIYKTE

[Mumbrenko A.K.!, Bannernuxos 1.H.2
I MomnenT kadeapsr 060pyI0BaHAS THINEBLIX TTPOU3BOJICTS,
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1.2 Nonenkunit HallMOHAJBHBIH YHIBEPCUTET SKOHOMUKHI U TOPTOBJIN
nmenn Mwuxaunna Tyran-Bapanosckoro, r. Jlonenk, Ykpauna

AnHoTanusa

MNsnydenne BUOPOAKYCTHYECKON XapaKTEPUCTUKU OOODPYAOBAHWS 3aBHCHUT OT 00PabATHIBAEMOTO
muieBoro mnpoaykra.  CKOpPOCTh pacmpOCTpaHeHWs BOJH YOpyrux gedopManuii B MHINEBBIX MTPOIYyKTAX
SABJISIETCST OJHUM W3 OCHOBHBIM TIapamMeTpoM ((hopMHUpPOBaHUS BUOPAKYCTHYECKOTO IMPOIECCA W3JIyYEHUsT
3BYKOBBIX BOJH 0OODYIOBAHUEM.

B pabore paccmoTpeHbl OCOOEHHOCTH PACIPOCTPAHEHHWsI BOJH yHOPYyrux medopMaruii B IHUIEBOM
npoxaykre. Ilosydensl anmpoKCHMUDYIOIIUE BBIPAYKEHUS JJIs OIPEIe/IeHNs] BEJIMYUHBI CKOPOCTU W YCKOPEHUsI
Y/IAPHBIX BOJIH B IIUIIEBOM IIPOJIyKTE B 3aBUCUMOCTH OT PACCTOAHUSA, (DU3UKO-MEXAHUIECKUX CBOMCTB IPOAYKTA
¥ OT CKOPOCTH M YCKOPEHWS BXOISIIEro yIapa IPy3a ¢ XOPOoImeit CTeneHb0 CTAaTHCTUIeCKOH cBs3u. [Ipoxoxmenne
BUOPAIMOHHBIX BOJIH Y€PE3 MHUIIEBOH TPOAYKT CenuUIHbI JJIsd KaXKI0r0 MpoayKra. Pu3mKo-MeXxaHWIeCcKue
CBOMICTBA CyIECTBEHHO BJIUSIIOT HA CKOPOCTH M YCKOPEHME TMPOXOXKICHUS YAAPHON BOJIHBI. Y BEJINYEHUE MOMIYIIS
YIPYTOCTH, YAEJIbHON CUJIbI PE3aHUS U IJIOTHOCTH MPOAYKTA IMPUBOAUAT K IOBBIIIEHUIO CKOPOCTH M YCKOPEHUIO
pacupocTpaHeHus yIaPHON BOJIHBL.

KuroueBble cjioBa:  (pHU3MKO-MEXaHUIECKHWE CBOMCTBA, BOJHA YHPYrux medopMaruii, MUIEeBOi

MIPOJIYKT, CKOPOCTb U YCKOPEHUE, MOAYJb YIPYTOCTH.

Study the waves elastic deformations in food product
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Abstract

Vibroacoustic characteristic of equipment depends on the processed food product. Elastic strain wave
velocity in food is one of the main parameters of the formation of the vibra-acoustic process equipment.

Received approximating expressions for determining magnitude of velocity and acceleration of shock
waves in a food product depending on the distance, physical and mechanical properties of the product. Physical
and mechanical properties significantly affect on the speed and acceleration of the passage of the shock wave.
Increase modulus of elasticity, specific cutting force and product density leads to an increase in speed and
acceleration of the propagation of a shock wave.

Key words: physical and mechanical properties, wave of elastic deformations, food product, speed
and acceleration, elastic modulus.
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BBegenne

Mexanndeckast 00pabOTKa THIIEBBIX MPOJAYKTOB TWPOUCXOAUT TOJ, JaBIeHWEM
CTATUCTUIECKUX (CKUMAONMINX) U JUHAMUYECKUX (yIapHBIX) Harpyskax. Ho Haumbosbliee
KOJIMIECTBO B3aWMOJEHCTBUN TPOAyKTa W O0OPYIOBaHUsI MPOXOAUT IO, IUHAMUICCKHUMUI
HATPY3KaMU - COyaapeHue ¢ paboInMu OpraHaMu u T.JI.

[Ipu suTepaTypHOM TIOMCKe IO BONPOCY U3MeJIbYeHHd MUIEBBIX IMIPOIYKTOB
paccMaTpUBAIOTCd  BOMPOCHI: - KHHEMATHKH W JUHAMUKH B3aUMOJEHCTBUS pabOYHX
OPraHoOB € WPOJAYKTOM, - BJHSHHS (DU3MKO-MEXaHUYECKUX CBOUCTB WPOJIYKTOB, TPEHUs,
SHepreTHIecKne BOIPOCH u jp. OHako BompocaMu (hOPMUDPOBAHUS, BO3AEIICTBUS U H3JIY 9€HUST
BuOpoakycrudeckoii xapakrepuctukun (BAX), a nMmeHHO BHODAIMOHHON XapaKTePUCTHKH
NUTIEBBIX MPOJYKTOB OCTAIOTCH Oe3 BHUMAHUS.

[Ipu mpoekTHUpoBaHUM OOOPYAOBAHUS MUIIEBLIX MPOU3BOJACTB W MOJCJUPOBAHUH
POIECCOB 00pPabOTKHU IHINEBBIX IIPOJAYKTOB HCIOJb3YIOTCS JAHHbIE OCHOBHOIO Iapamerpa
- MEXaHWYeCKHe XaPAKTEePUCTUKH MHUIMEBBIX NPOAYKTOB. (CKOPOCTh PACHpPOCTPAHEHUS] BOJIH
yupyrux Aedopmanuii B MUIIEBBIX NPOJAYKTAX dABASETCS OJHUM U3 OCHOBHBIM IMTapaMeTpPOM
dopMupoBaHTs BUOPAKYCTHIECKOTO MPOTECCa H3JIYyUeHNs 3BYKOBBIX BOJTH 0DOPYIOBAHUEM.

[IpeaBapureibHbie UCCAEIOBAHUS U3/ Y€HUS 3BYKA [IPU PE3AHUU MUIIEBBIX IPOIYKTOB
nokazauu |2, 3|, uro 3HaYeHHs YPOBHs 3ByKa IO ITKalde A M3MEHSIOTCS B Ipejieiax or 23 Jo
40 1BA, a ypoBHU 3BYKOBOTO JIaBJIEHUsI B OKTaBHBIX moj0cax dactor 63-8000 ' B auamazone
ot 15 10 45 n1B. Ha n3nydenne 3ByKa CyIecTBEHHO BAMAET TOJNUHA HOZKA W MOIYIb YIPYTOCTH
npoaykra |1, 2|.

C TOYKM 3peHusi CHUYKEHWS YPOBHsSI MIyMa, W3JIyIaeMOro PEKYyIHM O00OpYI0BAHIEM
B MPOW3BOJCTBEHHBIX I€XaX MHUIIEBHIX MPOU3BOJCTE, OOIIECTBEHHOTO MHUTAHUS ITO SIBJIEHUE
3aCJIy’KABAeT OCHOBATEIBHOTO HCCIEOBAHUS KAK € TEXHHUYECKOW, TaK U € IKOJOTHIEeCKON
CTOPOHBI.

Bubpoakycrudeckue — XapakKTePUCTHKH — Dsiia  M3MEJIBIUTESBHOrO  (PexKyIiero)
00OpYIOBAHMS MHUIEBLIX MPOU3BO/ICTE HANPAMYIO B3aUMOCBSI3aHbI, 3aBUCAT OT BHJIA TPOLYKTA
00paboTKM.

UccnenoBanndaMu yCTAHOBJIEHO, YTO YPOBEHb IIIyMa, W3JIyYaeMblil 000pyIOBaHHEM,
3aBUCUT OT (PU3NKO-MEXAHUYIECKUX CBOWCTB 00pabarTbiBaeMOro MHPOJAYKTa, €ro MOJYJIs
YIPYTOCTH, CTPYKTYDBI, IJIOTHOCTH, KOHCTPYKIIME pabo4dero opraa u jap. |3, 4.

B rtabaune 1 npuemenbl 1mymoBasi xapakrepuctuka (IIX) u3MeabIuTEIBHOIO
0BOpyI0BaHYS TIPEINPUITHII THTAHUS TOJBKO 110 XapakTepucTuke A [3]. Dr1o noareepxkaercs
pacxoxaenneM IIIX mpm paboTe M3METBUUTETHLHOTO OOOPYIOBAHUS MHUIIEBBIX ITPOU3BOJICTB
npu obpaborke mpoayKTa u 6e3 mero. Begwumna pacxoxjenus kosedsercs ot 2 no 13 nbA.
Taxme BeUYUHBI PACXOXK/IEHUST MOTYT OTPHIATETHLHO BAUATH npu 3aspiaenun 11X 3aBogom-
MU3TOTOBUTE/IEM MAIIWH W KOHTPOJEM WX B MPOIECCe IKCILUIYATAINN CAHUTAPHBIME CJTyKOAMHU.

Tabruma 1
[ITymoBBIe XapaKTePUCTUKNA U3MEJIBIUTETHHOT0 000PY/I0BAHU ST
HaunmvenoBanue obopynoBanus, oopabaTbiBaeMbIit YpoBeHb 3BYKOBOI MOITHOCTH, 1BA
HPOJIYKT, CTPAHA-IIPOU3BOIUTED oe3 1o,
POAYXT, CIP P A 5 OTKJIOHEHHE

HAarpy3Ku Harpys3kKoi

MaH_H/IHbI U3MeJIbYCHU A ChIPbIX OBOH_[eﬁ
MPO 50-200 (MopkoBb, Besrapychn) 70 78 +8
MPO-350 (MopkoBb, Bemapych) 79 86 +7
"T'amma bA" (kamycra, Poccus) 74 87 +13
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HawnmenoBanue obopyaoBanusi, oOpabaTbiBaeMbIit YpoBenb 3ByKOBOI MomtHOCTH, 1BA
IPOIYKT, CTPAHA-IIPOU3BOIATEID 6e3 mox | o omenme

HAIPY3KH | HATpPYy3KOil
MPO 400-1000 (cBekaa, Beapycs) 84 89 +5
Robot Coupe CL-30(MmopkoBb, Opanius) 7 79 +2
YKM (kaprodens, Poccust) 77 83 +5
MIIP-350 (MopkoBb, Bermapycs) 76 89 +13
[TpoTUpOYHBIE MAITIHBIL:

MII-800 (mopkoBb Bapenas, Berapych) 74 76 +2
MII-1000 (cBexsia Bapenasi, Besapychs) 71 78 +7

B cBasu ¢ Tem, uro nponecc popmupoanug [HIX mamnmn gBagercd MHOrOQAKTOPHBIM,
U [EePBOMCTOYHUKOM IIIyMa B MAIllMHAX CJYXKAT BUOPAIMOHHBIE ITPOIECCHI, IEJbI0 padoThl
SIBJIFETCS YCTAHOBJEHUE 3aBUCUMOCTeHl YPOBHS BUOPOCKOPOCTH U BUOPOYCKOpPEHUs OT (BU3UKO-
MeXaHUYECKUX CBOMCTB MUIIEBBIX MPOIYKTOB.

