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Sound Source Reconstruction on Flexible Plate backed by a Cavity
using Equivalent Source Method

Nagaraja Jade.', Venkatesham B.**
! Research scholar, Department of Mechanical and Aerospace Engineering, Indian Institute of
Technology Hyderabad, Telangana-502585, India
2 Associate professor, Department of Mechanical and Aerospace Engineering, Indian Institute
of Technology Hyderabad, Telangana-502285, India

Abstract

Characterization of sound radiation from thin flexible structures, which encloses sound sources, is
required for noise control studies. It involves structural-acoustic coupling between flexible structure and acoustic
cavity. The aim of present study is to reconstruct the sound source at uncoupled and coupled frequencies using
Equivalent Source Method (ESM) for a rectangular box with the single compliant wall. Data for reconstruction is
generated from numerical simulations instead of actual measurements. Effect of the regularization and Signal-to-
Noise Ratio (SNR) on the accuracy of reconstruction is discussed. The numerical model is developed to
understand the coupling phenomena between structural and acoustic subsystem.

Key words: Equivalent Source Method (ESM), Structural-acoustic coupled system, Regularization,
Signal-to-Noise Ratio (SNR).

Bocco3oanue ucmounuka 38yKka Ha 2udOKoil naacmune, H000EPHCUBAEMOT
nONOCMbIO, C UCHOTIb308AHUEM MEMOOA IKEUBAIEHMHO20 UCHIOYHUKA

*

oy 1 2
Haeapaoorca [Dicetio. -, Benkamewam b.
1 . . . .
Hayunvtii compyonux, Kageopa mawunocmpoenust u aspoxocmuyeckoi mexuuku, Hnoutickuil
Texnonoeuueckuti uncmumym Xaiioapavaoa, Tenaneana-502585, Unous
2* . .
Jloyenm xagedpvl mawunocmpoenus u a3poxkocmudeckold mexuuxu Mnoutickozo
mexnono2uyeckozo uncmumyma Xauoapabaoa, Teraneana-502285, Unous

Annomayus

Hna uccnedosanuss KOHMpPOna wiyma HeoOXo0uma Xapakmepucmuka 36YK06020 U3IYYeHUs MOHKUX
2UOKUX KOHCMPYKYUll, KOmopvle 02paxcoaiom UCMOYHUKY 36YKd. ODmo  éKuouaem KOHCIMPYKMUSHO-
AKYCTNUYECKYI0 C8A3b Mexcdy 2ubKoll KoncmpyKyueli u axycmuyeckou nonocmvio. Llenvio nacmosujezo
UCCned08aHus  AGNAEMCS  B0CCO30AHUE UCHOYHUKA 36YKA HA HECGA3AHHbIX U CEA3AHHbIX YACMOMAX C
UCNOIL308AHUEM MemOo0d IKeuareHmuozo ucmounuxa (ESM) ons npsamoyeonvhoii kopobku ¢ 0OHOU ynpyzoti
cmenkou. [launvle 01 80CCO30AHUSL 2€HEPUPYIOMCA HA OCHO8E HUCIEHHO20 MOOETUPOBAHUS 6Mechio
Gaxmuyeckux uzmepenuti. Obcyxcoaemcs @uusHue pe2yaapuzayuu u coomuouweHus cueHar/wiym (SNR) Ha
mouHocmb  8occo3danus. Paspabomana uuciennas molenv 0Nl NOHUMAHUA  SAGIEHUS CBA3U  MeNCOy
KOHCIPYKMUBHOU U AKYCMUYECKOU NOOCUCTEMAMU.

Kniouesvie cnosa: memoo skeusanenmmnozo ucmounuxa (ESM), xoncmpyxkmueno-axycmuueckas
cesazannas cucmema, pezyiapusayus, coomuowenue cuenan/wym (SNR).

Introduction

Analysis of sound radiation from the flexible structures backed by an air cavity is an
interesting problem in enclosure designs, heating, ventilation and air-conditioning (HVAC)
problems, engine cover, transformer tank wall, etc. These types of problems involve

“E-mail: venkatesham@iith.ac.in (corresponding author), me12p1002@iith.ac.in
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structural-acoustic coupling phenomena between flexible structure and acoustic cavity. Sound
radiates efficiently at the coupled frequencies due to structural-acoustic coupling and at
uncoupled frequencies due to structural vibrations [1]. It is important to calculate these
frequencies to control the noise radiation effectively. Venkatesham et al. studied sound
radiation from a rectangular duct with a single and also with four compliant walls [2, 3].
Various direct or indirect (inverse) techniques are available for the characterization of sound
radiation. Some of them are sound intensity method, pressure based method, surface
contribution method, near-field acoustic holography (NAH) and beamforming [4, 5].

NAH is one of the good inverse techniques to predict the vibro-acoustic properties of
the sound source at lower frequencies [6]. It is @ method to reconstruct the acoustic pressure,
particle velocity and the sound power using sound pressure measured in the 2D holographic
plane. NAH method is first presented by Maynard and Williams [7, 8] which has high
resolution compared to conventional holography method. To overcome the limitations of
planar NAH (since it is confined only to regular shapes), different methods are established for
complex shape geometries [9, 10]. Later in 1992, to enhance the conventional holography
technique for arbitrarily shaped vibrating surfaces, Bai developed four holography
transformation algorithms based on boundary element method (BEM) [11]. Patch NAH
methods are established by researchers to overcome the difficulties of implementation of
NAH on large structures [12, 13]. Meanwhile, an alternative to BEM technique, equivalent
source method is introduced by Sarkissian [14], since BEM requires large computational
resources for complex structures. Here, sound field radiated from the noise source is
expressed by a set of standard sources like a monopole, dipole or combination as close to the
radiating surface. The main advantage of ESM is that the required computational time is
much lesser than other NAH methods. Essential benefits of ESM and patch NAH methods are
combined and developed new near-field acoustic holography surface decomposition method
by Valdivia et al. [15].

As these NAH techniques are the inverse methods, the reconstructed results are ill-
posed due to the presence of evanescent waves. Regularization methods are used to overcome
the ill-posedness of the problem [16]. Tikhonov regularization is the most commonly used
technique for NAH methods [17]. Characterization of flexible structure which encloses the
noise source is of great interest to analyze the coupling behavior and sound radiation
mechanism. Lin and Pan [18] investigated sound radiation characteristics of box type
structures due to structural excitation. Most of the available literature to characterize these
types of structures are based on structural excitation.

The objective of the present work is to reconstruct the sound source on a flexible
plate backed by a cavity at uncoupled and coupled frequencies using ESM technique.
Initially, uncoupled structural, acoustic natural frequencies and coupled frequencies are
calculated from finite element analysis, and these results are corroborated with the analytical
results available in the literature [2]. As next step, sound pressure radiated from a flexible
surface due to acoustic excitation is calculated using FEM-BEM (finite element/boundary
element method). Sound pressure (obtained from numerical simulations) data with added
white noise are considered for the reconstruction. Tikhonov regularization with generalized
cross-validation (GCV) and L-curve parameter selection methods are employed to overcome
the ill-posedness problem. Effect of measurement and background noise on the accuracy of
reconstruction is studied in terms of the Signal-to-Noise ratio (SNR). Some of the numerical
results presented in the current paper are reported in author’s conference paper [19].

The current study will be helpful to understand the effect of parameters such as
regularization parameter method and SNR on the accuracy of reconstruction results before
performing the experimental measurements. The organization of the paper as follows,
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Section-1, describes briefly the principle of ESM method for the reconstruction of sound
source characteristics, definition of signal-to-noise ratio and calculation of reconstruction
error. Section-2 presents the description of numerical simulations and data generation for
reconstruction instead of measurement. In section-3, coupled and uncoupled frequencies
obtained from numerical and analytical results are discussed. Regularization parameter
estimation and reconstruction of sound pressure results are described in section-4. In the last
section, the conclusions are presented.

1. Theory

Present section describes the basic principle of Near-Field Acoustic Holography in
brief, and methodology of Equivalent Source Method (ESM) based NAH technique. It also
presents the definition of Signal-to-Noise Ratio (SNR) and reconstruction error calculation.

1.1. Near-field Acoustic Holography

NAH is an inverse array technique used to reconstruct the acoustic parameters by
measuring the sound pressure with an array of microphones, in a parallel and near to the
sound source. The principle of the NAH method is shown schematically in the Fig. 1. It
depicts the location of the sound source (Zs), holographic plane (Zp) and also the
reconstruction plane (Z;). The acoustic parameters can be reconstructed on any plane in-
between the source and holographic planes using NAH technique.

Inversion

1
P
7 //
A1 LA A
49%
O 4AP=P ™
Ve Q< ] /
Qe AP aP%
1 A
g2g8%
y ] -
x // \\)t\
Lz |~ ®
/ /
Source plane Reconstruction :
@) plane (z,) N

Fig. 1. Schematic diagram of NAH method which depicts source, holographic and
reconstruction planes

Sound radiated from the noise source can be measured in terms of sound pressure on
any plane with set of measurement points, which is given by [6],

{Priv = [Aluxn {@stn (1)

In Eq. (1), p, represents the measured sound pressure and ¢, is the acoustic
source strength. A is the transfer matrix (TM) of the dimension of M*N, which relates
the known pressure to the unknown source strength. M is the number of measurement
points and N is the number of reconstruction points. The calculation of the elements of
TM varies for different NAH methods. In ESM method, it can be calculated using free
space Green’s function, In Inverse boundary element method (IBEM), TM can be
obtained using Helmholtz integral equation and for Statistically Optimized NAH
(SONAH) method, TM can be formulated using elementary wave functions. As all these
NAH methods are an ill-posed problem, regularization is necessary to overcome the ill-
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posed condition and to reconstruct accurate results. The regularized solution of Eq. (1) is
given by,

qs = (A"A + e)T'A" py, )

Here, I is the identity matrix, H denotes Hermitian transpose, and e is
regularization parameter. Acoustic particle velocity of noise source can also be
calculated using the reconstructed sound pressure. Using these reconstructed pressure
and particle velocity, active intensity and sound power of the source can be calculated.

1.2. Equivalent source method (ESM)

In ESM method, the sound field is modelled by the distribution of virtual
sources such as monopole, dipole or combination of both sources. The acoustic pressure
at field point x, based on ESM formulation (in discretized form) is given as follows,

ph (xm) = g:lijk GhU (Xm' Yn)CIv (Yn): m:19 29- cey M (3)

where, p;, is the measured pressure, g, is virtual source strength. x,, and y,, are
position vectors of field point (measurement) and source point, respectively. The Gy, is free-
space Green’s function associated with source point ‘z” and field point ‘m’ and it is given by,

e (_]kr)

Ghv (X, Y) = ’ (4)

4ntr

In Eq. (4), k = w/c is the wavenumber, w is the angular frequency c is the speed of
sound, r = |[x —y| and j =+v—1. The Eq. (3) can be written in a matrix form as,

Py = jpwGy,Qy &)

Here, P}, represents measured sound pressure vector, Q, represents virtual source
strength vector, Gy, is the propagation matrix (transfer matrix), which relates holographic
pressure with source volume velocity and p is the air density. The unknown source
strength can be estimated by inverting Eq. (5) with regularization and solution is as
follows,

1

ipck (Gﬁthv + SI)_IvaPh (6)

Qreg =

where, Qeg is the regularized estimated source strength, Gy, is Hermitian

transpose of Gy, € is the regularization parameter and I is the identity matrix. Once the

source strength is calculated then acoustic parameters can be reconstructed on the

surface of actual sound source. The sound pressure on source surface (Pg) can be

estimated by using Eq. (7), here, Gy, represents the propagation matrix relating actual
source sound pressure to the virtual source strength.

Ps = ipwGq, Qreg (7)
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1.3. Signal-to-noise ratio (SNR)

It is defined as a ratio of signal power to the noise power. It is also called as dynamic
range. It represents the arithmetical difference between the signal and noise levels, in
decibels. In other words, it is the ratio of actual signal to the noisy signal, which can be given
by the following expression [6],

SNR - 2010910 ”Psignal+noise_Pnoise” (8)

”Pnoise”

where, Pg;gnai+noise 18 the measured signal with the presence of noise and Pyp;se
is the noise signal.

1.4. Signal-to-noise ratio (SNR)

The accuracy of reconstruction of acoustic parameters can be expressed in terms of
the reconstruction error. This can be written in general form as [20],

P,—P
Ps—Psa |, £ 100% )
[1Psl2

where, the vectors Ps and Ps; represents the measured and reconstructed sound
pressure, respectively.

2. Numerical simulations

Firstly, the uncoupled structural and acoustical frequencies are calculated using the
finite element method. Numerical models for the flexible plate structure and acoustic cavity
are shown in Fig.2. For structural analysis, a rectangular plate of the dimension 0.868 m x
1.15 m with 10 gauge (2.5 mm) is modelled and meshed using shell elements. The material
properties of the structure are: 71 GPa, Elastic modulus, 2700 kg/m®, density, and 0.3
Poison’s ratio. Simply-supported boundary conditions are applied at edges of the plate and
numerical modal analysis is performed using commercial software ANSYS-16 [21]. An
acoustic cavity of dimensions 0.868 m x 1.15 m x 1 m is modelled and meshed using SOLID-
185 elements. Air properties such as, density of 1.225 kg/m?, speed of the sound is 340 m/s
are applied and acoustic modal analysis is performed. Structural mesh mapped with acoustic
mesh and coupled analysis performed using LMS virtual lab-13 [22].

Structural mesh

Acoustic mesh

A

y X

Fig. 2. A numerical model of the structure and an acoustic cavity for coupled
analysis.
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Fig. 3. Radiated sound pressure measurements on the holographic plane:
(a) Schematic (b) Numerical model

Figure 3 shows the schematic and numerical model for radiated sound pressure
measurement. FEM-BEM analysis is performed for calculation of radiated sound pressure and
power. A monopole source of the strength 0.1 kg/sec? is used as an acoustic source for
excitation. As the first step, the vibration displacement of the flexible plate due to acoustic
excitation is calculated by FEM model. Then vibration displacement is used as input
boundary condition for BEM acoustics exterior method for calculation of radiated sound
power and pressure. Dimensions of the holographic plane and spacing between measurement
points are selected based on the interested frequency range.

3. Structural-acoustic coupled analysis

In this section, discussed numerical and analytical results for uncoupled and coupled
natural frequencies of chosen geometry. Effectiveness of coupling is discussed in terms of the
coupling transfer factor (TF).

3.1. Uncoupled frequencies

Uncoupled structural and acoustical frequencies calculated from numerical results
are compared with analytical results calculated from a mathematical model available in the
literature [2]. Table 1 shows the comparison of numerical and analytical results till 200 Hz.
Here, fs, represents numerical uncoupled structural frequencies, fs, represents analytical
uncoupled structural frequencies. Similarly, f,, and fa, represent numerical and analytical
uncoupled acoustic frequencies, respectively. It can be observed from Table 1 that uncoupled
structural and acoustical modes of numerical results are in good agreement with analytical
results.

Table 1
Comparison of numerical and analytical uncoupled structural and acoustical frequencies
Uncoupled structural Uncoupled acoustical
frequencies frequencies
Mode fon fsa Mode fon fa Mode fan faa
No. (Hz) (Hz) No. (Hz) (Hz2) No. (Hz) (Hz)

1 12.69 12.67 11 113.58 | 114.00 1 147.83 | 147.83
2 26.48 26.46 12 122.97 | 123.00 2 170.00 | 170.00
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Uncoupled structural Uncoupled acoustical
frequencies frequencies
Mode fon fa Mode fon fea Mode fan faa
No. (Hz) (Hz) No. (Hz) (Hz) No. (Hz) (Hz)
3 36.91 36.88 13 133.66 | 133.71 3 195.85 | 195.85
4 49.47 49.45 14 145.34 | 146.18
5 50.65 50.67 15 146.66 | 147.21
6 73.52 73.65 16 147.15 | 147.50
7 77.25 77.22 17 169.62 | 170.49
8 81.63 81.63 18 173.46 | 173.57
9 90.88 91.02 19 186.16 | 187.56
10 105.52 | 105.83 20 196.91 | 197.78

3.2. Coupled frequencies

Table 2 shows the comparison of coupled frequencies obtained from numerical
simulations with analytically calculated results. They are in good agreement. Here, fc,
represents numerical coupled frequencies, fc, represents analytical coupled frequencies. It can
be noticed that uncoupled structural frequencies 147.15 Hz, 173.46 Hz and 196.91 Hz are
coupled with uncoupled acoustical frequencies 147.83 Hz, 170 Hz and 195.85, respectively.
The effective coupled modes can be identified by calculating transfer factor (TF) and it varies
from 0 to 1 [2]. TF values close to 1 represents the strong coupling. It can be noticed that
uncoupled structural frequency 146.18 Hz is coupled with uncoupled acoustical frequency
147.83 Hz with TF value of 0.887. Similarly, 220.13 Hz structural frequency is coupled with
225.28 Hz acoustic frequency with TF value of 0.78.

Table 2

Comparison of numerical and analytical coupled frequencies

Coupled frequencies

Mode No. (E;) (E;) Mode No. ({_C'“Z) (T—C|az)
1 21.99 21.83 13 133.40 133.43
2 26.14 26.12 14 145.03 145.78
3 36.60 36.56 15 146.58 147.12
4 49.73 49.78 16 146.99 147.33
5 50.37 50.39 17 149.34 149.40
6 73.44 73.58 18 169.56 170.42
7 77.34 77.34 19 172.48 172.43
8 81.43 81.41 20 173.50 173.61
9 90.72 90.84 21 186.21 187.61
10 105.43 105.73 22 196.78 196.98
11 113.55 113.99 23 197.01 197.63
12 122.86 122.94 24 201.01 202.61
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4. Reconstruction of sound pressure on source surface

In this section, the data generation from numerical simulations for the source
reconstruction is described. Regularized parameter selection methods for reconstruction of
sound pressure on a flexible surface are described. These reconstructed results have compared
with actual sound pressure on source surface obtained from DBEM (direct boundary element
method). Effect of SNR on reconstruction error is also discussed.

4.1. Data for the reconstruction

Sound radiated from the flexible surface is estimated in the near-field of the source
by a set of virtual microphones. A holographic plane of dimension 1.0 m x 1.3 m with the
11x11 number of measurement points is considered, and it is located at a distance of 0.25m
from the flexible surface of the box. The spacing between measuring points along x-direction
is 0.1m and along y-direction is 0.13 m. Fig. 4 shows the sound pressure levels at 22 Hz
(uncoupled) and 149 Hz (coupled) frequencies with respect to the microphones. It can be
noticed that the sound pressure levels at 22 Hz frequency are higher than 149 Hz frequency at
all the microphone positions.

100 |
80 -, ;

60 - ¥

40

20 —H

Sound pressure level (dB)

ot+——rTF—F—1——7
0O 20 40 60 80 100 120

Microphone number

Fig. 4. Radiated sound pressure level on the holographic plane with respect to
microphone number at 22 Hz and 149 Hz frequencies.

Sound pressure estimated on the field points is used as input for ESM technique for
the reconstruction. In order to create more realistic problems, the perturbation (white noise) is
integrated to the pressure signal calculated by the numerical simulations. The added noise
incorporates the measurement noise and background noise. Data generation from a numerical
simulation with added noise is one of the alternative methods in the absence of measurement
array data.

4.2. Radiated sound power calculation

Figure 5 shows the radiated sound power level measured on the holographic plane
near the flexible surface of the box structure. It can be observed that sound radiates
efficiently at uncoupled structural frequency 22 Hz and acoustic frequency 197 Hz. The sound
power levels at these frequencies are 107.34 dB and 123.48 dB, respectively. It can be further
noticed from the plot that, there are two peaks around 147 Hz. These closely spaced
frequencies are due to the structural-acoustic coupling of uncoupled acoustic mode at 147.83
Hz with the uncoupled structural mode at 147.15 Hz. The split phenomenon occurs due to the
energy exchange between acoustic and structural subsystems.
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Fig. 5. Sound power level radiated from the flexible surface of the box with respect
to frequency.

4.3. Regularization

ESM technique is an ill-posed inverse problem. Therefore regularization is important
in order to avoid the amplification of noise presented in the measured pressure. Regularization
improves the condition of the inverse matrix. In the present work, Tikhonov regularization
with GCV and L-curve parameter selection methods are considered. L-curve plots for the
interested frequencies of 22 Hz and 149 Hz are shown in Fig.6 (a) and (b), respectively. These
plots show that corner of the L-curve (regularization parameter, €) occurs at 3.0821e-06 for 22
Hz frequency and 0.003143 for 149 Hz frequency. Similarly, GCV curves for two interested
frequencies are shown in Fig. 7(a) and (b). The minimum values of the GCV curve are
2.0269e-04 and 2.4728e-04 for 22 Hz and 149 Hz frequencies, respectively.

4.4. Reconstructed parameters

Sound pressure is reconstructed on the source plane using ESM technique with L-
curve and GCV regularization parameter selection methods. Here, total 121 number of
monopole sources are chosen in the virtual plane. These are arranged in form of 11 x 11 with
the spacing of 0.0868 m in the x-direction and 0.115 m in the y-direction. The retreat distance,
(RD, the distance between the actual source plane to the virtual plane) varies from 0.5Am to 1
Am for the planar source, where, ‘A’ is the microphone spacing [17]. In the present analysis,
RD of 0.0434m and 0.0868m for 22 Hz and 149 Hz frequencies are used to locate the virtual
sources, respectively.

L-curve, Tikh. corner at 3.0821e-06 L-curve, Tikh. corner at 0.003143
108
10% |
= ~
R —
= ; 0.0221e-05
o
= — §.52536-05 E 10t
g 10° 4.91142-08 g
g o
9 00023785 5
J= .9
E “5‘ 100
2 g 51552
104‘ 10—1.
1071 10° 10t 1074 1072 10°
(a) Residual norm ||Ax — b||, (b) Residual norm ||4x — b||,
a

Fig. 6. L-curves for regularization parameter selection at uncoupled and coupled
frequencies: (a) 22 Hz (b) 149 Hz.
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Fig. 7. GCV-curves for regularization parameter selection at uncoupled and coupled
frequencies: (a) 22 Hz (b) 149 Hz.

Fig. 8 shows the comparison of reconstructed results with the actual results for 22 Hz
and 149 Hz frequencies. It is observed from Fig. 8(a) that, the two regularization parameter
selection methods provide reasonable results. However, the magnitude of the pressure
obtained using L-curve method is more accurate than the GCV method. Similar behavior is
also observed in Fig. 8(b) for 149 Hz frequency. Reconstructed results of the sound pressure
on source surface can also be verified by comparing the contour plot of the sound pressure
distribution. Fig. 9 shows the contour plots of the actual and reconstructed sound pressure at
the frequency of 22 Hz. It can be clearly noticed that reconstructed results are in good match
with the actual results.

Figure 10 shows a comparison of actual and reconstructed sound pressure in the form
of a contour plot for the coupled frequency of 149 Hz. As it can be observed from the plot,
both results are in good agreement. However, there is a small discrepancy between these
results due to the coupling effect. Because of the existence of higher-order modes and
evanescent wave, the sound radiation pattern varies as keeps moving away from the source
surface. Hence, the sound pressure measured on a holographic plane may not have the
information of the exponentially decaying waves and which leads to the errors in
reconstruction results.
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Fig. 8. Comparison of measured and reconstructed sound pressure: (a) Uncoupled
frequency 22 Hz, (b) Coupled frequency 149 Hz.
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(a)

Fig. 9. Comparison of pressure contour plots at uncoupled frequency 22 Hz: (a) Actual,

(@)
Fig. 10.

45. Effect of SNR on reconstruction error
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Comparison of pressure contour plots at uncoupled frequency 149 Hz: (a) Actual,

(b) Reconstructed.

Effect of noise on the accuracy of the reconstruction is studied in terms of the signal-
to-noise ratio (dynamic range). Fig. 11 shows the reconstruction error plots as a function of
SNR values at uncoupled and coupled frequencies. The different SNR values vary from 25 dB
to 50 dB are considered in the intervals of 5 dB. It can be observed that at the uncoupled
frequency the reconstruction error decreases uniformly as SNR values increases. However, in
case of coupled frequency, the reconstruction error is not uniform. This is because of missing
the information of evanescent waves in the measured signal. It is clearly evident from the
reconstruction error plots that the SNR values must be high to obtain reconstruction results
with less than 15% error.
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Fig. 11. Maximum reconstruction errors for different signal-to-noise ratio at an uncoupled
frequency (22 Hz) and coupled frequency (149 Hz).

Conclusions

In the present paper, as the first step, the uncoupled and coupled natural frequencies
are calculated by numerical simulations and corroborated with analytical results. Next, data
for reconstruction is generated from predicted sound pressure levels in the near-field of the
source. The sound pressure on the flexible surface of the box is reconstructed using equivalent
source method. Tikhonov regularization with GCV and L-curve parameter selection methods
are employed for solving ill-posed condition. Reconstructed results are compared with actual
results at both uncoupled and coupled frequencies. Effect of noise on the accuracy of the
reconstruction is studied for different signal to noise ratio (SNR) values. Higher SNR values
lead to good accuracy in reconstruction. Based on the regularization studies, it can be
concluded that L-curve method is better as compared to GCV method for reconstruction at
uncoupled and coupled frequencies.
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Bo3M0kHO0 Ji IPOHUKHOBEHHE UMITYJILCA 3BYKOBOIO y1apa OT
COBPEMEHHOI0 UCTPeOUTe/Isl B BOJAHYIO Cpey € ero JajbHelnum
BOJIHOBBIM pacnpocTpaHeHHeM B 3TOM cpene?

Makos I0.H.*
Houent, MockoBckuii rocyaapcTBeHHbli yausepcurer uM. M.B. JIomoHOCOBa,
¢busnueckuil pakynabTeT, Kagenpa akycTuku, Mocksa, Poccus

AHHOTaLUA

B pabote paccMaTpuBarOTCSI BO3MOKHOCTH PAaCIPOCTPAHEHHS B BOJTHOBOM PEXHME «IPOHHUKILIETO» B
BOJHYIO Cpely dYepe3 TIpaHHIy BO3AYyX-BOJa HMIIYJIbCa 3BYKOBOTO YAapa OT JETSIIETO CBEPX3BYKOBOTO
camoiieTa. AHalu3UpyeMoe BOJIHOBOE paclpOCTpaHEHUE HMITyJdbca 3BYKOBOIO yJapa B BOJHOHW cpere
aNbTEPHATUBHO YKOPCHMBIIEMYCS B JIMTEpaType HPEeICTABICHUIO O HE BOJHOBOM XapakTepe MPOHUKHOBEHHS
3TOr0 UMIIyJIbCa B BOAY C OBICTPBIM yMEHBIIEHHEM (B MOJAEIM HICATbHON JKMIKOCTH) IHMKOBOTO 3HAUCHUS
UMITyJIbca M CTaXXHBaHHsA ero (OpPMBI IPU OTXOJE OT IOBEPXHOCTH >KUIKOCTH BriIyOb. JleficTBUTENBHO, HE
BOJIHOBOIl pPEXUM TNPOHHMKHOBEHUS THUIIMUEH TIIPH «CTAaHAAPTHOMY» TIOJNETE CBEPX3BYKOBOI'O CaMoJIeTa
MapaijelbHO BOIHOM MOBEPXHOCTH, OAHAKO B JAaHHOI paboTe paccMaTpHBaeTCs pe3ynbTaT MUKHUPOBAHUA (HeE
OYEHB KPYTOI'0) CaMOJIeTa K BOZHON MMOBEPXHOCTH, YTO M 00ECIIEUNBACT HYKHBIH 3 (eKT.

KiroueBble ciioBa: HMITYJIbC 3BYKOBOTI'O yJapa, IPOHUKHOBCHNEC B BOAHYIO CPCAY, IMKUPOBAHUC.

Is it possible the penetration of the sonic boom impulse from a modern fighter into the
water medium with the further wave motion in this medium of the penetrated impulse?