1. Meroaguka nmpoBedeHUd NCCJIeTOBAHUSI

Bce skcnepumenTabHble HCCJEJI0BAHUSA ObLJIM NPOBEAEHBI B Jiaboparopun BUOpO-
akyctukn Kadenpsl obopymoBanus tmumieBbix npousBogacts 'O BIIO "JoaHYIT", =
peBepOepaIloOnHOl KaMepe, B COOTBETCTBUU €O cTaHIaproM [5]. PepepGepanmonnas kamepa
coorpercTyer 1V Tuny. O6bem pesepbepalontoit kKamepnl 100 M3,

st uceneioBanuil IPOXOXKIeHUEe BOJIH YUPYIuX JjiecpopMaliuii B HUIEBOM HPOIYKTE
(kaprodesb, cBeK/1a, MOPKOBb 1 T.J1.) ObLI IPHMEHeH MasTHUKOBBII KOIep, KOTOPbIii TI03BOJIAeT
UCCJIEJIOBATH CKOPOCTh W YCKOPEHWE MPOXOXKJIEHUS YIPYTUX BOJH JAedOpMallid B IMHIIEBOM
npoaykTe. Och mojiBeca MagTHUKA TOCaXKeHA Ha MOJNTUIHUKHA CKOJIbykKeHUdA. Ha masen Hagera
CTpeJIKA, MO3BOJIAIONIAs OTCUATHIBATE IO TIKAJe YIoJ MoJbeMa MagTHUKA. Ha 3ToM ke masbie
UMeeTCs HPUCIIOCOD/IeHNEe, KOTOPOE JIaeT BO3MOKHOCTD YCTaAHAB/IUBATD MASTHUK C OTKJIOHEHUEM
nox yriamu 30, 45 1 90 rpagycoB 0T BepTHUKAJN.

CxopocTh MagTHUKA B MOMEHT yJapa:

‘/BX =V 2gh7 M/C (1)
rjie g - yCKOpeHue cBobOJIHOrO majienus, M/c%; h - BBICOTa IEHTPa MacChl MasgTHUKA, M.
BaKOH COXPaHeHHdA HMITYJIbCa:
M-V,, M-2gh

M.‘/;X:m-U—}u: = (2)
m m

rjae m - macca Teja, Kr, M - macca rpysa, Kr, Vi - CKOPOCTb MasiTHHKA, M/C, U - CKOPOCTb
Tesa, M/cC.

CkopocTh yiapa, B 3aBUCHMOCTH OT VIVIa OTKJIOHEHHS MAasgTHHKA, KOJedjeTcs B
npejesnax ot 1,15 1o 3,13 m/c u onpeaensercs o dopmye:

Vix = V291(1 — cosv), m/c, (3)

rJie Y - YroJl OTKJIOHEHUS Ipy3a, TPaLyChl.
L[eHTPOCTPEMHTEILHOE YCKOpeHue MadTHuka: a = V?2/l, m/c?®.  Teopermueckune
3Ha4YeHUud KHHEMAaTUYCCKUX IlapaMeTpOB yCTaHOBKHW IIPUBEICHDLI B Ta6JII/II_[e 2.
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Tabuma 2
Kunemarndeckue napamerpbl MasTHAKA
Ne Touma [, M Macca Q, kr YT0oa OTKI0HEeHUS CkopocThb yCKOpeHI/Ie2
7, rpan rpysa V, Mm/c rpysa , M/c
L 0,5 0,1 30 1,15 2,63
- 0,0 0.1 45 17 5,75
5 0,5 0,1 90 3.13 19.6

HcxomabiMu MHITEBBIMA MTPOyKTaMu ObLIH BHIOpaHbl cBexkne cBekaa (£ = 8,0 mlla),
kaprodenar (F = 7,1 mlla), mopkoeb (E = 5,8), kabadok (E = 3,4) u orypen (E = 2,7)
(tabus. 3). MakcuMasibHOE 3HAUEHHE YIEJLHOIO YCHJINS pe3aHns uMeeT cBekia ¢ = 880 H/m,
a MHUHAMalbHOe 3Hadenue orypen, ¢ = 270 H/m.  PaccrosiHume or Mecra KpeIUieHUs
BuOponpeobpasoBarTens AP38 B mpoaykre (mamHA OPOAYKTa) 10 TOBEPXHOCTH BXOJSIIEi
YAApHOit BOJHBI OBLIO Ly = 0,03 M ¥ Lo, = 0,21 M (120, 1, 2). Tpoaykr duxcuposascs B
BaXKUMHOM YCTPOHCTBe depe3 BHOPO1eMIhUPYONLY 0 U30ISIHIO.

Tabuma 3
MexaHnIecKHe CBOMCTBA MCCIEIYEMBIX ITPOIYKTOB
Moayab yopyrocru Vienpnaga cuia ITioTHOCTE
N Tpoyxr HpogyKTZ, %y, mlla pesanus, q, H/m POJIyKTa, p, KI/M>
1 oryperr 2,7 270 350
2 KabDavo0K 3,4 350 580
3 MOPKOBb 5,8 590 600
4 KapTodenb 7,1 740 700
5 CBEKJIa, 8,0 880 800

B kauectBe 1eneBoit (GyHKIUHU, XapaKTepU3Mpyoolieil Bo3jeiicTBHe BHOpAIMOHHON
BOJTHBI Ha MPOAYKT, IPUHUMAETCH YPOBEHb BUOPOCKOPOCTH Vi W BUHOPOYCKOPEHUS gy

2. KcruepuMeHTAJIbHAdA YacTh

Banuch 3HaYeHHI Hpou3BOAMIach Ha nrymomepe "Accucrent" 1-ro Kiacca TOYHOCTH.
Oupejesrenne 3HAYEHNST KOPPEKTHPOBAHHOIO YPOBHSI BHOPOYCKOPEHUSA (g 110 KOPPEKIIHN
W, npousBoamnaock 1mo ocu O,. PesyabraThl 9KCHEPpUMEHTANIBHBIX HCCIEJI0BAHUI M3MEHEHU
BHOpAIMOHHBIX XapakTepucTuk (BX) mpu pesaHud NHINEBBIX NPOIYKTOB IMPEICTABJIEHBI B
Tabaunax 4 u 5.

VYBeaudeHne MOJYJId  YOPYTOCTH —MHINEBONO MNPOAYKTa (OBOIIEii) MIPUBOAMT K
MOBBINMEHUIO CKOPOCTU W YCKOPEHWIO PaCHpOCTpaHeHust yaapHoil BOHBL. CKOPOCTH BOJIHBI
Bospactarer ¢ Vi, = 0,1 M/c 10 Viux = 0,16 M/c, yckopenue BOJMHBI C au = 2,07 m/c?
0 Gpyyxy = 3,19 M/CQ. Paszaunma ckopocTw BOJHBI Ha BXOAE€ B MPOAYKT YMEHBINAETHCS C
YBEJIUUEHUEM MOJYJs YIPYTOCTH HpoayKTa. OTKIOHEHHE CKOPOCTH BOJHBI NPH MOJIYJIE
yupyroctu E = 2,7 mIla pasao AV = 1,6 m/c, a npu E = 8,0 mlla pasauna ckopocreii
AV = 1,54 m/c. Ha enuuny maunsl npoaykra (L = 1 ¢M) CKOPOCTH BOJHBI BO3pacTaeT BMeCTe
¢ Mogyiem ynpyrocru. CKoOpocTh Ha eauHWIly JAuHBl mpoaykrta ¢ AV/L = 756 (m/c)/m
no AV/L = 17,1 (m/c)/m. Ha emuumy mmmusl mpomykrta (L = 1 ¢M) ycKOpeHHE BOJIHBI
BO3PACTAET BMECTE€ C MOJYJIeM VIPYTOCTH.  YCKOPEHHE Ha eIUHHILY JJIMHBI IPOAYKTA C

Aa/L = 0,16 (m/c?)/m mo A/L = 0,28 (m/c?)/m.
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Tabura 4
3HaveHnsT CKOPOCTH yIAPHON BOJHBI B MUIEBBIX MTPOILYKTAX

Monmynb Tomma CxopocTh Ckopocth | OTKJIOHEHHE CxopocTh Ha
No | Ympyroctm | U | HABXOJE B | Ha BBIXOJC CKOPOCTH e IMHUILY
| mponykra, p lil yM ’ IPOJYKT, 13 [POJIYKTa, BOJIHBI, JJIMHBI TPOJIYKTA,
E, mlla ’ Vixs M/c Vs M/C AV, m/c AV/L, (m/c)/m
1 2,7 0,11 1,7 0,103 1,597 14,52
0,21 0,113 1,587 7,56
2 3 0,05 L7 0,095 1,605 32,1
0,16 0,149 1,551 9,7
3 5,8 0,035 L7 0,136 1,564 44,7
0,16 0,133 1,567 9,8
4 [ 0,06 L7 0,087 1,613 26,9
0,09 0,16 1,54 17,1
g 8,0 0,03 L7 0,091 1,609 53,6

['pacdbuyeckast unTEpHpETAIUS PE3YILTATOB ITPOBEIECHHBIX IKCIIEPUMEHTOB IIPEICTABICHA,

Ha pUcyHKax 1-2.

0,18

L AV,mfc I Ha maKkcumanbHo# AAvHE NpoayKTa ‘

1,6
| I I
g /e | ‘ | | | _ ‘ 5o _:ﬂ,\\x.ss [Av=0,016'E+ 0,053-E+ 1,712
Vebix = 0,016-E2+ 0,053E + 1,712 0,16 ~ Y R:=0,928
0,16 T——— R?= 0,928 1 /’ 158 L [
013 0,14 ),./"/ 1,57 : — i A7
014 e \ -
I3/ 156 P / \ -
0.13 //{ - \_-,r | 1ss| A \
0,12 LA s
0,11~ 1,54
011 +—— o7 . 158 ¥
0,1 /
i E, mn
0,1 a Eomlle, 153 . . LN
2 25 3 35 4 45 5 55 6 65 7 15 8 25 3 35 4 45 s s5 6 65 7 715 8 8%
a) 0)
‘(V 8X -VBbIx)/L | Ha MaKcMManbHoi aanHe npo.qvk'rl!
1 mfem ‘
50
40
AV/L=0,7228x- 6,4447x + 21,351
30 R?=0,8442 B
20 17,11
/ ’
9,69 |
! 9,79 -
10 — PO T N =
P R ———— e
E,mNa
0 T T >
25 3 35 4 45 5 55 6 65 7 715 8

g)

Puc. 1. Tpadukn 3aBuCHMOCTER CKOPOCTH YIAPHBIX BOJH: a) OT (PU3HKO-MEXaHUIECKUX
CBOWCTB MUIIEBBIX MPOJYKTOB; 0) YMEHbIIeHHE CKOPOCTH BOJIHBL; B) Y/IEJIbHOE COMPOTHBIICHIE

yJAapPHOU BOJIHBI Ha €JIUHUILY JJIUHBI TPOJIYKTA
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Tabumna 5
SHaueHNsT YCKOPEHHUsI YAAPHOH BOJHBI B MHUIIEBBIX MPOLYKTAX
Monmynb Yckopernue Yckoperue Otk0oHEHHE Yexopenne
Jmmaa, BOJIHBI Ha
VIIPYTOCTH Ha BXOJIe B | Ha BBIXOJE W3 | YCKOPEHUS
Ne HPOJIYyKTa, €JIMHUILY JIJTTHbBI
MPOJIyKTa, HPOJYKT, MPOJYKTa, BOJHBI, Ad,
E, mlla Ly gy, M/C? U, M/C2 M/c? HPOLYVET,
) BX) BBIX ) A/L, (M/CQ)/M
1 2,7 0,11 9,7 2,065 3,635 0,33
0,21 2,265 3,435 0,16
2 34 0,05 57 1,905 3,795 0,76
0,16 2,985 2,715 0,17
3 58 0,035 57 2,723 2,977 0,85
0,16 2,661 3,039 0,19
4 [ 0,06 57 1,738 3,962 0,66
0,09 3,19 2,51 0,28
g 8,0 0,03 57 1,82 3,88 1,29
' 3,2 3,75 4+ 36
3,20 ‘LaBbIK, m/ct i 34
3,0 i~ 4
3,00 o T\ — ’/ 325 “l,:,,raczsm'

2,80

N S
2

2,60 -

16-E* + 0,053 E+ 1,712
R:=0,928 1

0,016°E2 + 0,053 Aa=0y

R*=0,928

E+1,712

2,40

2,20 307 7 175
J E, mMa E,mMNa
2,00 + T T T T T 15
25 3 35 a a5 5 5.5 6 6,5 7 kAL 8
25 30 35 40 45 50 55 60 65 7,0 75 80 a) 6)
0,3 Y -
Aa/L, 0,28,
0,25 1 (m/c2)/m /
- /
.
0,2
’ 0,17 e /
0,16 o -
= g 0,18
0,15 . —
0,1
0a/L=0,016'E*+ 0,053-E+ 1,712
2 o
0,05 R*=0,928
0 E, mNa

25 3 35 4 45 5 55 6 65 7 75 8 85

'B)
Puc. 2. Fpa(bI/IKI/I 3aBUCHUMOCTH YCKOPEHHA y,ZLapHOﬁ BOJIHBI a) oT (I)H3HKO—M€X&HI/ILIQCKI/IX
CBOHCTB IIUINEBLIX IIPOOIYKTOB; 6) yMeHnblienue CKOPOCTH BOJIHBI, B) yAeJIbHOEe COIIPpOTUBJICHUEC
y):LapHoﬁ BOJIHBI Ha €IWMHUIY AJHUHBI IIPDOAYKTa

3akJroJdyeHue

3aKOHOMEPHOCTH TPOXOZKJIEHHUST BUOPAIMOHHBIX BOJH dYe€pe3 MNHIEBOil MPOJYKT
creruUIHbI T8 KayKJI0T0 TPOJIYKTa, YTO CO3/IaeT MPEIINOCHLIKHI /I JJUArHOCTUKH MPOYKTOB.
B pabore mosydeHsl ammpOKCHMHPYIONINE BBIDAYKEHHd JJId ONpeJeleHus BeTUINHBI
CKOPOCTH W YCKOPEHWdA YJIAPHBIX BOJH B NHIIEBOM NPOAYKTE B 3aBUCHUMOCTH OT PACCTOSHUA,
PU3MKO-MEXaHUYECKUX CBOMCTB LIPOJYKTA U OT CKOPOCTH U YCKOPEHUs BXOALIIEIO yaapa r'py3a
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C XOPOIIel CTEeIEeHbIO CTATUCTUYICCKON CBA3H.
AHanmM3 [OJIYYEeHHBIX pPe3yJIbTATOB IIOKA3BIBAET, YTO CKOPOCTh M  YCKOpPEHHEe
HPOXOZKJIEHUS] YIIPYIUX BOJIH Yepe3 IPOJAYKT Bo3pacTaeT B 60jiee yIPYIuX HPOyKTax.
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I'enepupoBanme a’3poAMHAMUYIECKOTO TITyMa BO3IYIITHOW MPOCJIOWKOI
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L.23Boponerkckuit rocy1apcTBeHHbI TeXHUYECKU yHUBEPCUTET,

r. Boponex, yi. 20-netust OxrsaOpst, 84

2
3

AnHoTanusa

Paspaborana Mozenp nOTEHIMANIA CKOPOCTH MAJIbIX IE€PEMEINEHHI B BO3AYIIHBIX IOTOKAX
TMPUMEHNTETHHO K THEBMOKOHBelepaM. B KadecTBe BO3IYITHLIX MOTOKOB PACCMOTPEHO TeYeHme BO3IyXa
B Y3KOM 3a30pe MeXKJy TapaLIeJIbHBIMU TIJIOCKOCTAMH.  Ha ocHOBaHWM MOTEHIIMAa CKOPOCTH MAaJIbIX
epEMEITeHN IOy YeHa, WHKeHepHas (GOPMYIIa, i BEIYUC/ICHUS YPOBHS IIyMa, BO3SHUKAIOIIErO B BO3IYIITHON
npocyoiike. B pabore paccmorpen dparMeHT MHEBMOKOHEeWepa, HCIOJb3YIONIEro IIeJieBble OTBEPCTHS [IJIst
OUTAHUA BO3JYIIHON IIPOCJIOUKH.

KitoueBble cjioBa: 1IyM aspoIuHAMUYIECKOTO MTPOUCXOXKIEHWS, BO3LYIIHAS MTPOCJIOIKA, BOJTHOBOE

ypaBHEHUE, TYpPOYIEHTHOCTh, TyPOYJIeHTHAS BA3KOCTDb, THAPOINHAMIIECKOE MOIEINPOBAHNE.

Generation of aerodynamic noise by airbag

Murzinov V.L."*, Murzinov P.V.2, Murinov Yu.V.3
! Doctor of technical Sciences, Professor of Technosphere and fire safety Department
2Candidate of technical Sciences, head of the laboratory "Research of acoustic processess
3 Candidate of technical Sciences, leading engineer of the laboratory "Research of acoustic processess»

1:2:3Voronezh state technical University, Voronezh, Russia, St. 20-letia Oktyabrya, 84

Abstract

A model of the velocity potential of small displacements in air flows in relation to pneumatic conveyors
is developed. Air flow in a narrow gap between parallel planes is considered as air flow. On the basis of the
velocity potential of small displacements, an engineering formula for calculating the noise level arising in the
air layer is obtained. The paper considers a fragment of a pneumatic conveyor that uses slotted holes to feed
the air layer.

Key words: noise of aerodynamic origin, air layer, wave equation, turbulence, turbulent viscosity,
hydrodynamic modeling.

BBenenue

CoBpeMeHHBIE TPOM3BOJCTBA B KadecTBe TPAHCIOPTHBIX CPEJCTB HUCIOJIb3YIOT
IIHEBMOKOHBeEepbl,  KOTOpble TPAHCIOPTUPYIOT H3JleJiMsl  Ha  BO3JYIIHON  LPOCJOiKe.
Ncnonb3oBanne BO3AYIIHON MPOCJIOWKH IO3BOJILIET COBMEIATH TPAHCIOPTHBIE OIEPAIiy
C TEeXHOJOTHYECKUMHU OIepalusMHu CYIIKH, HarpeBa, OXJaxKJIEHUS W T.Ji. DB HEKOTOpBIX
MPOU3BO/ICTBAX ITHEBMOKOHBEHEPBl CTAHOBATCA HE3AMEHHMBIMH. OnHako, BO3yIIHAS

*E-mail: dr.murzinov@yandex.ru (Mypzunos B.JI.)
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MPOCIONKA ABIAETCS UCTOYHUKOM TMOBBITIIEHHOTO TTyMa a3POJINHAMUYECKOTO MPONCXOZKTEHN,
OPOXKIAEMOr0 TypOyIeHTHOCTHIO |1, 2].

C mo3unumM 3aImuThl OT MIyMa CYIMIECTBYIOT PA3JIUYHBIE TOIXOABI U METOIUKHU s
3aIUTHl OT a3POJAMHAMHYECKOTrO myma [3-6]. McToYHIKOM TOBBIIEHHOTO a3pPOANHAMUIECKOTO
ImyMa B IMHEBMOKOHBefiepax sBjsgeTcs TypOYJIeHTHOCTh, KOTOPas HOCUT CJOydailHbIi XapakTep.
OjiHako, i CTAOUIBHBIX IapaMeTpoB pabOThl IHEBMOKOHBelepa IIyM, TaK Ke OyJIeT UMeTb
CTabUJIBHBIH YPOBEHb., DTO MOJOXKeHHe OObICHAETCS SProJUYecKoil rumoresoii [7]|, uro B
BO3IYIITHOW MPOCJOHKEe TMOSBIAIOTCS KBAa3UCTAIMOHAPHBIE MPOIECCHl TYpPOYJIeHTHOCTH, OT
KOTOPBIX PACIPOCTPAHSAIOTCS KBA3UCTAIIMOHAPHBIE ad3POANHAMIIECKHE 3BYKOBbIE TTOTOKH.

3BYKOBBIE TTOTOKH B BO3JYITHON MPOCIOKe B3anMOAEHCTBYIOT ¢ TYypPOYJIEHTHOCTHIO,
BJIMSAIOT Ha HeE, W CO3JIAeTCsd MHOIOI'DaHHAs KapTHHA, XapaKTepusylomad (QU3nUecKuii
nporiecc. [Ipn 3ToM HEOOXOAUMO YIHUTHIBATH TaKHe MOKA3aTeId, KaK CTelleHb TYPOYJIeHTHOCTH,
aKyCTUYeCKHe XapPaKTePUCTUKHU IapaJuUleJIbHBIX IIJIOCKOCTEH, JHUHAMUYECKHE MapaMeTpbl
CTPYHIHOTO TedeHUs, TeOMeTpPHYecKne XapaKTepUCTUKN COMeJ W Hecylleil MOBepXHOCTH
nHeBMOKOHBelepa. TypOy/JIeHTHOCTD CTPYHHOTO Te4eHHusT B BO3JYIITHONH MPOCIOITKe MOPOXKIAET
aKycTHdecKue KojebGaHusi, BO3HHKAET IIIYM adpPOJAHMHAMHYECKOIO IPOUCXOXKJICHHUS, KOTOPBI
HaIpaBaeH Ha OOKOBBIE I'PpAHU BO3IYIIHON IPOCJOiiKKM. VIHTEHCHBHOCTH 3BYKOBOT'O IOTOKA,
OIPEJIEJIAIONIEr0  YPOBEHb  a’pPOJAMHAMMYECKOTO TIyMa, HAXOJIUTCA B KOPPEJISIUMOHHON
CBA3M C AKYCTUYECKUMH TOKa3aTeIsIMH BO3AYITHOTO ITOTOKA. N3menenne mapameTpos
IMHEeBMOKOHBellepa IPUBOJAUT K U3MEHEHHUIO aKYCTUUYECKUX TOKa3aTes el BO3AYIIHOI IPOC/IONKN.
TypOyaeHTHBIE IIOTOKH XapaKTepU3yIOTCd TaKUMU IOKA3aTeasdMH, KaK TypOyJeHTHas
BA3KOCTh W <«IIyTh TE€PEMeNIuBaHUAY, SBJIAIONMANCT TeoMeTpUIeckKoll XapaKTepUCTUKON
TypOyaeHTHOCTH [8].