Makov Yu.N.*
Associate professor, M.V. Lomonosov Moscow State University, Faculty of Physics, Moscow, Russia

Abstract

The paper considers of wave motion possible for penetrated sonic boom impulse from modern fighter
into the water medium through the air-water boundary. Analyzable wave motion of sonic boom impulse in water
medium is alternative with respect to the ingrained conception about no wave penetration of this impulse into
water when fast decrease (for ideal liquid model) of peak pressure in impulse and when fast its profile smoothing
when moving away from water surface deep down. Really, the no wave behavior of concerned impulse
penetration is typical for the ordinary flight of the supersonic airplane parallel to water surface but in this paper
the nose dive of fighter to water surface.

Key words: sonic boom impulse, penetration into water medium, nose dive.

BBenenune

W3BectHO [1], yTO nBMKEeHHME OOBEKTa B BO3IYIIHOH Cpele CO CBEPX3BYKOBOU
CKOPOCTBIO (Hampumep, IyJIH, CaMOJeThl) COMPOBOXKIAETCS TaK HA3bIBA€MbIM 3BYKOBBIM
ynapom (3Y); 3TUM TEPMHHOM OIpENENIeTCs paclpoCTpaHsionieecs € KOHUYECKHM
BOJIHOBBIM (pOHTOM (OH k€ KoHyc Maxa) ummynbcHoe Bo3MyiueHue (Puc. la), mpoduib
KOTOPOTO COJEPXKUT pE3KUE HM3MEHEHUS COOTBETCTBYIOIIUX (PU3MUECKUX MapaMeTpoB
(mpexnie Bcero, AAaBJICHUS U IJIOTHOCTH) C MOCIEAYIOIIMM HMX «CIUSHUEM» B MEPEAHUNA U
3aHUM yrapHblid GpoHT nmpoduis ummynbca 3BykoBoro yaapa (U3Y). Taxke ormeTuM, uTo
IIPU ITOJIETHOM NPOJBMKEHUU CAMOJIETA BJIOJIb TPACKTOPUHM M COOTBETCTBYIOIIEM YAAICHHUH
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oOpasyromieid KOHycHOro (poHTa OT (PUKCHUpOBAHHON TOYKM TpaekTopuu (cMm. Puc. 1 a)
npoduns U3V o0biuHOo mpuoOperaeT Bui N-UMIYyIbCa, KOTOPBIA MOXHO TPAaKTOBaTh Kak
00U acCUMNTOTHYECKUNA MPOGUIbL I J000T0, 00Jee CIONKHOTO MO BUAY (M3pE3aHHOTO
MEJIKUMH HEepaBHBIMHU <«3YObsSMU»), HadasnpHOro npodmins U3V, BUI KOTOPOTO 3aBHUCHUT OT
«apXHUTEKTYPbI» U peXHMa OOTEKaHHs KOpIlyca caMoJieTa. DTOT Mpolecc TpaHchopMauu
pacmpoctpaHnsieMoro oT camosera npodpuins M3Y nokasan B SBHOM BHJIe O€3 JIMITHUX JeTalei
(Hanpumep, 6€3 KOHYCHOTO BOJTHOBOTO (poHTa) HAa Prcynke 1 6. [Iponecc hopmupoBanus N-
UMITyJIbCa OOBSCHSETCS TMOHSATHBIM HEITMHEWHBIM XapaKTepoM TpaHCHOpMaluU TPOPHIIS,
KOI'Jla BCE MPOMEXKYTOUHbIE 3yObs Ha «IIOJOXKHUTEJIbHON) MOJIOBUHE CMEIIAIOTCA C Pa3HbIMU
CKOpOCTSIMU (4eM OO0JIbIlle MMKOBOE 3HAUYCHUE 3y0I1a, TeM OOJIBIIE €ro CKOPOCTh CMEIeHus!)
K ero obOmemy Hauvany, Gopmupys nepeaHuit ynapaeli ¢port M3Y u, aHamorudHo, B
«OTpULATEIHHOI) MOJOBUHE UMITYJIbCA IPOMEKYTOUHBIE 3yObsi CMEIIAIOTCS TOXKE C pa3HOU
CKOPOCTBIO K KOHITY UMITYJIbca, (opMUpyst ero 3aauuid ynapHbiii ¢poHT (cMm. Puc.1 6). Otor
nporecc ¢opmupoBanusi N-ummynbca (4acto roBopsAT 00 N-o0pasHOW BoHE) OBLI
teopernuecku obocHoBaH JI.[l. Jlannay B ero pabdote [2].

[~~~ OGmacrs GmmxHero
Ny oI

OO6mnacTh cpeaHero

m

~—7 o

O6nacTp JaabHEro MmoJist
y MOBEPXHOCTH 3eMIIU [——
HIJIN BOAbI

Puc. 1. a) KonycHbI# (C yriioM OJypacKkpbiBa) 0.) BOJIHOBON (PPOHT BO3HUKAFOIINX
N3V, KOTOpBI «IIpUBsI3aH» K JIETAIIEMY CaMOJIETy; TOYEUHBIM KOHTYPOM I1OKa3aHO
MIOJIOKEHHUE ITOTO KOHYCHOTO BOJIHOBOTO ()POHTA B TPEABLAYIINH MOMEHT BPEMEHHU;
n300pakeHHast HUKeJleXKallasi INIOCKOCTh SIBJISIETCS TOBEPXHOCTHIO 3€MJIM UM BOAHOM
Cpelibl, Ha 3TOI MOBEPXHOCTH OTMeueHa 30Ha 3 dexTuBHoro neiicteust U3V k nanHomy
MOMEHTY BpeMeHH 0) ¢popmupoBanue N-nogooHoro npoduist U3Y npu ero
pacrpoCTpaHEHUH OT CaMOoJIeTa K TIOBEPXHOCTH paszesa cpen

Jlna ananu3a HyXHBIX 2QPEKTOB B JaTbHEHIIIEM OCHOBHOM Pa3/ielie CTaTbi OTMETHUM
3IeCh  CIEAyIolee  CYIIECTBEHHOE  OOCTOSITENIbCTBO:  MPH  JIFOOBIX  TPAEKTOPHUSIX
paccMaTpuBaeMblii TOJIET CBEPX3BYKOBOTO caMmoJieTa BCerja MPOUCXOAUT HaA JIBYMS
OCHOBHBIMH THIIaMHU TpaHWI] (MOBEPXHOCTEH) pa3jenia JABYX IMap Cpea: BO3IyX-3eMiIs JHOO0
BO31yx-Bojia. [IOCKONBKY MOJET camoleTa SIBISETCS CBEPX3BYKOBBIM I BEPXHEH Cpenbl
(CKOpOCTh €ro moJieTa MPEBOCXOJUT CKOPOCTh 3BYKa B BO3JyXE), TO TAKOW CaMOJET TpH
MoJIeTe  SIBJISIETC  MCTOYHUKOM  BO3HHKHOBeHHs  (m3nmyuyeHusi)) W3V, nanbHeiiniee
pacrpocTpaHeHHe KOTOPBIX BOKPYT JBIIKYIIETOCS MCTOYHUKA (CaMoJieTa) XapaKTepH3yeTcs
KOHYCHBIM BOJHOBBIM (poHTOM (cM. Puc. la); B cBOI0O ouepenb, ITOT BOJHOBOW (POHT, B
YaCTHOCTH, TaJacT Ha HIDKEICKAIIYI0 TOBEPXHOCTh pa3zjielia W Jaliee OIpPEIeICHHBIM
00pa3oM BO3/ICHCTBYET Ha HUKEIEKAIIYI0 BTOPYIO cpey (TPYHT WK BOJHYIO cpeny). Ecnu B
9TOM TIpPOIIeCCe BO3JEHCTBHSI 0CO00€ BHHMAaHHE OOpaliaeTcss Ha OTACIbHBIA MUMMyJbe 3V,
JOCTUTTINN TIOBEPXHOCTH pazjena (cMm. Puc. 10), 1 Ha ero naiapHeHIyro Tpanchopmaiuo BO
BTOPO# cpejie, TOT/Ia dYalle BCEro TOBOPAT O MPOIECCe WU 3aJade «IPOHUKHOBEHUSD)
umnynsca 3Y U3 BO3AYIIHON Cpelbl B TPYHT WM KUIKYIO cpeny. Jlamee paccMarpuBaercs
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BTOPOU Cilydail: 3a7aua 0 MPOHUKHOBEHUHU UMITyJbca 3Y U3 BO3AYIIHON cpefbl B BoaHyH0. K
3TOMY MOXHO J00aBUTH OIPEAETICHHYI0 apryMEHTAIMI0 Ba)KHOCTH MMEHHO 3TOT0 BTOPOTO
cily4asi, TOCKOJIbKY, C OJHOM CTOPOHBI, IJIOIIAIb BOAHOM MOBEpXHOCTH MpeBbimiaeT 70% Bceit
MOBEPXHOCTU 3€MIIM, a, 3HAYUT, OOJbIIasi OJIsl MOJIETOB MPOUCXOJUT MMEHHO HaJ TaKou
MOBEPXHOCTBIO pa3jiena; ¢ APYyrod CTOPOHBI, aKTYaJIbHOU sBIIsIeTCS mpobiieMa (J0 KOHIa He
SCHasl) 3HAYMMOCTH BO3JCHCTBHS «IIPOHUKIIET0» B BOJIHYIO cpely umiyiasca 3Y Ha
MHOTOYHCJICHHBIX 0OUTATENel BOAHON CPEIbI.

1. PasauuyHble peXuMbl NPOHUKHOBeHUsI N-umnyiabca 3Y U3 BO3AYILIHONH B
BOJHYIO cCpeay

[IpuBenem 31ech HEOOXOAUMBIEC AHATUTUYECKUE COOTHOIICHUS, YUCIOBbIE TAHHBIE U
HEKOTOpBbIC KOHIENTYAJIbHBIE TMPUHIUIBI PACCMOTPEHUS HYKHBIX J(PGHEKTOB, KOTOpPHIE
HEOOXOIUMBI MPH PACCMOTPEHHM JIOOBIX CHUTyallMii ¢ npoHukHoBeHueM U3V B BogHyro
cpeny.

D¢ddexT BOIHOBOrO HU3ydyeHUs OT OBICTPOJABIIKYILEIOCS MCTOYHHKA (CKOPOCTh
JIBUKCHHUS ~ KOTOPOTO  MPEBBINIACT CKOPOCTh BOJIH  pacCMaTpUBaeMOro BHAAa B
paccMaTpUBaEMOii Cpejie) XOPOIIO U3BECTEH B Pa3IMUHbIX 00JaCTSIX HAYKH, HMEIOIIUX JIETIO C
SBIICHUSIMA W BOJIHAMH PA3JIMYHOW TPUPOIBI (DIEKTPOMArHETU3M, THIPOTra30IMHAMHUKA,
akycTtka). HecMOTpsi Ha COBEpIIIEHHO Pa3HBI «HOPOKIAOIINI MEXaHU3M» U3JIYYeHUS TOM
WIH WHOH MPHUPOABI (B CIyd4ae CBEPX3BYKOBOTO CaMOJIeTa — ITO «4epeaa» BO3HUKAIOIIUX
yIapHBIX BOJIH MPU CBEPX3BYKOBOM OOTEKAHMM BO3AYIIHBIM MOTOKOM XapaKTEpHBIX dacTei
KOpITyca CaMoJIeTa), STH SIBICHHUS BOJHOBOTO M3IyYCHHS TPAKTYIOTCS CO CXOMHBIX PPEKTy
BaBunoBa-UepenkoBa [3] mo3unuit (T.e. Kak aHaioru d3(¢deKkra) U UCHOIB3YIOT
JNEHCTBUTEILHO OOIMHME s BCEX CIIy4aeB OOIIME TEOMETPUYCCKHUE W KHHEMAaTHYCCKUE
MPEJICTABICHUS, MTOHATHS U 3aKOHOMEPHOCTH (KOHYCHBIH BOJIHOBOH (pOHT — KOoHyc Maxa
(cm. Puc. 1a), cooTHOIIEHHE MEXIY YIIIOM pacKpbiBa KoHyca Maxa U CKOPOCTBIO JBUXKEHUS
UCTOYHUKA (CM. Aanee) U Ap.). Jns nanpHeWIero aHaiusza B KauecTBE IMOJIE3HOW aHAJOTUHU
BCIIOMHHM CJIAYIOIINI H3BECTHBIA ()AaKT U3 AJIEKTPOMArHETU3MA: TIPOBOIHHUK, 110 KOTOPOMY
npoTekaeT ToK (ObIcTpoe IBMKEHHE 3apsiia MO TMPOBOJHUKY) H3JIy4aeT BOKPYT cebs
AJICKTPOMArHUTHYIO BOJHY, @ TPOCTO 3apaXCHHBIH NPOBOJHUK (WM C «MEIJICHHOY»
JIBUKYITUMECS 3apsaMH) cO3/1aeT BOKPYT ceOs HE BOJTHOBOE M HE PACIPOCTpaHsIoIIeecs Ha
OOJIBIIIME PACCTOSHUS, 2 OBICTPO YMEHBIAIOIEECS 10 aMIUTATYIE JIEKTPUIECKOE TIOJIE.

[IpuBenem xopormio u3BecTHOE cooTHolmieHue (cM. [1, 3]), cBsA3bIBarolee 3HAYCHHE
yria monypackpbiBa o KoHyca Maxa (Puc.la) co ckopocthto Vi paBHOMEpPHOTO
CBEPX3BYKOBOI'O TOJIETa CaMoJIeTa MO MPSMOM TPACKTOPUU M CO CKOPOCTHIO aKyCTHUYECKUX
BOJIH (CKOPOCTBIO 3BYKa) B pacCcMaTpUBaeMoOM cpee:

sin(a) = (Ma) ™, 1)
riae Ma = Vi / Cq — uncimo Maxa j1st BO3YIITHOM CPeIbl,

Ca — CKOpOCTbh 3ByKa B Bo3iayxe (air), mpu cBepX3ByKOBOM mojere Vi >Ca.