3HaveHne ypPOBHS adPOIANHAMHYECKOTO IIIyMa MOXKHO OINPEIeIUTh, ONMUPASCh HA ITH
OKa3aTesu, HO IPHU 3TOM HeOOXOIUMO YUHTHIBATDH JUHAMUYECKHAE XapaKTePUCTUKU CTPYHHOrO
Te4YeHUsl B BO3JYIIHON HpOoCjoiKe. BIOXHHIEBBIM OBLJIO HOJYYEHO HEOIHOPOIHOE BOJHOBOE
ypaBHeHWd, BXOJIAINee B TeOpeTHUYeCKUil pa3fies KJIACCHUecKOW aKyCTUKU, NPUMEHHTETbhHO
K HOTEHIMAJBHOMY IOTOKY 3ByKonposojgmeit cpeabr [9-11].  Tlosromy Bo3nukaer 3ajada
MOCTPOEHNS yPaBHEHN, HO C YIETOM JIBUZKeHNS BO3/lyXa Ha OCHOBE KJIACCUIECKUX ypPaBHEHUI
mMexaHukn kuakoctn [8].  TIpm 5TOM MOKHO CBSA3aTh HMCTOYHUKH 3BYKA C OCHOBHBIMHE
napaMeTpaMu, OIPEJEJISIONUMHI IOTOK B BO3JYIIHONW NPOCJOWKE W TOJYYUTh ypPaBHEHU
IOTEHIINATA CKOPOCTH MAaJIbIX TepeMelleHnil, HexXoAs U3 obmux ypaBHeHuil Mexanukun [10-13].
[Tocrpoenue ypoBHS a’3POJMHAMUYECKOI'O IIyMa BbILIOJHIETCH € Y4eTOM JIOIYIIEeHHUs, 4TO
BJINSIHUE BSI3KOCTH W TEIJIOMPOBOMHOCTH OTCyTCcTByeT. (OnHAKO HEOOXOAMMO YUeCTh HAJINYIne
TYpOYJIEHTHO! BS3KOCTH ¥ €€ BJIMAHUS HA TEHEPUPOBAHUE, W PACIPOCTPAHEHHE 3BYKOBOTO
MOTOKA.

1. IlocraHoBKa 3amadn

JlaHbl IPOCTPAHCTBEHHBIE KOOPAUHATHI U3JEINd HA BO3IYIIHON IpocJoiike, KOTOpas
SIBJISIETCS] MCTOYHUKOM adPOJAMHAMHIECKOIO HIyMa. PaccMarpuBaeTcst MIOCKas 3a/1a9a.

Ha pwuc. 1 nmokazana cxema ¢ m300paykKeHMeM B3aWMHOIO PACIIOJIO0XKEHHUs] UCTOUYHUKA
a3POAUHAMUYIECKOTO IIYMa, U W3S,

Tpebdyercss MOCTPOUTH AHATUTHYECKYIO 3aBUCHMOCTDB, CBI3BIBAIONIYIO YPOBEHD
A3POAMHAMUYECKOrO IIyMa BO3AYIIHOR IIPOCIONKH M IapaMerpoB CHCTEMbI 'BO3IyIIHAS
npocioiika — m3genue'.  3amadueil gBASETCS OIpeAeeHHe ¢ IMOMOIIBI AHAJHTHIECKHX
METOI0B TMOTEHIINAJa CKOPOCTH MaJIbIX TepeMEIIeHnil B BO3AYITHON TPOCIOiiKe ¢ ydeToM eé
XapakTepucTukK. Ha ocHOBaHMEM 3TOro IOTEHIUAJIA CTPOUTCH YpPaBHEHHUE s OIpeIeJeHUs
YPOBHS adpoJMHAMHYECKOro Imyma.  OpHIMHAJIBHOCTD 3aJa9d 3aK/JI0YeHa B TOM, YTO
pPACCMATPUBAETCS B KadeCTBE MCTOYHHUKA IIyMa CTPYyHHOE TedeHHne BO3/yXa B 3a30pe MEKLy
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IMapaJjeJIbHbIMH IIJIOCKOCTAMM.

2. BrniBoag oCHOBHBIX COOTHOIEHUIA

Paccmorpum  (pparmMenT mHEBMOKOHBeliepa, COAeprKalllero IeaeBoe OTBepCTHe
W uU3Je/ime Ha BO3AYIIHOW NPOCJIOMNKE. CrpyiiHOoe TedeHWe B BO3IYINIHON TPOCIOHKE
OlPAHNYUBACTCH NAPAJJICAbHBIMUA IUIOCKOCTAMH, MEXKIY KOTOPBIMH CO3JaeTCd CJIOUCTOe
TedeHHe. IDTO TedeHue IpejcTaBisgeT coboil caBuropbiil moTok. OcpeaHeHHas CKOPOCTh B
CTPYWHOM IIOTOKE OIIPeJe/ideTcsd HolepedyHoit koopaunaroit. Kpome Toro crpyiiHoe TedeHue
MOYKHO pacCMaTpHUBATh KaK TeUYeHWEe B KaHaJe.

4 & D

0)

Puc. 1. CxeMa pacrosiozKeHus U3JeInsd Ha BO3IYIIHOM IOIYIIKe ¢ YKa3aHHEeM XapaKTepHbIX
pPasMepoB U MOJIOKEHUsI OCeil KOOPJIUHAT: a) — AKCOHOMETPHUECKOe H300PasKeHHE CXeMb,
0) — MPOJIOJBHOE CeUeHNe CXeMBbl. | — m3jenne, 2 — MEIeBOe COILTO, 3 — BO3AYINHAS TOJYIIKA,
4 — nueBmokamepa. G — Bec uzgesust, H; P — u30bITO9HOE 1aB/I€HUs B BO3/YTITHOI
npocioiike, ITa; U — ckopocTh BO31yxa B HPOC/IOiiKe 1101 n3fennem, M/c; Py — cpeanee
JlaBJICHHe B BO3JIYIIHOI mpociioiike, Ila; P, — jnaBjienune B mHeBMaTu4deckoii kamepe, [1a;

h — ToJImMHa BO3AYITHONR TPOCTONKH, M.

Cucrema ypaBHeHHl JJIsi ONPEIEJIEHNS TIOTEHITHAIA CKOPOCTH MAJbIX HepeMerenui
IIPUMEHUTEIbHO K TEYEHUI0 BO3JAYyXa B IPOCJOHKE ObLIa MOCTPOEHA € YIeTOM METOIUKH,
npeioxkennoit Biaoxumnessim [I.U. 7] B paborax [1, 10] u umeer B

2|

0 (o PO\ _Uadb  L0Un 0O _ ,0Us U )
k 92,011 Oxy, Ot? dxy Oxs oxy, Oxy,

L 0D\ WUalP  L0Ua P L0Uy U 0
%k D10 Oxy, Ot? Oxy, Ox;  Omy Oxy [

Sl

o 0\ Us 0P 00500 ,0Us U
Okﬁxkaxg a’Ek ot? 8a:k aZL’% 6% al’k )

Sl

B ypasuenun (1) ucnonbsyercs uniekc k = 1,2,3 | 1m0 KOTOPOMY OCYIIECTBJISIETCSI
CYMMUPOBaHHUE; ¢ — CKOPOCTh 3BYKA, M/C.
Besmaunsl, Bxojgiue B ypaBHeHue (1) onpeessior CKOPOCTH JIBUKEHUST BO3IyXa B
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HPOCJIOiiKe, a MOTEHIINA CKOPOCTU MAaJIbIX IIepeMelleHnil nMeeT BUJI;:

t
1
@z—/pdT
Po
0

rjie p, — IJIOTHOCThL BO3jyxa, Kr/mM>; p — nasienne, Ila; t u 7 — Bpems, C.

Cucrema ypapuenuit (1) mpenHasHaveHa JJisi ONpeJeJ€HUs TOTEHIUATIA CKOPOCTH
MAJIBIX MepeMeIeHnil B IPOoIlecce TeHePUPOBAHUS a3POJIUHAMUYECKOTO TIyMa TYPOYIeHTHBIM
BO3/IyIIHBIM 1OTOKOM. Jljg perienus 1ol cucreMbl HEOOXOUMbl I'DAHUYHBbIE U HAYAJbHBIE
YCJAOBHUS, & TaK Ke JOJKHbI ObITh 3aJ@Hbl OCPEJIHEHHBbIE CKOPOCTH BO3JYIIHOIO TEYEHUS.
[TosToMy mpu paccMOTPEeHNH KOHKpPeTHOH (bu3mueckoii 3agaqu ypapaenne (1) Oyaer ynporieHo
U BO3MOYKHO OyJIeT MOJIYUNATh aHATUTHIecKoe peliteHre. [IpuMeHUTETHHO K paccMaTpuBaeMoit
3ajade ypaHenue (1) ympocTurTesi, TakK KakK pPACCMATPUBAETCS ILIOCKAS 3aJlava TeueHUs
CTPYWHOI'O IOTOKA MEX/ly Hapa/LIeJIbHBIMU ILJIOCKOCTSMU HPU HAJUYMM UCTOYHUKA ITHTAHUS
— IIEJIeBOr0 OTBepcTus. Pacuernas cxema Jjisi MOCTABJIEHHONH 3a/1a4y MMOKa3aHa Ha puc. 1.
Ha cxeme obGo3Ha4yeHbl JIMHAMHYECKHE W TEOMETPUYECKHE pa3Mepbl OCHOBHBIX 3JIEMEHTOB,
n300parkeHbl HAIIPaBJIeHHUs CTPYWHOTO TedeHWs. llpuMmeHeHme ypaBHEHUII HEPA3pPBIBHOCTH U
ypapaennit Hasbe-CToKca MO3BOIHIN TOJYIATH a9POIMHAMUYECKIE XapAaKTePUCTHKH TeUeHUS,
KOTOpBIE HOKa3aHbl B Tabu1. |1]

Tabuma 1
Pesyaprars! perneHnsa adpogmHAMAIECKON 3a0a4n /1 TeUeHNs B BO3IYIIHON IPOCJIOiiKe
/3
opP 2 1 12¢/2u6D | (Py — Pyo)
.| —=—-Pp—= |3.| U=— h — 5 | h= y
oz ) jp Lvolh =)z NET: P
G oUu 1
2. | Pp=———— 4. | — = —Pp(h—2
W= B+ D) 9: ~ up = %)
Jlng ynobeTsa TaabHEHIINX BHIKIAJI0K CIEIaeM 3aMeHy:
y y
Uol =U 1=
Up=V x3=y ;,
Us=W 23==z
VYUTHIBas peaJbHYI0 KAPTHHY (DPU3HIECKOTO IIPOIECCa TeUEHHS MOy UM
o> 09 0
ors Oy
V=0 v, ou
=—=0 ;. (2)
W =0 61’1 al’
Uy  0U 0
Oy B dy )

Cucrema (1) ¢ yaérom (2) npumer Bux:
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2 U282_(I) _a_UaQ_(I)_|_ ou 62@+32 =0

ot ox? 0z Ot? 0z \ 022 ' 022 ) 3
0 (202 _, : (3)
ot ( 8x82) B

OKOHYATEIBHO TOJYUINM ypaBHEHUE I ONPEeIeSeHNs MOTEHINAIA CKOPOCTH MAaJIbIX
nepeMeleHnii IPpUMEHNTETbHO K PAacCMaTPUBAEMON 3a/1ade

0 [ 2D\ OUD  ,0U O*d
a(Uw)—aﬁ+ 9202 4)

YAOBJETBOPpAIOIiee CACAYIOIUM I'PaHUYHbIM W HaYaJIbHBIM YCJIOBUAM:

®(0,2,t) = ®(L,z,t) = 0, (5)
®(z,2,0) = Esin < > sin <%> (6)
0P(z,2,0)
IRLET) 7
at ? ( )
T 6 Pyah4 . . .
e E = <E> P AMIUTATYJIa My/IbCANNNA TYPOYJIEHTHBIX (GUIIOKTYAIuid B BO3IYITHOMH

HPOCJIOWKEe, HPU STOM YUTEH SKCIEePUMEHTAJbHbINH Koddpdumuent k= 0.46. VwmHoxasg obe
qacTn ypasHenust (4) Ha exp(—pt) U UHTErpupyst 10 ¢ B WHTepBae oT 0 10 00 U BBOJS 3aMEHY
o

[ ®(z,z,t)exp(—pt)dt = F(x,z,p), norydaeM ypaBHeHHe
0

O*F [, , OU ou , ou 9 T\ . (T2
o2 (U 82) £ F+(EP+U LQ)ESHl(L)Sm(T) =0 (8)

Pemermem ypasuenus (8) 6yaer BbIpazkenue

[ w2 U?
o0
k= Esin (ﬂ_:) s (WL_x> 2 Ug T U2az x ©)
Pt L26Up+L P L28Up+L
L 0z 0z i
1 s+100
Buimosnus  obpatnoe mpeobpasoBamme Jlammaca P(z,z,t) = %S_{m F(z,z,p)eP'dp pa

ypaBHeHus (9) MOJYdYUM HOTEHIMAT CKOPOCTH MAJBIX [EPeMeIeHuii Jyisi PAcCMaTpUBaeMoil
3312491

® = F'sin <7T—Z> sin (W—$> exp(—Ait) |cos(tA1Ay) + — 51n(tA As) (10)
h L Ay
n? U? AL (U
rae A; = m@7 Ay = \/—WQUA‘ (E) -1
0z oU
B ypasuenune (10) BxogsaT Beaunannbl U U ——, 3HAYEHHsI KOTOPHIX BBIYHCIEHBI B padore [1]| u

ou 1
IOKa3aHbl B Tab/uIe, oTkyda U = ,u_LPg(h —2)z | 5 “—LPg(h —22).
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Baskocrs p, BXomdmiag B 9TH YPaBHEHHs BeJIHMYHHA [TOCTOSHHAS M HE CBI3aHHAS C
HHTEHCHBHOCTBIO TYpPOY/JIEHTHOCTH W HOITOMY He CBA3aHHAsl C YPOBHEM a9POIHHAMHUIECKOIO
myMma.  OJIHAKO MOXKHO CJeJaTh 3aMeHy: HCIOJb30BaTh BMECTO OOBIYHON BSI3KOCTH -
TypOyJIEHTHYIO, MPHHUMAasI BO BHUMAHHE JOIYINEHHE, YTO MOPSI0K BEJIUYNH ITUX BI3KOCTEi
OMMHAKOB. 1OIJa MOMKHO HPHUMEHHTH /s MOJEINPOBAHUS XapPAKTEPUCTHK TYPOYIeHTHBIX
TedeHUii MOHITHE <«IyTh MepeMeniuBaHusi», TpeaIokeHHbil [Ipanaraem|8]. nnwa «imyTu
nepeMelIuBaHus» dBJsgeTcs (PyHKIHeH KOOPAUHATH 2, T.e. | = k-z, rje k - 9KcIiepuMeHTaIbHBIH
kodbdurnuent. Cire10BaTEILHO, MOXKHO OIPEICJHTh TYPOYJIEHTHYIO BSI3KOCTH KaK (DYHKIIHIO
XapPaKTEPUCTHK CHCTEMBbl «ITHEBMOKOHBEHeD — u3je/mes 1 3anucars (4]

= pok® P L™ 2%(h — 22). (11)

Vconb3yst COOTHOIEHHs JJIsl a3POJMHAMMYECKUX XapaKTEePHCTUK BO3JAYIIHOTO IOTOKA B
NPOCJIOiiKe U3 TabJUIBI MOXKHO TpeobpazosaTh ypasHenue (10) K BuHIY

2 /TP oh? N
® = F'sin (W—Z> sin <E> exp VT L cos <7T—Ct> + IVIRT Gy <7T—Ct> (12)
h 2L3%k\/py L 2key/po L3 L

L
ypOBeHb NnIyMa Ha PaCCTOAHMHN OT MCTOYHHKa OIpEAe/JIdeTCd YpaBHEHUEM

Py
L,=10lg | ——— 13
.[047TR2 ’ ( )
rie P, — 3ByKoBad MOIMHOCTBH, H3JAydaeMas BO3AYIIHOW mpociaoiikoit, Bt; [, — mcxomHoe
LHOPOroBOE€ 3HAYCHUE MHTCHCUBHOCTU 3BYKA, BT/M2. MomnocTh  3ByKOBOI'O  1OTOKA,

c¢OpPMUPOBAHHOTO BO3AYIITHON MMPOCIOHKOH Oy/1eT

h L —=2
P, = / / ndrdz, I, = 257 (14)
0 0

PoC

e Iy — MHTEHCHUBHOCTb 3BYKOBOI'O IIOTOKA BO3JYIIHOW IIPOC/IOHKH, BT/MZ; h — Tojmuna
BOBIAYITHOH IpoCToiiku, M; L — JWHeHHBIH pasMep BO3AYNIHOH NPOCAOHKH, M; D° —

CpeJIHeKBaIpaTHIecKoe OTK/IOHeHUE JaBjieHus oT cpeaneil sesnuunnt, (H/m?)2.

0P

N (15)

1 T
Z_?Q<x7z) = ?/ ]A?th,p = Po
0

Teopernveckoe 3HaYEHWE yPOBHs TIIyMa BO3JYIIHON MPOCJONKYN OUPENEJUTCS U3 yPABHEHUS
(13) npu moacranoske B Hero Boipazkennit (14) u (15).

h L T 2
Po 1 0P
L. =10lg |—F> - N at) ded 16
& Io47rcR2/0/0 T/0 (m) raz (16)

B ypasaenun (16) He onpe/eJiéH BpeMeHHOM MOKa3aTe b, KOTOPBI MOYKHO OIEHUTb, KAK BPeMs
IIPOXOZKIEHUsI 3BYKOBOI BOJIHBI BJIOJIbH TIPOTSAYKEHHOCTH BO3LYITHON pocioliku B Buge T = L/c
u nosiyaum ypastenue (16) B dbopwme

poE*rc 7r2Py3 3
L.=10lg [64IOR2Lh <pOL3k202h +2 (17)

B ypaBhenun (17) mpHCYTCTBYET KOMILIEKC BEJTMYHH, KOTODbIi MMeeT Pa3MepHOCTH eIMHUIA

™ 0 _
U €r0 BeJUYNHA 3HAYUTETHHO MEHbINEe eIuHUTIbI Wuh:’) ~ 107% << 1 u Torga ypaBuenue
Po ¢
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(17), onpefensioniee ypoBeHb IIyMa BO3JYIIHON MPOCIOHKH, Oy1eT UMeTh BU/

™ /e (h\] 5 h?
L.o=10lg | = ()" (2) (Py)? —2
Ol [32 (k:) (L) (Fo)” T e

rae I, — moporoBasg MHTEHCHBHOCTDH 3BYKOBOTO IIOTOKa, BT /M.

(18)

3akJroJdyeHue

YVpaBuenue (18) MO2KHO HCHOJb30BaThb B HHXKEHEPHBIX pacyerax JAJad BbIYUCJICHUA
YPOBHSI IIIyMa ITHEBMOKOHBeiepa Ha 3Tale ero MPOeKTHPOBAHUS. IDTO yPaBHEHHE COMEPIKUT
nmapaMeTpsl, KOTOpBbIE JIETKO TOAJAIOTCH OINPECJICHAIO. B tupormecce mnpoekTupoBaHUs
TPAHCIIOPTHBIX CHUCTEM Ha BO3JIYIIHON IIPOCIOHKEe BO3HHUKAET HEOOXOIMMOCTH OIpeIeJIeHUS
TEOPETUIECKOT0 YPOBHS ad9pPOJHHAMUYICCKOrO IMIyMa, KOTOPBIH OyIeT u31aBaTh TPOEKTUpYEeMast
koucrpykius. Dopmyia (18) 1I03BOJI4ET OLECHUTH OPUEHTUPOBOYHO HOPAAOK BEJIMYUHBL 9TOIO
myma. /g mpoBepkKH aJeKBATHOCTH (DOPMYJIbI (18) OBLIM TIPOBEJIEHBI IKCIEPUMEHTAJIHHBIE
HUCCJIEIOBAHUS, KOTOPBIE TOKA3aJU YIOBJAETBOPUTEJBHYIO CXOIUMOCTH 3KCIIEPUMEHTAJBHBIX U
TEOPETUICCKAX 3HAYCHUMA.
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AnHoTanusa

IIposeen anasm3 aUTEPATYPHBIX UCTOYHUKOB, BBIABJIEHA MIPOOJIEMA WHIUBU/ILYAJIHHOIO BOCIPHUATUS
U BJIMSHHMS 3BYKA DPA3JIMYHBIX 4YaCTOT HA OpraHu3M d4ejiopeka. QupejesiéH MeXaHus3M BO3JEHCTBUS 1IyMa,
Ha OPraHbl CJIyXa ¥ IEHTPAJbHYI HEPBHYIO CHCTEMY, BBISBIEHBI HECTENUMUUIECKNE BO3IEHCTBUS 3BYKA
Ha opranm3Mm dejoBeka. (CdopmupoBana HEOOXOIMMOCTH WCCJIEIOBAHWI BO3IAEHCTBHAS 3BYKOBOTO CHUTHAJIA
Ha 9eJIOBEKA W PEAKIMHM €r0 BHYTPEHHWX CHCTeM Opranm3ma. JlaHa OleHKA BIWSHWS IIyMa HA YeJIOBEKA,
Ha €ero CaMO4yBCTBHE, HACTPOEHHE, BOCIPUATHE OKPYzKalollell Cpejibl, a TaK 2Ke, BbIABJIEHA CKpbITasd
peakiust opranuszma, ¢ukcupyemas npudopamu. Cresan BbIBOJ O BaXKHOCTH 0CODOr0 BHUMAHHUS K HHU3KO- U
BBICOKOYACTOTHOMY IITyMy, TaK KAK OHW MPUIAIOT 3BYKY WHTEHCUBHOCTHU MPU OIEHKE BOCIPHUITHS (PUBUIECKOTO
dakTopa dwenoBekom. Ilpemyaraercs, B JajbHe#meM, pe3yJabTAThl WCCAEIOBAHUN BIUSAHUS BBICOKO- U
HA3KOYACTOTHOIO IIyMa HA OPraHU3M Ye/IOBEKA BHEJIPATH B METOIUKH MPOdoTOOopa.