Jlns  janpHeiiiero 3aMeTHM, YTO TpU  JHOOOH OpUEHTAUUMU OTHOCHUTENIBHO
HIDKEJEeXKAIeH MOBEPXHOCTH  pas3fesia NPSIMOJIMHEWMHONW TPAGKTOPUHM  PaBHOMEPHOIO
CBEPX3BYKOBOI'0 MoJjieTa BOJHOBOM ¢poHT M3V B BHae kKoHyca Maxa OyaeT MMeTh yroi
MOJIypacKpbIBa, MOAYUHSIONIHICS cooTHOIIEHNU!O (1).

Ecim B curyanuum mnapauieIbHOCTH NPSIMOJIMHEMHONM TPAaeKTOPUM  IOJETa
MOBEPXHOCTU paszfiesia ABYX Cpell PacCMOTPETh HOBYIO IUIOCKOCTb, MHEPHEHANKYISPHYIO
IUIOCKOCTH paszfiefia Ccpell U cojepxkaiieil B ceOe TpaeKTOpHIO MojeTa, TO B 3TOH HOBOH
MJIOCKOCTH YToJ majeHus 3 BoaHoBoro ¢poHta M3V Ha mIOCKOCTh MOBEPXHOCTH paszjena
(3TOT yroa majaeHHs] B BBEJIEHHOW HOBOW IUIOCKOCTH OYIET YIJIOM MEXJy JIOOBIM JIy4OM
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pactpocTtpaneHus 3Y — TMEPHCHAMKYIIPOM K O0Opa3ymooliel KOoHyca W HOPMajblo K
IIOBEPXHOCTH pa3jieia BO BBEIEHHOW HOBOM IJIOCKOCTH) OyJI€T paBeH yIily OJypacKphIBa o.

Takum oOpa3om, yem OoJibllie CKOPOCTh ToJieTa Vi U, COOTBETCTBEHHO (1) MeHbIIe
ynciao Maxa M,, TeM MeHblne yriael o U 3 (mOcieaHee O3HA4aeT, 4TO MaJCHUE Jyda
BOJIHOBOTO pactipoctpanenuss M3Y B Bo3ayxe Ha MOBEPXHOCTh pasjena ABYX cpel Oyner
OJ1M>Ke K HOpMaJIbHOMY TaJICHUIO).

B kaxxnom nocrnenyromieM nojpaszene OyAeT pacCMOTPEH TOT UM HHON BO3MO>KHBIM
pexxuM npoHukHoBeHMsI M3V u3 Bo3aymHON cpenbl B BoAHY0. Ilpu 3TOoM A mpocToTsl U
HArJsiJHOCTH TaM, TAe€ JTO TMOHAJAo0uTCs, OyAeM HCIHOJb30BaTh HIeaTU3UPOBAHHBIM
(acumnroTHueckuil) mpopmwib N-HUMITylIbCa; B PEATbHOCTH 3TO COOTBETCTBYET CHTYallUU C
JIOCTaTOYHO OOJBIION BBICOTOW (Oosiee KUIIOMETpa) MposieTa camojieTa HaJl MOBEPXHOCTHIO
pazzena cpen.

2. He BoJHOBoii pexuMm npoHuxkHoBeHusi MU3Y u3 Bo3aymHoil cpeabl B
BOJIHYI0 IPH «CTAHIAPTHOI TPAEeKTOPUM MOJIeTa NAPAJLIeJbHO IPAHUIle Pa3aesia cpe

IIpu ropu30HTAIBHOM, MApaIeIbHOM OTHOCHUTENIBHO HUXKEJEKallel MOBEPXHOCTH
paszena «BO3AYyX-BOZa» IIOJIETE CBEPX3BYKOBOTO CaMOJIeTa MMIYJbChl 3Y, NOCTUTrArOLIUe
HOBEPXHOCTHU pazjiesa, OyayT NpOABUraThCs BOJIb 3TOW MOBEPXHOCTH (BO3ACHUCTBYS Ha Hee
IPEBBIIAIOIIMM JABJIEHUEM) «BCIEI» CaMOJIETy M, YTO OYEHb Ba)XHO, CO CKOpPOCThbIO VY
paBHOH ckopocTH moisera camonera Vi (cMm. Puc. la). Ha ceromusimHuii neHb CKOPOCTH
MI0JIETa CAMBIX BBICOKOCKOPOCTHBIX CEpUIHBIX HcTpeOuTenei He nmpesbimaroT 3000 km/4 wmm
830 M/c, 4TO cocTaBsieT HECKOJIBKO OoJble IByX MaxoB Juisi BO3AyIIHOHN cpensl. OqHaKo,
OTHOCHTEJIEHO BOJIHOW Cpe/ibl, B KOTOPOH CKOPOCTh 3BYKa paBHa npubimsurensHo 1500 m/c,
CKOpPOCTb TE€X € MCTpeOUTeNe COOTBETCTBYET 3HAUEHUIO 4yuciaa Maxa Juis BOAbI pPaBHOMY
npuOan3uTenbHO 0.54, 4TO TOBOPUT O «MEUIEHHOM» U «HE CBEPX3BYKOBOM) JABM)KEHHUU 3TUX
anmnapaToB OTHOCUTENBHO BOJHOW cpeabl. M3 3THX MaHHBIX TaKKe CleayeT TO, YTo JJIs
IPEBBILIEHHUS] €AUHUYHOIO 3HA4YeHMs yuciia Maxa OTHOCHTENBbHO BOJHOW CpPE.bl, CKOPOCTh
camoJieTa B BO3yXe J0JbKHA ObL1a Obl IpeBbIIAaTh 3HaueHue 4.5 1t uncia Maxa B BO3/yXe,
YTO TOKa HE PEaJbHO JaXke JJI1 IPOEKTUPYEMBbIX HUCTpeOuTeneidl (31ech peub HE UIET O
CHapsax, pakeTax U JPYTHX THIEp3BYKOBBIX 00bekTax). Takum oOpa3oMm, IBHKYIIMHCS O
MOBEPXHOCTHU KHUAKOCTU UMITYJIbC 3Y OT COBPEMEHHOT0 CKOpocTHOTro camodera (Puc. 1a) kak
TPaHUYHBIA UCTOYHMK BO3MYILEHUS JABJICHUS B BOJHOHN Cpefe SBISAETCA «MEUICHHBIM», a
3HAYUT, B COOTBETCTBUU C BBILICIPUBEACHHON aHAJIOTHE O reHepaluy pa3Horo THIA MoJeil
MEJICHHBIMU M OBICTPBIMHU 3apsaMH B MPSIMOM INPOBOJHHUKE, B HAIllEM paccMaTpUBAaEMOM
clly4ae JABMXKYIIMMCS BIOJb TpaHUIbl UMIOYylIbc 3Y He OyaeT TeHepUupoBaTh YIpPYrue
BO3MYIICHHST B BOJHOW cpelleé C BOJIHOBBIM XapakTepoOM pacnpocTpaHeHus (T.e. ¢
pacrpoCTpaHEHUEM Ha CPAaBHUTENBHO OOJbBIIME PACCTOSHHUS OT IpaHHIbI 0€3 3aMEeTHOTro
YMEHBIIEHUS MUKOBBIX 3HAUYCHUN (11 MOJIEITH UI€aTbHOM KUIKOCTH)).

WHTepecHO U MOJIe3HO NMPUBECTH MHYIO UHTEPIIPETAMI0 00pa30BaHus HIKE BOJIHON
MOBEPXHOCTU BO3MYIIEHHM HE BOJHOBOIO WM BOJHOBOTrO xapaktepa. IIpencrammiss
NaJAIIKANA Ha IJIOCKOCTh, pasnena N-ummynsc 3V depe3 nHrerpan @ypbe, Mbl TEM CaMbIM
IPEJICTaBIsIeM HMIYJIbC OECKOHEYHBIM HAa0OpPOM TapMOHUK (YaCTOTHBIM cCIEKTpoMm). [l
rapMOHUK (TJIOCKUX TAapMOHUYECKHUX BOJIH), MAJAONIMX U3 BO3AYIIHOM Cpeabl Ha TpaHUIly
BO3JyX-BOJIa MO/ OJHUM U TE€M K€ YIJIOM MaJeHHUs [} BBIIOJHSAETCS 3aKOH MPEIOMIICHUS
CHemnmyca, BKJIIOYAIOUIMM B ce0s OJMH W TOT JK€ YroJl TPEeNOMICHHS Y U MOJAYIH
COOTBETCTBYIOIIMX YaCTOTaM BOJIHOBBIX BEKTOPOB B 00eHX cpelaax (HaOMHUM, 3/1eCh U B
JAIbHENUIIEM UHIEKC «a» OTHOCUTCS K BO3AYIIHOM CPEJe U HHIEKC «W» — K BOJIHOM cpenie):

(Kw)a Sin(ﬁ) = (ko)w sin(y) 2
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Hens o6e uactu paBeHCTBA (2) HA OJHY M Ty JK€, HE MEHSIOLIYIOCS IpU
IPOXOXK/ICHUU TPAHUIIBI, YACTOTY JAaHHOW F'APMOHHUKH HMEEM:

sinh) _ a _ p ~ 022, ®

sin(y)  cw

rze N — rmoxasarenb IPEeIOMICHUS Ha TPaHHIIe BO3TyX-BOJA.

Y4uuThIBas, 4TO BEIMYMHA MTOKA3aTENs MPEIIOMIICHUS (PUKCUPOBAaHA /Il KOHKPETHOM
napsl rpaHMYalIuX CPed, a Yol MajJeHUs MOXXHO IPOU3BOJIBHO BapbUPOBaTh, CTPYKTypa
paBeHcTBa (3) MOKa3bIBaeT: B ciayyae, ecau n <l (kKak JUisl paccMaTpUBaeMOM Haphl cpen), a

yron mamenus Takos, uro 1 > sin(f) > n , torma pasenctBo (3) HEBO3MOXKHO (32 CUeT
MEHBIILIET0 eMHUIIBI CUHYCa B 3HameHatesne (3)). DTo o3Havaer, 4To Bce rapMOHUKH Dypwe -
obpaza M3V npu yriax najaeHusl, yJAOBICTBOPSIONMX yCIOBHIO Sin(f) > n, He Moryr u3
BO3AYIIHOW cpensl (M3 arMocdepsl) «IPOHHKHYTH» B BOJIHYIO cpeny (00 3TOM TOBOPHUT
OTCYTCTBHE OINPEICIIEHHOTO (ICHCTBUTENBHOI0) 3HAYCHHs yria mpesnomieHus y). JlanHoe
SBJICHME HOCHUT Ha3BaHHWE TIIOJIHOTO BHYTPEHHEro OTpakeHus. PaBEeHCTBO BMeCTO
NPUBEJICHHOTO BBIIIE HEPABEHCTBA OMPEACISACT KpUMUUECKUll y20a naoenus Pcp, 3aatonimi
HIDKHIOIO TPAHUILY YTJIOB, NMPH KOTOPBIX OYAET MOJHOE BHYTPEHHEE OTpaXeHHe (A1l 3TOTro

KPUTHYECKOTO YIJIa YroJl MPEIOMIIEHUS )/ cuuTaeTcst paBHbM 90° 1 IIIOCKHE TapMOHUYECKUE
BOJIHBI, MaJarolllieé Ha TpaHMIly BO3AyX-BoJa IOJX YIJIOM f., B BOJHOH cpexe
pacIpOCTPAHAIOTCS BIOJIb TPAaHUIIBl pasjiena, JOKaIM3YysACh OKOJIO 3TOM TIpaHuIbl, a IO
HAIPAaBJICHUIO BEPTUKAIBHOMN (HAIpUMeEp, Z) OCH TaKHE BOJHBI SKCIIOHEHIIMAIBHO 3aTyXaloT.
bpexoBckux JLM., paccmatpuBas 3Ty cuTyauuio B [4], HMeHyeT Takue BOJIHBI
«HEOJAHOPOJHBIMUY, MOJYYMB JJIsi HUX <«IIPOCTPAHCTBEHHOE (X, Z)» pelieHue (Ha Impumepe
HOJIS1 IaBJIEHUs P1 B TAKUX BOJIHAX) B BUJIE:

p1 = (1 + R)exp(—6z + ikx *sin(B)), & = ky/sin2 (B) — n2, (4)

R — koo unmeHT oTpakeHusl.

Ha ocHoBanuu ormnpeneneHus KPUTUYECKOTO YIia MaJeHUsS Yepe3 PaBEHCTBO €ro
CHUHYyCa IIOKa3aTeNI0 MpeioMJIEHUs (CM. BBIIIE) W NPUHHMAas BO BHHUMaHHE KOHKPETHOE
3HayeHHe 3Toro mnokasatens (cM. (3)), momyunM .. = 13° 11a TOBepXHOCTH pasziena
BO3/yX-BOJa.

OTtmeTnM, 4TO CBENEHUS O KPUTHYECKOM YIJIE MAACHMs, O IOJHOM BHYTPEHHEM
OTpPaXeHUH, 0 «HEOAHOPOIHBIX» (10 bpexoBckux JI.M.) BoiHax m3naraauch OTHOCHUTENIBHO
FapMOHUYECKHUX COCTaBJISAIOIIMX pas3yiokeHHoro B uHTerpan ®Pypre N — ummynsca 3VY.
[TockonpKy JUisi BCEX COCTaBISIOUIMX IIPOIECC MPEIOMIIEHHSI W €ro ocoOble ciydau
OJIMHAKOBBI, TO JAejas oOpaTHoe mpeoOpa3oBanue Pyphbe, MoaydaeM Te ke BbIBOABI it N —
umnyisca 3Y.