KiroueBbie cioBa: HU3KOYACTOTHDBIN 3BYK, BBICOKOYACTOTHBIHN 3BYK, CHUXKEHUE CJIyXa, OXpaHa

Tpyaa, mpodorbopsl, Tpod3aboIeBAHNS.

The necessity for identifying people with hypersensitivity in noisy industries
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Abstract

The analysis of literature references is carried out, the problem of individual perception and exposure
to a sound of various frequencies on a human body is revealed. The mechanism of noise exposure on hearing
organs and central nervous system is defined, nonspecific effects of sound on a human body are revealed. The
need for research into a sound signal impact on a person and reaction of his or her internal body systems is
formed. The assessment of noise impact on the person, on his or her state of health, mood, perception of
environment is given, and in addition, the latent reaction of an organism recorded by devices is revealed. The
conclusion about importance of special attention to low- and high-frequency noise is made, as they increase the
sound intensity in assessing the perception of the physical factor by people. It is proposed to implement the
results of studying the human body exposure to high- and low-frequency noise in the methods of professional
selection thereafter.

Key words: low-frequency sound, high-frequency sound, hearing loss, occupational safety,

professional selection, occupational diseases.

*E-mail: viktoriall07568@mail.ru (Kcenogonropa B.K.)



Kcenogonrosa B.K., Bacuibes B.A.
Heo6x0AmM0CTh BBISBICHIS JIUI] C HOBBIIEHHON IyBCTBHTEIBHOCTHIO Ha INIYMHBIX IPOH3BOACTBaX 08

Beegenne

[Ipon3BOJCTBEHHBINT IIIYM CYIIECTBEHHO CHHUXKAeT WTPOM3BOJIUTEIBHOCTH TpyJla U
IPUBOJAT K TOBBIIEHAIO YPOBHS TPOU3BOACTBeHHOr0 Tpamartusma |[1|. IIlym HeraTtusHO
BJIMSIET HA YEJIOBEKA, JIayKe IPU HPEeJeIbHO jolycTuMbix 3Hadenusx (60-70 n1BA), oprammsm
HUCHBITBIBAET CTPECC M 3alyCKAaeT 3alllUTHbIE MeXaHu3Mbl.  UeJJOBeK MOXKeT BHAJATh B
cocrosune adderTa, WIX HUCIBITHIBATL TOJOBHBIE 00/, OBITH pPa3IPaKUTEJTbHBIM |
HecOOpaHHBIM.  Bcé 3T0 MOXKeT cTaTh NPUYMHON MOBBIINEHHONW OMACHOCTH TPaBMATH3MA,
K TpUMepy, Ha MPOU3BOJACTBE WM TPU YIPaBJIEHHH TPAHCHOPTHBIM CpejcTBOM. Takike
BO3/JIefiCTBIE MOXKET ObITH JIOJIFOCPOYHBIM M HEOOPATUMbBIM, K HPUMEPY, HOCTOSHHAS HArPY3Ka
HA OpraHbl CJyXa, BEreTaTMBHYIO HEPBHYIO W CEpPJEYHO-COCYIHMCTYIO CHCTEMY, BeJeT K
npodecCnoHaABLHBIM 3200/ IEBAHUSAM, TaKUM KaK HeHpO-CeHCOpHas TYTrOyXOCTb, MHUI'PEHb,
JIeTIPeCCUBHBIE PACCTPOUCTBA, BETE€TO-COCYIUCTasl IUCTOHUS W JlayKe acUKCUS MO3Ta.

Baxkmo pemuth mpobaeMy dYeJOBeYECKON peaKNuH Ha aKyCTHYeCKOoe 3arpsi3sHeHUue
OKPY2KaloIeil cpejibl, HEraTMBHO BJHULMIONEH Ha €ro 3JI0POBbe U KU3Hb, W OIEHUTH PHCK
BO3JICHCTBUS Ha HaceJeHUe 3ByKa Pa3/JIMIHbIX 9acTOT.

1. BocupmuMYmBOCTH IIIyMa — MHANBUAYAJTbHA

Jng oxXpaHBl TpyJa BaxKHO HAYIUTbCS BBIYUCIAATH JIOJEeH ¢ WHINBHAYAJIHHON
BOCITPUMMYUBOCTBIO K TAKOMY Pa3/IpaKUTeT0, Kak miyM. (OIUH YeJTOBEK MOYKeT CHOKOWHO
pearupoBaTh Ha MOBBIMIEHHBINH TIyMOBOiI (DOH, a y JAPYroro pa3BUBAIOTCS NCUXUIECKUE
addexThI.

Takoit 3ddekr MoxkeT HAOIIOIATHCSI TPH €IabOM IIyMOBOM Bozzeiictun  (60-
701B). Twunepakysusi TpeacTaBisieT coGOil  COCTOsIHME —CJIYXOBOTO —AHAIM3ATOPA, PU
KOTOPOM JIOJIA OIEHUBAIOT Cj1abble W CpejHeil MHTeHCHBHOCTH 3BYKH KAK CBEPXIPOMKHE.
JlaHHBIN CHHAPOM CBSA3LIBAIOT C HAPYIIEHWEM IEHTPAIbHBIX MPONECcOoB 00paboTKU 3BYKOBOIl
nHGOPMAINK, KOTJA 3BYK MOYKET WMeTh MAJIYI0 CHJIY, HO OIPOMHOE CHUTHAJHHOe 3HAYeHWe.
Unnonatudeckyto (BBI3BAHHYIO HEYCTAHOBJIEHHOW MPUYUHON) IHIEPAKY3HIO PACCMATPUBAIOT
KaK CaMOCTosITeJIbHOE 3aboeBamne, coorsercTryiomee nousituio OOH (1996) «uanomarnaeckast
HEIEPEHOCUMOCTb OKpy2Katomieit cpenpiy (IED) npumenuTenbHo K nryMoBbIM Bo3AeHcTBHSIM. |2

2. «IIIupokoe mpuMeHeHNE» BBICOKNX M HU3KNX YACTOT

BpicoKO- 1 HI3KOYACTOTHBIH 3BYKH KayKyTCs TPOMYE WM TUIIE, YeM CPeTHeIaCTOTHBIIH
IMyM € TaKOi »Ke WHTEHCHBHOCTBIO.  YeloBeK, CHUJIBHO pearupylonuii Ha BBICOKO- W
HU3KOYACTOTHBIE CUTHAJIBI, TOJKEH OBITh KAK MOXKHO MeHbIIe BOBJIEUYEH B PAbOTY B IIYMHBIX
HPOIECCax U IIPOU3BOJCTBAX.

I[Mlym c¢ mupeobnaganmeM HU3KUX YacCTOT OKa3bIBAET OOJIbIlee pas/iparkalolnee
BO3/IeliCTBUE, 4YeM IMIyM AaHAJOIMYHOH WHTEHCUBHOCTH, HO IMMPOKOIMOJOCHOTO XapakKTepa.
WertouyankaMu HU3KOYACTOTHOTO IIIYMa SBJISIOTCS, HAIPUMep, BEPTOJIEThI, BUOPAIMOHHBIE
MOCTOBbBIE KOHCTPYKITUH, [10€3/1a METPOIOJIUTEHA, MITAMIOBOYHbIE YCTAHOBKY, IHEBMATHIECKOE
obopy/loBaHUE U T. JI.

Takxke, mCTOYHMKAMU HHMPA3BYKa SIBJIAIOTCA DAbOTAONIHE MeXaHH3MBI, TaM, [Je
JacTOTa BpAIlleHUs JacTell momajaeT B MHGPa3BYKOBOI AHANIa30H, TPAHCIOPT BCEX TUIOB, 3BYK
BBICTpeJla Wid B3pbiBa. OJHUM M3 PACTPOCTPAHEHHBIX UCTOYHWKOB WH(MPA3BYKa SBJIAETCS
YCTPOHCTBO WM KOHCTPYKIIUH, CBSI3AHHOE C JBUZKEHHEM BO3/lyXa: BEHTWIATOPBI, CHCTEMBI
BEHTUJIANNY, BBITSKKH, HACOCHI, rpamupuu Ha TII, pasznuwunsie Touuenu. llpupomubie
UCTOTHUKHN HU3KOYACTOTHOTO TYMa — yParaHbl, TPO3bI, BYJIKAHBI, 3eMJIETPSICEHUS] U TPOCTO
TYpOYJEHTHBIE TOTOKW BO3/IyXa.

Konneramu wu3  wucusirarenbuoit  jgadoparopun OO0 «UuacruryT akycTrdeckux
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KOHCTPYKINit» OBLIN TPOU3BEIEHBI U3MEPEeHUs TIyMa Ha TePPUTOPUU OJHOTO U3 adPOMOPTOB
P®. Choekrp mniyma W3MePEeHHBIX 3HAYEHWl, MOJYyUYE€HHbI B pe3yabrare 00pabOTKH B
nporpammuoMm komiiekce APM  «Axkycrukas, mpejacrasien wa pucydke 1. Habmogaercs
npeobsIaJilanre HU3KOYaCTOTHOTO 3BYKA.

WY eam
207u-80ra | (853i@5 | [20mu 60Ty [386a5

Puc. 1. CrnexTp nymMa TeXHOJOTHYECKOTO H BEHTUJISIIMOHHOIO 000PYI0BAHUSI,
PACIOI02KEHHOT'O Ha TEPPUTOPUHN a3POIIOPTa

OCHOBHBIMH ~ HCTOYHUKAMH BBICOKOYACTOTHOTO IMyMa SABJSIOTCH  TeJelneHTPHI,
PaAIMOJIOKATOPBI, MPOKATHBIE CTAHKH, TaKyKe MpPH IIPOIecce YIbTPa3BYKOBOH 00pabOTKU
METAJLIOB, TIPU BBICOKHX CKOPOCTSIX ODOPOTOB BPAIIAIOIIMXCS KOHCTPYKITHI, WJIH K€ TpHU
UCIIOJIb30BAHUK B PabOTEe CTAPOIO WJIU IIOBDPEXKJIEHHOIO MaTepUaJia.

Tax ke, Kosmeramu u3 ucnbiTarebHoN gadoparopun OO0 «MHCTHTYT aKyCTHIeCKUX
KOHCTPYKIUiT» OBLIN MIPOU3BE/ICHBl H3MEPEHHS IIyMa Ha TEPPUTOPHUU OTHOTO U3 HPEINPUITHI],
pacniosioxkesnoro B Poccun. CrmekTp mIymMa W3MePEeHHBIX 3HA4YeHU# ¢ co/lepyKaHueM
BBICOKOYACTOTHOTO 3BYKa, MOJYUYEHHBII B pe3yabTaTe 00pabOTKU B MPOTPAMMHOM KOMILICKCE
APM «Axkycrukay, mpejicraB/ieH Ha PUCYHKe 2.

= @uena

80K~ 16 KL BOKU-20K 811506

Puc. 2. Cunektp myma jgBuraresis KOHBeHepHON JTMHUH

VIbTPa3ByK UpPe3BBIYANHO pPa3zHoOOpa3eH, OH IIMPOKO HCIOIb3yeTCsd B TEXHUKE, a
TaKKe B Pa3/IMYHbIX OTPAC/SX KJIMHUYECKON MeJIUINHBI, HAI[pUMep, YJIbTPa3ByKOBbIE METO/IbI
BO3J/IEHCTBUS HA TKaHU U Marepuajbl. CmocOOHOCTH yJIbTPa3ByKa MPOHUKATH B MSITKHE TKAHU
OpPTaHU3Ma H OTPAXKAThCA OT aKyCTUIECKHX HEOTHOPOIHOCTel, MpaKTHIecKu 0e3 MOTJIONIeHn ,
NpUMeHsIeTCsl B HUCCJeJOBAHWUM BHYTPEHHUX OPraHoB. MeToapl IMArHOCTHKH € IOMOIIBIO
VABTPA3BYKA, B HEKOTOPBIX CJAyYasX, MO3BOJISIOT BBICOKOTOYHO Pa3JNYaTh CTPYKTYPY TKaHH,
B OTJIMYUE OT PEHTIeHOBCKHUX Jiy4eil. B mMeaunuuckux j1adopaTopusax WM HPOMBIILIEHHOCTH,
YJIBTPA3BYKOBbBIE BAHHBI MCIOJIB3YIOTCS JIjI OYUCTKY JIADOPATOPHO# MOCY/Ib, HHCTPYMEHTOB, a
TaK:Ke PAa3/JIMYHBbIX JleTasleil OT MeJKuX JacTull. Hekoropble cTupagbHble MAIIUHBI NCIOJIB3YOT
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VILTPA3BYK 1 CTHPKH OJEXKIbl. PaccMOoTpuM, K HpUMepY, TeXHOJOTHIO VILTPa3BYKOBOI
00paboTK MeTaJljia. YJbTPa3BYKOBbIEe KOJieDaHUsl MPUMEHSIOTCS B OJHOM W3 HallpaBJIeHUi
POIECCOB PE3aHUsT MATEPHUAJIOB ¢ TPYAHOOOpabATHIBAEMON MOBEPXHOCTHIO. J[aBHO M3BeCTHO,
YTO IpHUMEHeHue YJIbTpPa3ByKa IpH MeXaHHYeCKO# o0paboTKe MOXKeT YJIydIlaTb KadecTBO
HOBEPXHOCTHOIO CJIOS MaTepHaJia, a TaKzKe, IIOBBIIATH MPOU3BOIUTEJIHHOCTh.  KadecTBo
VIBTPA3BYKOBOM OYMCTKN HECPABHUMO ¢ JIPYTUMHE criocodbamu. Hampumep, mpu onosiacKuBaHuH
neraneii Ha ux nopepxHocTn ocraercsa 0 80% sarpsianenuii, npum BUOPANMOHHON OYMCTKE —
okoJ10 55%, upu pygnoit — okoio 20%, a npu yabrpassykopoii — ue 6osee 0,5%. (Puc. 3)

Puc. 3. Merajutnaeckue u3ieaus 10 U OCJIe OYUCTKE B Y3 Banue [13]

Ocoboe 2Ke NpeuMyIIecTBO YILTPA3BYKOBOH OYHUCTKH 3aKJIIOYAETCS B €€ BBICOKON
HPOU3BOJIUTENBHOCTH TIPH  MAaJIOR 3arpare (PU3UMIECKOrO0 TPYHAd, BO3MOKHOCTH 3aMEHBI
OI'HEOHACHBIX WJIM JIOPOIOCTOLIIMX OPIaHUYECKUX PACTBOpUTEseil 0e301acHbIMU U JIeNIeBbIME
BOJIHBIME DPACTBOPAMH IHEIOYHBIX COJel, KUIKUM GpeoHoM u ap. |3]

U3 Bcex mpuBeIeHHBIX apI'yMEHTOB B IOJIb3Y BBICOKOYACTOTHOTO 3BYKA, MOYKHO CMEJIO
cAenaTh BBIBOJ, YTO VJIBTPA3BYK TOJe3€H I MTPOM3BOACTBEHHBIX IpoleccoB. Ho Takxke
BayKHO OIEHUTH, KAKOW BpeJl OH HAHOCHT HA 3I0POBLE UeJ0BEKa, pabOTAIOIIEero B YCJIOBHSIX C
peod/IaJaI0IIM BbICOKOYACTOTHBIM Ty MOM.

2.1. HWuamBuayajpHOE BJHUSHHIE IIyMa HA 4e€JIOBEKA

N3 obmieir BpaueOHOM IMPAKTUKKA MOYKHO CJieJIaTh BBIBOJI, YTO IIIYM BO3JefCTByeT Ha
YeJI0BEKa CJACYIONUM 0Opa30M:

— CO3JIaeT HArpy3Ky Ha OpraH CJIyXa;

— BO3/IEHCTBYET Ha IEHTPaJbHY IO HepBHYTO cucTemy (nasnee — ITHC), Bocupuaumaromnyo
nHMOPMAIIMIO U3 BHEITHETNO MUPA.

IIpu OlEHKe CMEIEHUs] BOCHPUATHS 3BYKa (B YACTHOCTH HOPOTOB BOCIPUSATHS €ro
TOHOB) MOXKHO CJEJATh BBIBOJ O HATPY3Ke HA CJYXOBOH aIapar.

Hecnenududeckum BausHreM 3BYKa Ha dYej0BeKa MOYKHO Ha3BaTh BO3/eficTBHE Ha
HHHC, koTtopoe oreHuBaeTcsd 10 U3MEHEHUIO (PU3UOJTOINICCKUX TTOKA3ATEIeH.

Kak mokasamu wucciaenobanust Anjapeepoit — [lananunoii [4], nanmbGonee panume
HapYIIEeHUs 110/ BO3AEHCTBUEM IIIyMa Pa3BUBAIOTCS MMEHHO CO CTOPOHBI IEHTPAJIbHON HEPBHOM
CUCTEMbI, 0CODEHHO ee BbicIux OTAeaoB. [llym, gaBissach wHGOPMAIMOHHON MOMEXO i
BBICIIIEl HEPBHOM JAesITeJIbHOCTH B IEJI0M, OKa3bIBaeT HeDIATOPUsITHOE BIAUSHIE HA ITPOTEKAHNe
HEPBHBIX IIPOIECCOB M CIIOCOOCTBYET PA3BUTUIO YTOMJICHHS.

Hapacratomee 3arpssnenne OKpYZKaIONMeH Cpeabl SBASETCS TPUYIUHOW IBOJIONUN
MHOruX 3abo/ieBaHuil, YTO BeCcbMa HAIJISJHO OIEHUBAETCs, HalpUMep, IIPU CPaBHEHUU
CBeJeHNT W3 y4eOHHMKA 10 BHYTpeHHUM Ooje3nsMm 80-meTHeifl jaBHOCTH W TOKazareseil B
Hacrogiem Bpemeru [5]|. Ilo pe3ynbraTy IIymMOBOrO BO3AEHCTBUsI MOYKHO CYJIUTh, K KaKHM



NOISE Theory and Practice 71

XPOHUYIECKUM 3a00JeBaHUsIM OHO MOXKeT TpUBECTH B mnocaeacTBun. llo mannsim Beemupnoii
Opranu3anuu 3japaBooxpanenus 10 25 % Bcex Gosie3Hell, B HACTOsAIIEE BPEMs, PA3BHBACTCA B
pe3y/abTare BO3JeHcTBUS HA YesoBeKa OKpyzkawliei cpeabl. [lo pesyabraram mccieroBaHuii,
IIPOBEJIEHHBIX CIIEIUATUCTAMI BCeco3HOro KapinoIornieckoro nayauoro mearpa PAMH (6],
3a nocieanue 10 et B 2-3 pasa yBeJHUUICS POCT 3a00JIeBAHKE CePIedHO-COCYTUCTON CUCTEMBI,
a Tak:Ke THIEPTOHUU, U ¢ OOJBIION YBEPEHHOCTHIO MOXKHO CKA3aTh, YTO IMYM SABASIETCS OJHUM
13 OCHOBHBIX (DAKTOPOB, CIIOCOOCTBYIONIAX ITOMY.

3akJ/roueHue

Bce 6oblne crienuancToB B MUpe, UCCAEAYIONINX HETATHBHOE BO3IECTBHE IIyMa Ha
JeJI0OBeKa, MPENOIAraloT, 9T0 IyM OKa3biBaeT 00Ilee CTPecCOPHOe BJIUsSHHE Ha OPraHW3M B
00IIeM, HO He BCe UCCJIeJOBAHUS MOITBEPKIAIOT 9TO. Pas3/IndHble TEOPUN U BEPCUH, CBI3AHHBIE
C MEXaHM3MOM BO3JEHCTBHA NIYMa, PACXOXKJICHUSA B BOHPOCAX O T€X WJIM MHBIX 3a00JI€BAHUSX
rOBOPAT JIMIIHL O TOM, 9TO Yy KazKJIOTO Y€J0BEKA 3TO IPOABISAETCA WHINBULYAJBHO U MO-CBOEMY.

[Iy™m BO3mefCTBYeT Ha UeJ0BeKa CJIEIYIONUM 00pa30M: CO3aeT HAIPY3KYy Ha Opran
CJIyXa W BO3JEHCTBYeT Ha IEHTPAJbHYI0 HEPBHYIO CHCTEMY, BOCIPUHUMAIONLYIO WH(MOPMAIHIO
u3 BHemHero mupa. HecnermududeckuM Bo3meiicTBEEM 3BYKa Ha YeJIOBEKA MOYKHO Ha3BaTh
PEAKIIAIO CEPAEYHO-COCYANCTON U NEHTPAJIbHON HEPBHONW CUCTEMBbI.