Tenepp CcTOMT HANOMHHUTb, YTO TMPU  «CTAHJAPTHOM» TOPHU3OHTAIBLHOM
CBEPX3BYKOBOM TI0JIETE YT'OJI MaJCHHUH [ (€AUHBIN JUIsI BCEX TAPMOHHYECKUX COCTABJISIOIINX )
paBeH YIiy HOJypacKpbelBa KOHyca Maxa o, KOTOpPbI, B CBOI ouepenp, coryacHo (1)
OTIpeIeNIAETCSl CKOPOCThIO MOJIETa camojeTa yepe3 ynciio Maxa M, OTHOCUTENBHO CKOPOCTH
3ByKa B BO3/1yX€. YUUTBIBas 3THU COINOCTABJIEHUS U KOHKPETHOE IOJyYEHHOE 3HAYECHUE NI
B¢r, HAXOAUM COOTBETCTBYIOIIEE TOPOTOBOE 3HAUCHHE yncia Maxa:

(Ma)er = (0.22)71 =455, (Vo) = Cy= 1490 m/c = 5400 xm/u  (5)
T.. €CIM CKOPOCTh CBEPX3BYKOBOIO IIETATENLHOrO ammapara (HaC HHTEPECYIOT
CaMoJIETHI), JIETANIETO MapajlIebHO MOBEPXHOCTH pasjeia BO3IYIIHON M BOJHOM CpelaMH,

TaKOBa, YTO COOTBETCTBYyIOIIee el uwmciao Maxa He mpeBocxomuT 3HadeHus (Ma)g., TO
«rpoHukHoBeHHe» M3Y B BoaHylo cpeay OyneT UMETh HE BOJIHOBOWM XapakTep, He
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pactpocTpaHssACh BIIyOb Ha 3aMETHBIE PACCTOSHHS, OBICTPO (PKCIIOHEHIIUATLHO, CM (4))
3aryxas ¢ riayomHod. M HaoOopor, mpu mosere ¢ uucioM Maxa, mpeBsimaromuM (5)
npoHukHoBeHue M3V B BoaHyro cpeay OyAeT HOCUTb BOJHOBOM XapakTep, NPH KOTOPOM
NPOHUKIIUI B BOJY UMITYJIbC 3Y OyAET pacipoCTpaHAThCS 0€3 CYIIECTBEHHOTO 3aTyXaHUs B
MOJIEJIN MJI€JIbHOM KHJIKOCTH Ha 3HAYUTEIIbHBIC PACCTOSIHUS BIITYOb.

Kak yxe o0cyxagasoch B Hadaie 3TOrO paszeia, BO3MOKHOCTH COBPEMEHHOM
CEPUIHON CKOPOCTHOM (MCTPEOUTENHHOM) aBHAMM Jajiekh (Jake B TPOEKTax) OT
CBEPX3BYKOBBIX CKOPOCTEH, COOTBETCTBYIOIIMX «IIOPOTOBBIM» 3HAYCHHUAM dYHciaa Maxa u
ckopoctu (5). OTO O3HayaeT, YTO B CAMBIX TUIMYHBIX CUTYalMsX IOJIeTa IO MpPsIMOH,
NapajuleJIbHOM BOJHOM MOBEPXHOCTH CO CKOPOCTBIO, 3HAUUTEIBHO MEHBLIEH KPUTHUECKOMN
CKOpocTH (paBHOH CKOPOCTH 3ByKa B BOJE) «IIpoHUMKHOBeHue» M3V B BoaHyro cpeny
INPOHUCXOJUT B HE BOJHOBOM pexume. [loaTomy Bo Bcex crathsx [5-9] o0 sddexrax,
COIIyTCTBYIOIIMX CBEPX3BYKOBBIM IIPOJETaM CaMOJETOB HAJ IOBEPXHOCTbIO  BOJBI,
NPUHUMAETCS BO BHUMAaHWE M JIOMOJHSETCS HOBBIMU JACTAISIMU MMEHHO TaKOW XapakTep
npoHukHoBeHuss 3V B BoxHyro cpeay. bonee Toro, ¢ yuerom Ha3BaHHBIX CTaHAAPTHBIX
YCIIOBUH I0JIETA, 3TOT HE BOJHOBOW XapakTep npoHukHOBeHUs M3V B Tonmly BOABI IOYTH
yTBEPAWJICS Kak €IUHCTBEHHO BO3MOXKHBIM (CM. IIpUBEJCHHbIC BBIIIE CCBUIKM Ha
onyOIMKOBaHHBIE PAOOTHI IO JAHHOMY BOIIPOCY).

B 3akitoueHue 3TOro mojpasziena KpaTko OOCYAMM IOJIy4E€HHE aHAIUTHYECKUX
pCILICHUI B CUTyalluy HE BOJIHOBOTO NpoHukHOBeHUs 3Y B BoaHyto cpeny (cMm. [5, 6]).

Jlns  Oosiee mpoCTOro aHalu3a paccMaTpUBaeTCs IUIOCKoNapasienbHas (B
[IPOCTPAHCTBEHHBIX KOOpJAMHATaX: X — KOOpAMHATa BIOJb IOBEPXHOCTH pas3aena, Z —
BEpTUKaJIbHAs KOOPAMHATA) 337a4a O BO3AYIIHOM M T'PaHUYALUM C HUM IO MiIockocTH Z = 0
JKUJKOM IIOJIyNpocTpaHcTBe. 110 3TOM rpaHMYHON IUIOCKOCTH BJIOJb KOOPJIMHATHOM OCH X
«6exuT» N-UMIyIbC JJIMTENBHOCTRIO T cO3/4aBaeMblil JETSIUM Bbilie camoseroM. Ilpocras
reoMeTpus (PSIMOJIMHEIHAS TPASKTOPHS MOJIeTa MapajliesbHa TNIOCKOCTH pasjaena) u dpdext
«IPUBSI3KU» UMIIYJIbCA K CaMOJIETy 0OECIEeUUBACT CKOPOCTh MEpeMeIleHUs] UMITyiabca Vy 1o
IpaHuLe, PaBHYIO CKOpOCTU nosrema camonera Vi (cMm. puc. 16). B 1o xe Bpemsa obe 3tu

paBHBIC CKOPOCTU C OUCBUAHOCTHIO MCHBIIIC CKOPOCTHU 3BYKa B BOAC CW
Vn = Vi < Cy (6)

AHaTUTUYECKUM PEIICHUEM, OMMCHIBAIOIINM MTpoHUKHOBeHHE 3V B BonHyIO cpeny
(T.e. ONHUCHIBAIOIIMM TPaHCPOPMAIUIO ATOTO UMIYIbCA BAOJIL OCU Z BIIIyOb, HAUMHAS C €T0

ucxonnoro Buaa N-ummynbca, Oerymero mo rpanuie Z = 0) sBIseTCS aHATUTHYECKOE
pEILlIEHNEe BOJHOBOTO YPAaBHEHHs OTHOCUTENIBHO aKyCTUYECKOI'O JaBJIEHUS P, CO3/1aBAEMOI0
npoHrkHoBeHueM U3V B BogHyto cpeny

62p 2 (62 aZP) _
oz~ w oz ¥ 52)P = 0, )

C 1-bIM TpaHUYHBIM yciioBHEeM mpu Z = 0 B BUE JBIKYIIErOCs BIOJIb OCH X (st
«mpuBsi3ku» K Puc. 1 moner camoniera W JABMKEHUE HMMIyJIbCa NMPUHUMAIOTCS «ClIeBa -
HArpaBoy, T.€. B CTOPOHY OTpUIATENbHBIX X) N-UMIIyiibca cO CKOPOCThIO V; 3TO TPaHUYHOE
YCJIOBHE 3aITMCHIBAETCS B BUJIC:

( 0, mpu t+— =T
VN

2 x x
p(xlzz()’t)=<p0 1—;(t+m) , IpU O<t+E<T , (8)

0, npu t+— <0
VN
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U CO 2-bIM IPAaHUYHBIM YCJIIOBHUEM: aKycTHUecKoe JaBieHue oT M3V Ha GeckoHeuHoi
ryouHe (Z — o0) paBHO HYIIIO.

[Iponienypa mony4eHHs aHATMTUYECKOTO PELICHHs YKa3aHHOW 3aJaydl JOBOJIBHO
CTaHJApTHA: OTHOCUTENILHO TEPEeMEHHBIX t M X IOC/IeNOBaTEeIbHO MPOU3BOIATCS JIBa
npeoOpazoBanus Dypbe, A1 OCTABLICICS HMCXOJHOW IEPEMEHHOM Z IOJIydaeTcsi MpOCTOe
I depeHaIbHoe ypaBHEHNE B OOBIKHOBEHHBIX IIPOU3BOJHBIX BTOPOT'O MOPSIJIKA «I1aPHOE
YPAaBHEHHIO TapMOHUYECKUX KOJICOAHUH, pPEUICHHEM KOTOpPOTO SBIAETCS CyMMa JIBYX
9KCHOHEHT C Pa3HbIMM [0 3HAKy I[OKa3zaTesIsiMU (WIM CyMMa IMIepOOJMYEeCKUX CHHYyca U
KOCHHYCa); OJHO TPaHUYHOE YCJIOBUS «OCTaBJSIIOT» OJHY OKCIIOHEHTY, a BTOpOE —
OJIHO3HAYHO OINpeAesseT aMIUIMTYIHbIH MHOXKUTenb. IloaydeHHOe TOuHOE pelieHue A
@ypbe-00pa3za moaBepraeTcs IByM OOpaTHBIM mpeoOpazoBaHusiM Dype, 4TO JaeT HYKHOE
HCKOMOE pelleHHe 3aJjaul (OTHOCUTEIbHO UCXOHBIX IEPEMEHHBIX):

;T—Op(x, z,t) = (? - 1) arctg {mTJ (% - 1)} - (? - 1) arctg {%}
+z (myT) 'ln {[z2 + (my1)?]/[2% + (my(z — T))2 ]}, 9)

e my = Vy(1=V2Z/c2) %5, 1=t+ x/Vy.

3HaueHust QYHKIUHU arctg onpenensoTcs B MHTEpBaJe (— % ,g )

B pemennu (9) obpaTM BHMMaHHE Ha XapakTepHbIH mapamerp Mjp, CTpPyKTypa
KOTOPOT'0 B CHJIy COOTHOIIEHHUs (6) MEXKIYy CKOPOCTSIMH JIJIsi paCCMaTpPUBAEMOI0 Ciiydasl HE
BOJIHOBOTO peXuMa MpoHUKHOBeHUs M3Y B BOAHYIO cpeny, 00ecreurnBaeT AeHCTBUTEIbHYIO
BEJIMUMHY 3TOTO IMapameTpa.

s rpaduueckoro npeacTaBieHus pe3ysibrara (9) 3aMeTuM, 9TO BRIPAKAFOIIAsT STOT
pe3ynbTaT (QYHKIMS M3 TpeX CcjaraeMbIX 3alldcaHa B BHUJE 3aBHCHUMOCTH OT HCXOJHOMN
pa3mepHoii mepeMeHHOW Z (riyOMHBI) W OT Oe3pa3sMepHO#l «Oerymiei» MpoI0JabHO-
BpeMeHHol nepemennoii 7 / T. 3HaueHns camoit HCKOMO# (DYHKIHHM — TaBIeHus ) Ha pa3HbIX
riyOMHaxX — TakkKe HOPMHMPOBaHBI Ha MUKOBoe AaBieHHE Po N-uMIyabca Ha MOBEPXHOCTH
Bomuo# cpensl (P = P/Po). C yueToM ckasaHHOro, Ha Puc. 2 TIpeacTaBieH pe3ymbTaT

tpanchopmanuu M3V Ha Tpex xapakrtepHbix riyounax (Z = 0, 10, 100 (m)) nmpu ckopocTu
M0JIeTa caMoJIeTa, COOTBETCTBYIOIEH 3HaUeHUI0 unucia Maxa M, paBHoMy 2.4.
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Puc. 2. Tpaucdopmanus N- umnynsca 3Y (B cooTBeTcTBHH € (9)) OT MOBEPXHOCTH
KHJIKOCTH B TIyOuHy (mpuBeaeHs! podumu U3V Ha Tpex riyouHax Z) nmpu
npoHukHOBeHuU U3V 13 BO3ylIHOM cpesibl B BOJHYIO B HE BOJTHOBOM PEKUME
(B HE pacIpOCTPAHAIOLIEMCSI PEKUME) IPU CKOPOCTH T0JIETA CaMOJIeTa,

COOTBETCTBYIOIEH 3HaueHuto ynciaa Maxa My pasaomy 2.4

[Ipoananu3upoBaHHbIN peXUM HE BOJHOBOTO NPOHMKHOBeHUs M3V u3 Bo3mymiHOM
CpeJibl B BOJHYIO XapaKTepeH OBbICTPbIM YMEHbBIIIEHUEM [TMKOBOTO 3HaueHus AasieHus U3V u
pacIuIbIBaHMEM C€aMoOro MMIlyjbca ¢ riyouHoi (cm. Puc.2). Ho camoe riaBHoe TO, uTO
MOKa3aHHble Ha 3TOM pucyHke npopunn M3V Ha pa3HbIX TiyOMHaX BO3HHMKAIOT HE B
NOCJIe0BaTeIbHbIE MOMEHTHI BpeMeHHM (Kakoi-1u00 BOJHOBOH (POHT OTCYTCTBYET), a
CYILIECTBYIOT OJIHOBPEMEHHO, [T0J00HO KBAa3UCTALMOHAPHOMY 3JIEKTPUUECKOMY TOJI0 KaKOM-
TO CHCTEMBI 3apsJIoB (T.e. 3TO HE paclpocTpaHsolieecs mosie). XapakTepHas IiyOuHa, Ha
KOTOPOM MPOUCXOJUT 3HAUMTEIbHOE YMEHBILIEHHE aKycTHdeckoro pnamieHus M3Y
orpenensercs: JIUHON caMoro uMnysbca 3Y Ha IOBEPXHOCTH; B CBOIO OuYepelb, 3Ta AnuHa L
uMITysbca 3Y comocTaBuMa ¢ JUTMHOM JieTsiero camonueta (cm. Puc. 10).

3.  Bounosoii pexxum npounuknoBenuss U3Y u3 Bo3ayuiHoii cpeabl B BOAHYIO

[Tocne oTMEYEHHOTO B MPENBIIYIIeM pa3zesie 0YeBHIHOTO (haKkTa O HEIOCTATOYHON
cKOopocTH nosera Vi COBPEMEHHBIX (U 1aXke MePCIeKTUBHBIX) CKOPOCTHBIX UCTpeOUTENeH 1is
peanmu3anuu cirydasi «ObICTPOroy» ABIKYIIETOCS UCTOYHUKA M3JIy4EHHs B BOAHYIO Cpely Ipu
«CTaHJIApPTHOM» IIOJIET€ PABHOMEPHOTO JIBWKEHUS M0 MPSAMOJMHEHHONW TpaeKkTopuu
NapajuleIbHO BOJHOM MOBEPXHOCTH (T.€. IpPH O3TOM BBINOJHSETCS COOTHOoUeHue (6)),
HEOOXO/UM aHaliu3 KaKUX-JIMOO JpyruxX BapHaHTOB C NpoHHKHOBeHHMeM W3V B Boxy.
BO3MOXHBIM ~ «KaHAMZATOM» ISl TIONYYEHHS HYXXHOTO pe3yibTara SIBIISTIOTCS HE
napajujelnbHble BOJHONW IOBEPXHOCTH Tpacchl mojera. JleTanpHbI aHanM3 IOKa3bIBaeT
HETPUBUAILHOCTh 3TOW CHUTYallMH, TIOCKOJIBKY STOT BapHWaHT C HAKIOHHBIMH (BO3MOXHO,
NUKUPYIOIMMH) TPAaCcCaMHU T0JIeTa UMEET HE OUEBUIHbBIE JOMOIHUTEIbHbBIE YCIOBUS HA yroil
HaKJIOHA TPACChl K TOpU3OHTANHU (yroi 0) U yroi moaypcKpbiBa KOHyca Maxa Jjist oy4deHus
TpeOyemoro pesynprata. He mepebupas pasnuuHble pe3ynapTaTbl IS Pa3IMYHbBIX
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COOTHOIIIEHUHN MEXy YKa3aHHBIMHU yTIIaMH, U300pa3uM rpauuecKku OJUH U3 «IIOIXOJISIIIX )
BapuanToB (Puc. 3).

0] A 1

Puc. 3. Haknonnas (moj yriioMm 6 K BOJHOH MOBEPXHOCTH) TPACKTOPHS CBEPX3BYKOBOT'O
[I0JIETa caMoJIeTa JUIsl pealn3allii BOJIHOBOIO PeXUMa NPOHUKHOBeHUS M3Y 13 Bo3ayIHoOM
cpelbl B BOJHYIO; 0L — YrOJl IOJIlypacKkpbiBa KoHyca Maxa

Ha Puc. 3 nBa mocnenoBaTeNbHbIX IOJIOKEHUS OJHOM M TOM K€ TOYKM camoJjeTa
(HampuMep, Hoca) 0003HaueHbl COOTBETCTBEHHO ToukamMu B u A; npsmeie BB; u AA;
MOKA3bIBAIOT IOJOXKEHUE 00pa3yroumx KoHyca Maxa, KOTOpble SIBJISIFOTCSI BOJHOBBIMHU
¢pontamu. M3 cpaBHeHus manuHbl oTpe3koB AB u A;B; BugHO, 4TO B JaHHOHM cuTyauuu
CKOpPOCTh CaMoOJIeTa MEHbIIE CKOpocTH IBKeHus WN3Y mo BOAHONW TOBEPXHOCTH; €CIIU
HocJeaHsAs K TOMY ke OyJIeT HpeBbIlaTh CKOPOCTh 3BYKa B BOJE, TOIJA IBMXKYIIMMHCS IO
noBepxHoctu Boapl M3V Oyaer «ObICTppIM» JIBHKYIIUMCS MCTOYHHUKOM H3IYYECHMUS
aKyCTUYECKHUX BO3MYIIEHUH B TOJILY BOJIBL, T. €. OyzeT «obecneunBaThy BOJIHOBOW XapakTep
npoHukHoBeHuss M3V u3 Bo3aymHoOW cpeapl B BOAHYHO. J[ONOJHUM 3TH KayeCTBEHHbIE
pacCcyXJIeHUs HECIOKHBIMH AHAIUTHUYECKMMM COOTHOIICHHAMH. PaccMaTpuBas HEKOTOPBIN
BPEMEHHON MHTEpBa, 3a KoTopblii B nepexoaut B A, B1 nepexoaut Aj, a BOJTHOBOH (POHT
BB; cmemnaercs mo HopManu Ha pacctosiHue d, mepexozs B MojioxkeHHe AA; 3amuchiBacM

paBeHCTBA
d AqB; AB

4 LB _ 28 (10)

Ca VN Vg

[Ipu Bepmnae B tpeyronbuuka OBBj yron o sBisieTcs CMEXHBIM, YTO OINpENeseT
yroi npu Bj B 3TOM TpeyroibHUKa (3TOT Xke yroil sIBISETCs YIJIOM MaJieHUs B BO3yXe) Kak

yron Bi=o—0 (11)
W3 mpsMoyronpHOro TpeyroibHUKa ¢ TUnoTeHy3oil A; B; ¢ ucmonbszoBanuem (1)
UMEeM:
d = A;B;sin(a — 0) = A,;B; sin[arcsin (M71) — 0] (12)
Jlns ompeneneHUs COOTHOIIEHUST MEXOy ckopocThio Vy aBmwxkenus W3V mo
MMOBEPXHOCTU JKUIKOCTH U CKOPOCTBHIO 3BYKa B Boj€ Cyw B 3aBUCHUMOCTH OT yrja HakJIOHa
TPaeKTOpUH O U OT CKOPOCTU MOJEeTa camoJieTa MO ATOW TPaeKTOPUH, BBIPAKEHHOW dYepe3
grcno Maxa Mg, ucnonssyem (12) B nepBom paBerctse (10) u monydaem:
VN Cq . . -1 -1
= {sm[arcsm (M) — 9]} (13)
[Tocme 3ameHBl TEpPBOrO JPOOHOTO COMHOXHTeNs B mpaBoi yactu (13) Ha
KoHKpeTHoe 3HadeHue 0.22 (cm. (3)) mpencrasisieM (cM. Puc. 4) nony4eHHYIO «KIIIOUEBYIO»

(GyHKIIMOHAIBHYIO CBSA3b (JeBast yacTh (13) B 3aBUCMMOCTH OT yria 0 mpu TOM WM MHOM
3HaUYeHUH yncia Maxa (urpaer poib mapameTpa)):
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Puc. 4. 3aBucuMOCTh OCHOBHOTO «r1oKazateisi» (Vy /cy,) peain3yeMoCTH BOJIHOBOTO MIIH HE
BOJIHOBOTO peXuMa NMpoHUKHOBeHUs M3V u3 BO3AyIIHOM cpe/ibl B BOJHYIO OT yrila HaKJIOHA
0 TpaekTOpHM NoJeTa (3aBUCUMOCTH - BO3pacTalolINe KPUBbIE, BEPTUKAJIbHBIE MPSMBIE -
aCHUMITOTBI) IIPU pa3HbIX CKOPOCTSX (B unciaax Maxa) nmosjera camosiera (KpUBble pa3HOM
HPEPBIBUCTOCTH)

ITokazannble Ha Puc. 4 s npumepa Tpu 3aBUCUMOCTH JJIs1 TPEX Pa3HbIX CKOPOCTEH
nojera camolieTa (BbIpaKEHHBIX B 4YuciIax Maxa), €CTECTBEHHO MOTYT OBITh JIOTOJIHEHBI
rpaduKoM IS JII000H ckopocTu camosera. O61acTb, COOTBETCTBYIONIAS BOTHOBOMY PEKUMY
npoHukHOBeHuss M3V B Boay, JIEKUT BBILIE T'OPU3OHTAIBHOW JIMHUHM, COOTBETCTBYIOLICH
€IMHUYHOMY 3HAUYEHHUIO 10 BEPTUKAJIbHOM ocu. Hampumep, mis He O4YeHb OBICTPOro Ha
ceroansmHuii neHb nonera ¢ My = 1.5, coorBerctByromas kpuBas (camas mnpasas)
IIEPECEKAETCA C TOPU3OHTAIBHOW JIMHHUEHW, COOTBETCTBYIOIIEH €OUHHUIE 10 BEPTUKAIBHON
ocu, mipu yrie 0 = 29°, T.e. moJET MO TAKMM M GONBIINME YIIAMH K BOJHOI ITOBEPXHOCTH
OpU JAHHOM CKOpPOCTH 00ecneuuT BOJHOBOHM XapakTep npoHukHoBeHus W3V B BoaHyro
cpeny. [Ipu 6onee ObICTPBIX MMOJIETAX 3TOT PEKUM HAUMHACTCS MPU MEHBIIMX YIJlaX HaKJIOHA.
OOparuM BHUMaHME, YTO TPEeOYIOTCS HE OYEHb «KPYThIE» MO HAKJIOHY TPAEKTOPUHU IS
JOCTHKEHUS HY)KHOTO 3 deKTa.

Kparko ocBeruM Bompoc 00 aHATUTHYECKHX PEIIEHHSX JUIS paccMaTpUBAaEMOro
cinydast npoHukHoBeHus: U3V B Boay. B menom mpouenypa HaxoxKAaeHHsl pelieHus Oyner
COBMAJaTh C TOW, YTO ONHCaHA JUII HE BOJHOBOIO Cillydas B IpPEABIAYIIEM pas3jele.
HeobOxonnMmo pemarh TO ke camoe BOJIHOBOE YpaBHEHHUE C TEMHU K€ TPaHUYHBIMU YCIOBUSIMU
TEM € METOJIOM HCIONb30BaHus mpeobpazoBanus Pypbe mo t u X, a mocie HaXxOKICHUS

pELIEHUsT OTHOCUTENIBHO Z C MCIOJIb30BAHUEM TI'PAHUYHBIX YCIOBHHW HY)KHO IPHUMEHUTHb
oOpartHble mpeoOpasoBanuss Pypbe. Paznuume OyneT B «MEIKUX» JETaNAX BBIYMCICHMH,
0OYCIIOBJIEHHBIX TJIaBHBIM OTJIMYMEM 3TOTO Cllydas OT MPEAbLAYIIEro, a UMEHHO YCIOBUE B
BUJIC HEPAaBEHCTBA MEXAYy CKopocTsMu Vy U Cw U3MEHMTCS Ha NPOTHUBOMNOJIOXKHOE (B
OpebIAyIIeM cllydyae IepBas CKOPOCTh ObUla MEHbIE BTOPOH, a B JaHHOM clly4yae -
Hao00poT). PopMaTbHO MO ATOKM MpuuuHEe mapameTp M U3 MpPeABIYIIEro Mmoapas3aena 31ech
OyIeT 4MCTO MHUMBIM. DTO JaCT aHAJIMTUYECKOE pEelleHHe, cocTosiiee u3 GyHKIUN 3HaKa
JUIS ONHMCAaHUS YIApHBIX (HE «pacIjIbIBaeMbIX») (POHTOB N-UMIyJIbCOB B BOAE H
pacpoCTPaHSIOUIETOCS BOJHOBOTO ()pOHTAa OTMOaromMX 3TUX HMMITYJIbCcoB. [loguepkHem
HaJIMYME BOJHOBOTO PAcIpOCTPAHEHU S, TOJIYYAIOIIEr0csl aHAIUTUYECKU B IAaHHOM CITy4ae.

He BoinuceiBast popMynibHOE IpeICTaBICHUE PELICHUs, IPEJCTaBUM Ha pHUC. 5 €ro
COBEpILEHHO SICHBII reOMEeTpUIeCcKuil 00pas.
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Puc. 5. I'paduueckoe npeacTaBieHue pericHHs 3a/1a9M O BOJIHOBOM PEKHUME
npoHuKHOBeHUs M3Y u3 BO3aylIHONM B BOJHYIO Cpeny

Pemenue, mnpexncraBieHHoe mocienHuM pucyHkoMm (Puc. 5), mokaspiBaeT He
negopmupyembie (0e3 yMEHBIICHUs] TMKOBBIX 3HA4YeHUH, 6e3 pacruisiBanust) npodumn U3V,
IPOHMKAIOIIKE B BOJY; TaKXe MPUCYTCTBYIOT PACHPOCTPAHSIOIIMECS HA JI0ObIe PacCTOSAHUSA
BOJIHOBbIE (poHTHI (moka3zaHbl (poHTel AA; u BB;i). IlpeacraBnennoe Ha Puc.5
«1300pakeHue» HYKHO CUUTATh JIOTOJIHEHHEM (HIKHEH yacTbio) Puc. 4; mpusHakoM gaHHOU
CBSA3M PHUCYHKOB SBJIETCS yKa3aHHbIM Ha Puc. 5 yrom mnpenomiieHus Y, IOA KOTOPBIM
pacrpocTpaHsatoTcsl BOJIHOBbIE (GpoHTH AA; u BB, npumenmue u3 BO3AyLIHOH cpelbl
(cm. Puc. 4). Takum ob6pazom, Puc.4 u Puc. 5 momHOCTBIO NEMOHCTPUPYIOT CHUTYAIUIO C
BOJIHOBBIM ITPOHUKHOBEHHEM M3V 13 BO31ylIHON B BOOHYIO Cpeny.