Hackonbpko Jioau MOTYT aJalTHPOBATHC K IIyMy U IMOYeMY HX PEaKIUd TaK CHJIbHO
oramaaroTcs?  IlpeamosiokeHuss 0 TOM, 9UTO CYIIECTBYIOT HWHIMBH/YAJbHBIE DAa3IHYds B
YYBCTBUTEIBHOCTH K IIYMY, CONJIACOBAHHBIE B PA3HBIX CHUTYAIMAX, U O TOM, YTO CYMIECTBYIOT
pPasJIMYHBIE CXEMbl KOPPEKTHPOBKH, HHKOIJIA HE IIOJBEPIraJUCh CEPbE3HBIM HCIIBITAHUAM B
NoJIeBbIX HccaenoBanusX. (JlaGopaTopHbie HCCAeI0BAHUS WHINBHIYATBHBIX DA3IHIANA CM.
Anderson, 1971 [7]; Elliott, 1971 [8]; Hockey, 1972 [9]) B obmecTBenmbie uccae oBanus mymMa
HHOTJIA BKJIIOYAIOTCS HEKOTOPBIE BOIMPOCH B I'py0o0ii MONBITKE H3MEPUTH OOIIYIO TEeHIEeHIIHIO
K YYBCTBUTEIBHOCTH IIymMa. KOppeasium MexkKJIy TaKUMH MepaMH W pas3IparkKeHHeM B
CBsI3M ¢ KOHKDETHOW mpobieMoil myma dacto Obiaior Hedmadureabubivu (Broadbent, 1972
[10]; McKennell, 1963 [11]). [laxke korga obuapyzkupaercss cBsi3b (Hampumep, Langdon,
1976 [12]), TpymHOCTH, CBsI3aHHBIE C TIOJyYeHHEM NPHYINHHO-CIEICTBEHHBIX CBsi3ell Ha
OCHOBE 3THUX KOPPEJIANUOHHBIX JTAHHBIX, 3aCTABJMIOT 3aJyMAThCs O TOM, JeHCTBUTEBHO JIN
OIEHKa TYBCTBUTEIBHOCTH K IMIYMY MOYKET HCIOJIB30BATHCSA B IEPCIIEKTUBHOM HCCJIEOBAHUN
JUISE IPOIHO3MPOBaHMs peakuuii Ha 1mym.  lo-BuauMOoMy, Takoro HMCC/IeJ0BaHUS ele He
npoBoAMI0Ch. VHdopmanus o crenenn aganTanun JIo/el K NIyMy TaKzKe HEsICHA.

Heobxommmo uccsie10BaTh 3aBUCHMOCTD BO3JIECHCTBISA 3BYKOBOTO CUTHAJIA HA IeJIOBEKA
U PEeaklud ero BHYTPEHHUX CHCTeM opranmsma. 1o ecThb JaTh OIEHKY BJIMSHHS IyMa Ha
JeJIOBeKa, Ha €ro CaMOYYBCTBHE, HACTPOEHWE, BOCIPUSITHE OKPYKAIOMEH CpeIbl, a Tak Ke,
BBISIBUTH CKPBITHIE Peaknust OpraHusma, pukcupyembie npubopamu. Baxkno yaeauntb ocoboe
BHUMAHUE HHU3KO- M BHLICOKOYACTOTHOMY IMYMY, TaK KaK OHM NMPHUIAIOT 3BYKY MHTEHCHUBHOCTH
IIPH OIEeHKe BOCHPUATHsI (PU3TIECKOTO (haKTOpa IeTOBEKOM.

Tak Kak BOCIpUATHE IIyMa WMeeT WHIWBHIYAJbHBIN XapakTep s KarKJIoro
4eJI0OBeKa, HeOoOXOJAMMO CO3/aBaTh METOAUMKH HMCC/IEJ0BAHMS PEAKIMKM OpraHu3Ma. BaskHo
paspaborarh I KazKJI0r0 IPeIPUATHs, [e TIyM UMeeT 3HAYeHUs! BhIIe HOPMBI, CBOi MeTO
podeccuonaIhHOro 0T60pa, I NCKIIOYEHU CONNATLHO-9KOHOMUYIECKIX TTOTEPD.

Aemopos  6vipastcarom  04a2000pHOCTIG  HAYANOHUKY UCTLBIMAMEALHOT  AGBOPATOPUL
000 <«Uncmumym axycmuveckux koucmpykuuty Quesy K.II. 3a npedocmasientivie
MAMEPUAADL.



Kcenogonrosa B.K., Bacuibes B.A.
Heo6x0AmM0CTh BEISBICHIS JIUI] C HOBBIINEHHON TyBCTBHTEILHOCTHIO Ha IIYMHBIX IPOH3BOACTBAX (2

Crucok aureparypbl

1. Kapnos B./I., Kosmmio B.E., «CupaBounuk mo ['mruene tpynar», U3,
«Memununaay, JI.:1979 -c¢ 5-6.

2. Nordin, S.; Koérning Ljungberg, J.; Claeson, A.-S.; Neely, G. Stress and odor
sensitivity in persons with noise sensitivity. Noise Health. 2013, 15, P. 173-177.

3. Xopoenko IN1.I'. «B Mupe HecabImuMbIX 3ByKOB», I31aTeibeTBo « Mammmuuocrpoennes,
Mocxksa, 1971 r., 24 cTp.

4. Augpeepa-lananuna E.Il. BuGparmuonnas Gosestb. /Angpeesa-lananuna E.IT.,
Jpornunna 3.A., Apramonosa B.I'.- Menrus, JI1O, 1961- C.164.

5. Jlypusi P.A. Yuebnux BuyTpennux 6osesneii: yaebuuk // M. Buomenrns 1937r. 494
c.

6. «Anammrnueckuit BectHuky Nedd (597)/O6 axryanbneix mpobiaemax OGOPBOBI ¢
cepliedHo-cocynucThiMu 3aboeBanusivu; M.:2015 -¢.100-102.

7. Anderson CM. Teddington, Middlesex: The laboratory; 1971. The measurement
of Attitude to Noise and Noises. National Physical Laboratory Acoustics Report, Ac 52; pp.
1-47.

8. Elliott C.D., Noisetolerance and extraversion inchildren.  BritishJournal of
Psychology, 1971, 62, pp.375-380.

9. G.R.J.Hockey, Effects of noise on human efficiency and some individual differences,
Journal of Sound and Vibration, Volume 20, Issue 3, 8 February 1972, Pages 299-304.

10. Broadbent, D.E., 1971. Decision and stress. London: Academic Press.

11. McKennell, A. C. (1963). <Aircraft noise annoyance around London (Heathrow)
Airport» (Her Majesty’s Stationery Office, London).

12. Langdon F. J., 1976a «Noise Nuisance Caused by Road Traffic in Residential Areas:
Part I» Journal of Sound and Vibration 47, p. 243-263.

13. Nnrepner-pecype:  http://sp-sonic.ru.  Pexxum mocryma:  cobomubiii.  ara
nocemenng — 24.09.2019

References

1. Karpov BD, Kovshilo V.E., “Handbook of Occupational Health”, Ed. «Medicines,
L.: 1979 -s 5-6.

2. Nordin, S.; Koérning Ljungberg, J .; Claeson, A.-S .; Neely, G. Stress and odor
sensitivity in persons with noise sensitivity. Noise Health. 2013, 15, P. 173-177.

3. Khorbenko I.G. «In the world of inaudible sounds», Mashinostroenie Publishing
House, Moscow, 1971, 24 pp.

4. Andreeva-Galanina E.Ts.  Vibratory disease. / Andreeva-Galanina E.Ts.,
Drogichina E.A., Artamonova V.G. - Medgiz, Leningrad Oblast, 1961 - P.164.

5. Luria R.A. The textbook of internal diseases: a textbook // M. Biomedgiz 1937.
494 c.

6. «Analytical Bulletin» No. 44 (597) / On Actual Problems of the Fight against
Cardiovascular Diseases / M.: 2015 -p. 100-102.

7. Anderson CM. Teddington, Middlesex: The laboratory; 1971. The measurement
of Attitude to Noise and Noises. National Physical Laboratory Acoustics Report, Ac 52; pp.
1-47.

8. Elliott C. D., Noisetolerance and extraversion inchildren. British Journal of
Psychology, 1971, 62, pp. 375-380.



NOISE Theory and Practice 73

9. G.R.J.Hockey, Effects of noise on human efficiency and some individual differences,

Journal of Sound and Vibration, Volume 20, Issue 3, 8 February 1972, Pages 299-304.

10. Broadbent, D.E., 1971. Decision and stress. London: Academic Press.

11. McKennell, A. C. (1963). <Aircraft noise annoyance around London (Heathrow)
Airport» (Her Majesty’s Stationery Office, London).

12. Langdon F. J., 1976a «Noise Nuisance Caused by Road Traffic in Residential Areas:
Part I» Journal of Sound and Vibration 47, p. 243-263.

13. Web-resource: http://sp-sonic.ru. Access: free. Date of visit — 24.09.2019/



NOISE Theory and Practice

CeteBont Hayunbsin XKypHas
"Noise Theory and Practice"

OO0 "MAK"
riput BI'TY "BOEHMEX" mm. 1.®. YcrnHosa

I';taBHAgA 11€71B

I'maBHast penb ceteporo HayuHoro JKypnasia "Noise Theory and Practice"
— CII0COOCTBOBATh Pa3BUTHIO BUOPOaKyCTUKM (HayKa O IIIyMe 1 BUOparm).

OcHOBHBIE 3a1aUm
OcnoBHBIMY 3aauamy KypHaiia ABJIAIOTCA:

o OTpaXeHMe IOCIIeAHMX JIOCTVDKEHUI B TEOpUM W IIpakTuKe OOpbOBI C
LIIyMOM U BUOpariyer;

o OTpaXeHWe pe3yJIbTaTOB Hay4YHO-VCCIIe0BaTeIbCKIX padOT MO M3yUeHMIO
IIPOLIeCCOB LITyMOOOpa3oBaHys, pacIpOCTpaHeHNs 3ByKa V1 BUOparmm;

» OTpakeHMe pPe3yJIbTaTOB Pa3pabOTKM CpeAcTB IIIyMO- U BMOPO3aIlUTHL, a
TaK>XXe pe3yJIbTaTOB VMHBIX paboT, IIPOBOAMMBIX B 00J1acTV BUOPOAKYCTUKY,
V1 BBIITOJIHSAEMBIX Hay4YHbIMY cOTpyAHVMKaMy BY30B 11 vHbBIX opranmsanmiz;

 IIpefOCTaBJIeHVe CBeAeHUN O IUIaHVPYeMBbIX KOHdepeHIIX, ceMUHapax,
npoBoauMBIX B Poccunt 1 gpyrux crpaHax;

e IIPEOCTaBJIEHVIE aPXVMBHBIX MaTePVaJIOB TPYHOB HAay4YHbIX I(OH(l)epeHU,T/II;I,
ITOCBAIITI€HHDBIX BT/I6poaKYCTT/IKe.

Hayunoe nutuposaHme JXXypHasa

Xypnan  gBisiercss  OOIIENOCTYHHBIM  [IJII UYTeHMsS HeorpaHWYeHHBIM
YIICJIOM IIOJIb30BaTeslelt B peXrviMe on-line 11 IIpeficTaB/IeH B OTKPBITOM JOCTYIIe
C BO3MOXXHOCTBIO cOXpaHeHMs1 B ¢popmate pdf.

Matepuaner  XypHasla  MHOEKCHMPYIOT B HayKOMeTpUYecKmMx  0Oasax
Poccunckoro Manekca Hayunoro Lutuposanus (PVIHLI), Google Scholar.
Xypnasl BIIOUeH B Hay4Hble 3JIeKTpoHHble Ounbimorekn "KubepllenmHka",
Coumosner, Figshare, CiteFactor, ROAD.
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