3akjao4yeHue

IIpencraBnenHas B paboTe 3ajada O BbISBIEHHONW BO3MOXKHOCTU IPH HAKJIOHHOM
TPAaeKTOPUHU II0JIETa CBEPX3BYKOBOIO caMoJieTa MposiBIeHUS 3(P(deKTa NPOHUKHOBEHUS
MMITYJIbCOB 3BYKOBOI'O yJiapa B BOJHYIO CPENy C UX JAJIBHEHIINM PaclpOCTpaHEHUEM B 3TOMI
cpele Ha CKOJIb YrOJHO OOJIbIIME pacCTOSIHHUA (BOJHOBOM PEXHM paclpOCTPaHEHMs)
MPEJICTaBISIET UHTEPEC KaK C TEOPETUKO-(yHIaMEHTAIbHON TOUKU 3peHMs (B MPEIbIAyIINUX
paboTax aHATU3UPOBAICA TOJIBKO HE BOJHOBOW BapHaHT NPOHUMKHOBeHHMs B Boxy M3V,
KOTOpBIM TOJIBKO W MOXKET peau30BaThCs I «CTaHAAPTHBIX» MapajuIeIbHBIX BOJHOMN
MOBEPXHOCTU TPACKTOPUIA), TaK U B MPHUKIATHOM acmekre. JlelficTBUTENbHO, 3Ta HOBas
BBISIBJICHHAs] CUTYyallMsl SIBJISIETCS TPEANOCBUIKON JJis MEepPecMOTpa YCIOBUW U KpPUTEPHUEB
BJIMSIHUS 3BYKOBOTO y/apa Ha pa3jMYHBIX MOPCKHUX oOuTarenell. Bompoc o TakoM BIUSHUU
ABJIIETCS OJHUM W3 IEPBOCTENEHHBIX MOCJIE MOSIBICHUS M 3KCIUIyaTallud CBEPX3BYKOBOM
aBuanMu. B mocneaHue rojsl MHTEpec K 3TOW MpoOiieMe 3HAYMTENIBHO BO3POC B CBSI3U C
00CY)XJIEHUEM U NPOEKTUPOBAHUEM CBEPX3BYKOBBIX MACCaKUPCKUX CaMOJIETOB HOBOTO
MIOKOJICHUS.
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BKCHepI/IMeHTaHbHOG HCCJICI0BAHUEC AKYCTUICCKHUX M TEXHOJOTIHICCKHUX
mapamMeTrpoB MalliMHbI 3aMeECa TeCTa

Bamternukos V.H.%, I'opauenko A.B.?, ITupuenko AK.3, JlykpsHueHKO A. .4
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AHHOTALUA

TpynoeMmkoit omeparuel Ha NPEANPUATHAX MHUTAHHUS SBISETCS NPUTOTOBIEHHE TeCTa, KOTOpOe
BBINOJIHSACTCA C IIOMOIIBI0 MAIIMH 3aMeca TecTa. OTH MAIIMHBI IIHPOKO TNPHUMEHSIOTCS B KYJIMHAPHBIX,
KOHJIUTEPCKHX, MPOM3BOACTBEHHBIX LI€XaX CTOJIOBBIX, Kade, pecTopanax, a, Takke CIelUaTM3UPOBAHHBIX LIeXaX
NpEeANpPUSITHI MaJIoro U cpexHero ouszHeca. HegoctaTkoM B 9KCIUTyaTalluKM STHX MAILMH SIBJISAETCS MOBBINICHHBIH
YPOBEHb IlIyMa, NPEBBIIAIOIINNA JOMYCTUMbIE CaHUTapHble HOPMBL llenplo paboThl SBISETCS ONpeneicHUE
myMoBbIX XxapaktepucTuk (I1IX) TecroMmecuiapbHOW MamMHBI B Pa3iUyYHBIX PEXUMax pabOTHI, a Takxke
YCTAHOBJICHUE BJIMSIHUS TEXHOIOTHYCCKHX M KuHeMarmdeckux ¢akropoB Ha e€¢ IIX. Omnpenenenne IIX
IPOBOMIIOCH B peBepbepaluoHHoil kamepe obbemom 100 M3 mymomepom «Accucrent» HTM-3aimuTa PO mo
'OCT 51400-99 (UCO 3743-1(2)-94). Ucnons3oBanace mammaa PSP-800 KG-8 uranbsHCKOTO Mpou3BOICTBA
¢bupmbr «Pasquini». Maruuna wuccnenoBazach Ha XOJOCTOM U pabodmX PeKMMax. Y CTAHOBJICHO IPEBBIICHHIE
HopMBI Ha 11 1BA Ha xonoctoMm U Ha 14 nBA mpu paGouem pexume. s ycranosmenns 3asucumoctn 11X ot
TEXHOJIOTHYECKHX U KHHEMATHYECKHMX TIaPAMETPOB MPOBEJIEH IUTAHUPYEMBIH dKcriepumeHT Buaa 2°. Tlomydenst
MHOTO()AKTOPHBIE MOJICNIH, OIMCHIBAIOIINE 3TH 3aBUCHMOCTH. JlaHBI pPEKOMEHIAIMK M0 YIIy4YIICHHIO
aKyCTUYECKHUX NTapaMeTPOB MAIIIUHBI.

KiwueBble ¢JIoBa: MallMHBI 3aMeca TECTa, [IYMOBBIC XapaKTEPUCTHKH, IJIOTHOCTh TECTA, 4acTOTa
BpallleHHs pab0Yero oprana, MHOro(aKTOPHBIC MOJIEIIH.

Experimental study of acoustic and technological parameters of the dough kneading
machine

Zapletnikov I.N.%, Gordienko A.V.2, Pilnenko A.K.3, Lukyanchenko A.P.#
! Professor,
2.3 Assistant professor,
4 Master,
1.2,3.4Donetsk National University of Economics and Trade named after Mikhail Tugan-Baranovsky,
Donetsk, Ukraine

Abstract

A labor-intensive operation at food enterprises is the preparation of a dough, which is performed with
the help of kneading machines. These machines are widely used in culinary, confectionery, production
workshops of canteens, cafes, restaurants, as well as specialized workshops of small and medium-sized
businesses. A disadvantage in the operation of these machines is an increased noise level, exceeding the
permissible sanitary standards. The aim of the work is to determine the noise characteristics (NC) of a kneading
machine in various operating modes, as well as to determine the influence of technological and kinematic
factors on its NC. The NC determination was carried out in a 100 m® reverberation chamber with the ‘Assistant’
noise meter NTM-RF Protection according to GOST 51400-99 (ISO 3743-1 (2) -94). The PSP-800 KG-8
machine of the Italian company ‘Pasquini’ was used. The machine was tested at idle and operating conditions.
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pilnenko_a@mail.ru (TTuavnenxo A.K.), Zim94@inbox.ru (Iyxeanuenxo A. I1.)
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The excess of the norm was established at 11 dBA at idle and at 14 dBA at operating conditions. To establish the
NC dependence on the technological and kinematic parameters, a planned experiment of the type 2° was carried
out. Multivariate models describing these dependences were obtained. Recommendations for improving the
acoustic parameters of the machine are given.

Key words: kneading machines, noise characteristics, density of dough, rotation speed of the working
element, multifactor models.

BBeagenue

Opnoit u3 HanboJee pacIpOCTPaHEHHBIX U TPYAOEMKHX ONepaluil Ha MPeANPUATUIX
MUTAHUS SIBJISIETCS TPUTOTOBJIEHHWE TecTa. TecTo HMMEeT pa3Hyl KOHCHCTEHIMIO B
3aBHCHUMOCTH OT BHJIa KOHEYHOrO MpoayKTa. JlJis BapeHUKOB U IMEIbMEHEH HCIOIb3YeTCs
KPYTO€ T€CTO BBICOKOH IUIOTHOCTH, JJIsl IPUTOTOBIIECHUS KYJTUHAPHON MPOAYKIIMHU APOAIKEBOEC
TECTO, KOHIUTEPCKUX U3/EIUNA — OMCKBUTHOE TECTO, OJIMHOB — kHJIKOe TecTo. KoHcucTeHnus
TECTa XapaKTepU3yeTcs €ro MIOTHOCThIO p. PaboTa mMamuHbl 3aBUCUT U OT 00bEMa V Tecta B
Oauke, a TaK)Ke OT YACTOTHI BpalleHus pabodyero opraxa n.

B kauecTBe SKCIEepUMEHTAIBLHOM MOJENM TPUHAT HATypalbHBIA  oOpaszen
tecromecwibHOM MamuHbl cepun PSP-800 KG-8 wuranmbsHCKOro mnpou3BojaACTBa (PUPMBI
‘Pasquini’ mpowmsBoguTeabHOCThIO 30 KI/4 ¢ Maccoii 3ameca 7 K, YCTaHOBJICHHOM
MOIIHOCTBIO AekTpoaBurareis 0,37 kBT u HoMuHanpHON yacTotoi Bpamenus 1400 06/MuH.
Pabounii opran coBepiaeT mjiaHETapHOE BPAIlATEIbHOE JBUKECHHUE.

Bribop MammHbl 0OOCHOBBIBAETCS PACHPOCTPAHEHHOCTHIO HA MPEANPHUATHUIX
MUTaHKS MAJIOTO U CPEJIHEro OM3Heca, a Takke e€ TeXHUKO-IKOHOMHYECKUMU MTOKA3aTeIIsIMHU:
KOMIAKTHOCThIO, HU3KOHW MaTepHaloEéMKOCThIO, JOCTATOYHOW MPOU3BOAUTEIHHOCTHIO IS
JAHHBIX TPEANPUATHN, BO3MOXKHOCTBIO TOAKIIOUEHHS K cetn kKak 220 B, tak u 380 B,
XopomuM fu3ailHoM. HecMoTps Ha mepeduclieHHble JIOCTOMHCTBA, MallMHA O0JagaeT
HEIOCTaTKOM — HM3JIy4aeT MOBBIIICHHBIH ypoBeHb Iryma. [IpoBeaeHHslii 0030p nHbopmManuu
no IIIX TecToMecHIbHBIX MalllUH yKa3and Ha oTcyTcTBUe uHpopmarmu o LIIX mammusr PSP-
800 KG-8 [1, 2, 3].

[enbro paboTh siBisieTcs onpenenenue X TecToMecunbHON MaIIMHBI B pa3TUYHBIX
pexuMax paboThl, a TaKK€ YCTAHOBJICHUE BIIMSHUS TEXHOJOTHYECKUX W KHHEMATUUYECKHX
¢axTopoB Ha eé 111X.

1. MeToauuyecKkue NPEeANOCbIIIKHA

Omnpenenenne IIX mammubl npoBogwinock B cootBerctBuu ¢ ['OCT 51400-99
(UCO 3743-1(2)-94) «OmpenencHue ypoBHEW 3BYKOBOH MOIIHOCTH MCTOYHHKOB IIyMa IO
3BYKOBOMY JaBJIeHHIO. TeXHHYECKHE METOAbl B peBepOCpallMOHHBIX —MOMsix»  [4].
Hcnonp3oBanack aTTeCTOBAaHHAs peBepOepalioHHas Kamepa oObéMoM B 100 M°, rje
pa3Merianach TECTOMECWIbHAsI MalluHa. M3Mepsulnch SKBUBAJIECHTHBIE YPOBHU 3BYKOBOI'O
JABJICHUsSI B OKTaBHBIX IIOJIOCAX YacTOT M MO XapakTepuctuke A. B cooTBeTcTBHM CO
CTaHJApTOM YpOBHHU 3BykoBoro pnamieHus (Y3/]) nepecunTaHsl B YpOBHM 3BYKOBOMH
MomHocTH (Y3M), KOTOpBIE CpaBHUBAIMCH C TIPEACIBHO JOMYCTUMBIMH ITYMOBBIMH
xapakrepuctukamu (ITIJJIIX) s npousBojacTBeHHbIX nomerneHuit P®, 3amoB kade,
PECTOPaHOB, CTOJIOBBIX M HEMOCPEICTBEHHO MPHUJICTAIOIINX TEPPUTOPHii [5].

Hcnonp3oBanachk 3ByKO3alMChIBAIOLIAs anmnaparypa: myMmomep «AccucreHT» PO c
aBTOMaTH4eckou 3amuchio Y3/l u nmepenadei nHGopManuu Ha HOYTOYK.

B pesynbrare Ha IIK ObuIM 3amMcaHbl OCHMIUIOTPAMMBI B pPEAJbHOM MaciiTade
Bpemenu uzmeHenus Y3/ - Lp, n1b, BuOpoyckopeHus MalIMHbl Ha JIEKTPOABUTaTeIIE dos, M/C
U KOpIyce MaIlUHBl dax, M/c. Pacxoayemas MOIIHOCTb OIpeaessiack 00pa3loBBIM
BaTrT™MeTpoM. OtmeTka Bpemenu coctasuia 0,1 ¢ (puc. 1). Tapupoka ocipniorpamm mo Y 3/]
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U YpPOBHSIM BHUOPOYCKOpPEHHS MpoBoAMIach Mo mHpubopy «AccucteHt». Crartucrtuyeckas
00paboTKa pe3yabTaToOB U3MEpeHus mpoBoauiack B coorBerctBuu ¢ ['OCT 27408-87 [7] ¢
pacyeToM BEeJIMYUHBI HEONIPEACICHHOCTH u3Mepenus 1o 1,5 n1b (1bA).
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Puc. 1. OcunmiorpaMma 3anmcu aKkycTuueckux napamerpos: 1 - Y3/I; 2 - BuOpoyckopenue
KOpITyca MallluHbl; 3 - BUOPOYCKOpEHUE KopIlyca IBUraTess

Mamuna PSP-800 KG-8 uccnenoBanach B pexxumax pabotel: 6e3 Harpysku (XX),
npu 3amece Ttecrta (PX) pasnuuHON IUIOTHOCTH, pa3iMYHOrO 00BEMA TecTa M YacToTe
BpamieHus paboyuero oprana, T.e. IPEMEHEH METOI IUIAHMPOBAHUS dKCIEepUMeHTa Bua 2° 1o
meroauke bokca-Yuncrona [6].

2. Pe3y.111>TaT1,1 IKCIICPUMEHTAJBHBIX uccjaeaoBaHui

AHanu3 pe3ynapTaTOB 3KCIEPUMEHTAIBHBIX MCCIENOBAaHUN IOKa3al CIELYOIIEE:
MaIIMHA U3JTy4aeT MOCTOSIHHBINA YPOBEHb LIIyMa, Kak 0€3 Harpy3KH, Tak U MOJ Harpy3KoM.

W3ny4yaeMplii MamMHOM ypOBEHb 3BYKOBOW MOIIHOCTH Mpu pabore Ha XX
cocraBisier 78,1 nbA, mpu PX — 81,2 nBA. TTJIIX mo xapakrtepucTuke A IS yKa3aHHBIX
nomerienuit pasHa 67,1 nbA. Mmeer mecto npessitienue [IJIIIX npu pabote 6e3 Harpy3k# -
Ha 11 nbA, a B pabouem pexume — Ha 14 nBA. B HekoTopeIX cTpaHax (Hampumep, B
VYKpauHe) YCTaHOBJIEH MAaKCHUMaJbHbI YPOBEHb 3ByKa Ul MOMEUIEHUH NpeanpUsaTHI
nmutanus 70 n1BA, uro coorBerctByer ITIAIIX must uccnenyemoit mamuusl - 82,1 nbA, T.e.
MallMHa OTBEYAET CAHUTApHBIM HOopMaM. IIpoBeneHHBIN CHEKTpajabHBIA aHAIN3 CPaBHEHUS
V3M ¢ ITAIIX nokazan, yto B auana3zoHe dactoT 63-8000 I'ty mpeBsiieHue HabmomaeTcs
Tosibko Ha yactore 250 I'm ma 11 nb. DTO CcBHIETENBCTBYET O TOM, YTO OCHOBHBIM
MCTOYHHUKOM IIIyMa SBJISIOTCS 3yOUaThle Nepeiayu B peAyKTOpe MallHBbI.

DKCTepHMEHTANbHBIE MCCIIEN0BAHUS B COOTBETCTBUHU ¢ D-onTHManbHBIM miaHoM 2°
TIpOBE/IeHB! TIPK TIOTHOCTAX TecTa X1 1170 u 1240 kr/m3, 06béMax TpoaykTa B jaexke Xz
2.10° u 4-10° m®, wactoTe Bpamenus paGodero oprana Xz 8,6 um 10,4 06/mun. J{nsa
U3MEpPEHUs] YacTOThl BpalleHHs padouero opraHa HCIOJIB30BAJCS JaTep, a KOHTPOJb
(baKTHUECKOW YacTOTHI BpallleHUs] OCYIIECTBIIICS TaxoMeTpoM. Vcrosb3oBangachk N3BeCTHAs
MaTpHIla IIAHUPOBAHUS U3 BOCHMH OIIBITOB C MTOBTOPSIEMOCTHIO pe3yibTaToB - 10.

ITocne mpoBepkH BOCIPOM3BOAMMOCTH TpoOIEcca, OIpenesneHuss Kod((UIMEHTOB
perpeccuy, MX 3HAUYMMOCTH W THUIOTE3bl 00 aJeKBaTHOCTH MPEACTaBIEHUS PE3yIbTaTOB
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MOJYYUIIM ypaBHEHHUE DPETPEeCcCHH 3aBUCHUMOCTH 1eNeBOM (QyHkumu - Y3M oT Bapuauuu
UCCIIElyeMbIX IEPEMEHHBIX (PaKTOPOB B KOAWPOBAHHBIX [IEPEMEHHBIX.

Vi(X1, X2, X3)=56,4-0,76X1-0,25X2+9,4X3 -0,68X1X2-1,78X1X3-0,03X2X3-0,26 X1 X2X3 (1)

@DaxkTOpHBIA aHAIKM3 MOJYYEHHOTO YpaBHEHHUsS PErpeccuu IoKas3all, yTo Hauboiee
CYILIECTBEHHOE BJIMSHHE Ha M3IydaeMblii YpOBEHb LIyMa L OKa3bIBa€T 4acTOTa BPALLCHUS
pabouero oprasa, ¢ yBeaudeHueM Kotopoid ¥Y3M marmuabl Bo3pactaeT. OcranbHble (haKkTOpb
p 1V OKa3bIBalOT HE3HAYUTENIbHOE BiMsHUE HAa Y3M c orpunarenbHbiM 3HakoM. [lapnoe
B3auMOJIeiicTBre (DAaKTOPOB CKa3bIBA€TCA HE3HAYUTENbHO, Kpome Xi1X3 — COBMECTHOTO
BIMSIHUSA (PAKTOPOB p U N.

[lepeBon KOOMpOBaHHBIX 3HaueHUil ypaBHeHus (1) B HaTypajibHble 3HAYCHUS
(axTOpPOB MPOU3BOIMIICS TIO (POPMYIIaM:

Xl:&m; XZZV_—?:;XSZn—_% 2)
70 2 1,8

MHuorodakropHas MOeNb 3aBUCUMOCTH ¥Y3M MalluHBI OT MepeMeHHBIX (HaKTOPOB

UMeeT BUJL:

L, (p,V,n) =—123,83+0,108p—6,003V +18,54n +0,0055V —0,011pn—0,001Vn , aBA (3)

JIJiss MHXKEHEPHBIX pacuéToB, MpeHeOperas He3HAYNTEIIBHBIM BIIHSIHIEM ITEPEMEHHBIX
daktopoB p u V, Y3M TecToMecHIbHONW MAIMHBI MOXHO MPEICTaBUThH B BUJIE:

L, =-123,83+18,54n, nbA 4)

Jlig onpeneneHusi MaKCUMaJIbHO 1 MUHUMAJIbHO BO3MOYKHOTO YpoBHSI ¥Y3M MalluHbI,
NOJICTaB/IsIeM B ypaBHeHHE (3) MaKCHMalbHbIe M MUHHMAJbHBIC 3HAUYEHHS IMEPEMEHHBIX
(dakTopoB, NOIy4aeM, 4YTO

L™ =68,21 nbA u L™ =51,58 nBA

JIns  CHUXKEHUs YpOBHS M3nydaemoro 1myma Mammuoi PSP-800 KG-8
1eJ1€C000pa3sHO M3MEHUTh KOHCTPYKIUIO PEAyKTOpa MAallMHBI ¢ 3y04aToro Ha YepBSYHBIN
WJIM IPUMEHUTD 3BYKOU3OJISLUIO AJIS TAIICHUS U3JIy4aeMbIX HU3KUX 4acToOT.

[IpencraBnsier UHTEpPEC TAKKE COMOCTABICHHE HM3JIy4a€MOM 3BYKOBOM MOIIHOCTH
MaIlMHbI ¥ TOTPEOIIEMON MOIIIHOCTH HCCIeyeMOI TEXHOJIOTHYECKON MaIlIMHBI.

Matpuna nnaHupoBaEus 2° M ypOBHM TIepEMEHHBIX (DAKTOPOB OCTAIHCh 0€3
u3meHenus. lleneBas ¢ynkuus N wu3Mmensulace B mpenenax ot 130 Bt mo 580 Br.
MHorogakropHass MOJeNb 3aBUCHUMOCTH MOTPeOJIIeMONl MOIIHOCTH OT BapbUPYEMBIX
TE€XHOJIOTMYECKHUX NTapaMeTPOB B KOJUPOBAHHBIX MIEPEMEHHBIX IIPUBEICHA HUKE.

YN(X1,X2,X3)=367,4+66,25X1+25X2+147,75X3+25X1X2-23,7X1X3-10X2X3-7,5X1X2X3  (5)

Amnanmu3 mozenu (5) moka3bIBaeT, YTO Ha MOTPEOIAEMYIO MAIIIMHOW MOIIHOCTh, KaK U
Ha Y3/] Haubonpliee BIMSHUE OKa3bIBACT TPETHHl (hakTop, T.e. yacToTa BpalleHUs pabovero
oprana. [lapHoe u TpoiiHOe B3aumojeicTBHE (PAKTOPOB BIMsIET HecyllecTBeHHO. Kak u B
0001 TEXHOJIIOTMYECKON MallMHE C YBEITMYEHHWEM YacTOThl BpallleHUs pabouero opraHa
Bo3pactaerT U mnoTpebisemMas MomHOCTh. C  yBeIMYEHHWEM IUIOTHOCTH MPOAYKTa U
HAIOJIHAEMOCTH JIeKH BO3HUKACT TEH/ICHIMS K BO3PACTAaHUIO MOTPEOIIEMON MOIIIHOCTH.
VYpasHenue (5) B HATYpaIbHBIX IEPEMEHHBIX IPUMET BH/T

N(p,V,n)= 2330,8+2,23p-569,8V-262,7n-0,46pV/+38,6Vn+0,27pn-0,03pVn, Bm (6)
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MakcuManbHBIA PacXoJ] MOIIMHOCTH B TUIAHUPYEMOM JKCIIEPUMEHTE COCTaBUII
417.5 Bt, a MuaNMaiIbHLBI - 259,9 Br.

VYpaBuenue (6) B HATypalbHBIX MEPEMEHHBIX C YYETOM BEJIMYUHBI U B3aMMHOTO
BJIMSTHUS TIEPEMEHHBIX (PaKTOPOB MOYKHO YIIPOCTHTH M MCIIOJIb30BaTh B pacyeTax

N= 2330,8-262,7n )

3aKjao4yeHue

[IpoBeneHHBIC WICCIIEIOBAHUS TIOKa3alld, 4TO MamuHa 3ameca Tecta PSP-800 KG-8
HE B IIOJHOM Mepe YJOBJIETBOPSET CAHUTAPHBIM HOpMaM Mo mymy Juist ctpadn CHI.
[IpeBbimienne cocraBnser 11 nbA 6e3 Harpy3ku u 14 nBA monx Harpy3koil. OcHOBHOM
UCTOYHMK IIyMa — PEAYKTOp. OTOT BBIBOJ MOATBEPKIACTCS U  HUCCICIOBAHHEM
MHOTO(aKkTOpHBIX Mozeneld Y3M u moTpebisieMol MOIIHOCTH, KOTOPBIE TOKa3ald, YTO C
MOBBIIIICHHEM YacTOTHl BpalICHHUs padodyero opraHa, a, COOTBETCTBCHHO, W IIOCIIEIHEH
CTYNEHU PEOyKTOpa M3JIy4eHHs IIyMa MaIIMHON Bo3pacraeT. B pesynbTaTe nccienoBaHUit
MOJTy4eHBbI pabovre ypaBHEHUS i omnpenesicHus Y3M 1o xapakTepucThke A W pacxoja
noTpebIseMoit MOITHOCTH. JlaHbl peKOMEH AU 0 CHUYKEHUIO U3JIy4aeMoro myma.

JanbHeitmue uccneaoBaHusi OyayT HalpaBleHbl Ha HUCCIEAOBAaHUE BHOPAIIMOHHBIX
XapaKTePUCTHKA MAIIIUHBI.
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AHHOTALUA

Paccmorpena mpoOiema CHIDKEHHS IIymMa M BHOpallMM B OKWJIBIX, OOLIECTBEHHBIX U
MPOU3BOJICTBEHHBIX IOMELICHUSIX OT OJNH3KO paclojiOKEHHOTO TEXHHYECKOT0 M TEXHOJOTHYECKOTO
obopynoBanus. [IpoBeneHa olieHKa OCHOBHBIX MCTOYHUKOB U BOSHUKHOBEHHMs BUOpanuu. Pa3paboran komriekc
MEPOIIPUATHH 10 CHHKEHUIO BUOPALMH CTEH KOMIIPECCOPHOTO TTOMELIECHHS.

KaioueBble ci10Ba: ypoBeHb BUOpaLMH, TEXHOJIOTHYECKOE IOMEIICHUE, CTEHa, TPYOOIPOBO/I, CIIEKT.

Reducing the vibration of the walls in the technological premise

Drozdova L.F.%, Kirpichnikov V.Y.?2, Kudaev A.V.3, KuklinD.A.#
12.4 Professor, of the Department ‘Ecology and life safety’
2 Associate professor of the Department ‘Ecology and life safety’
BSTU VOENMEH ’ named after D.F. Ustinov, 1 Krasnoarmeyskaya, 1, Saint-Petersburg, Russia

Abstract

The problem of noise and vibration reduction in residential, public and industrial premises from
closely located technical and technological equipment is considered. The main sources and the occurrence of
vibration are estimated. A set of measures to reduce the vibration of the walls in the compressor premise was
developed.

Key words: vibration level, technological premise, wall, pipeline, spectrum.

BeBenenune

[IpoGnema cHWXEHHS IIyMa U BUOpAallMd B JKUJIBIX, OOINECTBEHHBIX W
MIPOU3BOJICTBEHHBIX MOMEIIEHUAX, HECMOTPSI HA 3HAUUTEILHBIE YCTIEXU B PA3BUTHH aKyCTHKU
KaK HayKd, HAKOIJICHHBIA OMBIT B OOprOe C IIyMOM W HalW4yhe OOLIMPHOTO KOMILIEKCa
MIPOTUBOIIIYMOBBIX CPEJICTB U METOJIOB, TIO-TIPEKHEMY OCTACTCS aKTyaJIbHOU. A pa3MelieHne
MIPOU3BOJICTBEHHBIX IOMEMICHUI B JKWIBIX KBapTajlaxX, Kak IMpaBUjIO, JOMOJIHUTEIBHO
YXYIIIAIOT aKyCTUYECKYI0 OOCTaHOBKY, YTO YacTO MPUBOAUT K KOH(JIMKTHBIM CHUTYallUsIM
MEXIY KUTEIAMU U aAMUHUCTpAIMEN IPeaPUATUH.

ObecnieyeHne OaronpusATHON aKyCTUUECKOW OOCTaHOBKH B 3/IaHUSIX, OCOOCHHO IS
KUIBIX W O(UCHBIX TOMEIICHUH, PACMOJIOKEHHBIX B HEMOCPEICTBEHHOW OJIM30CTH OT
WH)KEHEPHO-TEXHOJIOTHYECKOTO  000pYyIOBaHHUs,  SIBISETCS  aKTyaJllbHEWIIeW  3ajave
CTPOMUTENIBHOM aKycTukH [1].

HakonneHnHblii  crenuaincTaMu-aKyCTUKaMH — OMBIT MOKa3bIBa€T, 4YTO 3ajadyer
CHI)KCHHUS KaK [TyMa, TaK U BUOpAlUy, HAJ0 3aHUMAThCS B MIEPUOJT OT CAMBIX PAaHHUX CTaIui
MIPOCKTUPOBAHUS 3JaHUIN O 3aBEpIICHUS MOHTaka obopymoBanus. OmHAKO, 3TO YCIOBHE

“E-mail: drozdovalf@yandex.ru (Jposoosa JI.®.)
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BBIMIOJHSETCSI HE BCErJa W 4YacTO BO3HHUKAeT HEOOXOAMMOCTh CHHXaThb IIyM U
COITYTCTBYIOIIYIO €My BUOPAIIMIO B TIOMEIIEHHX TTOCJIE CTPOUTENIBCTBA 3AaHUH.

CootBercTBytonye pabOThl, Kak MpPaBWJIO, HAYMHAIOTCS C OCMOTpa 30aHUi U
NPOBEICHUST HEOOXOAMMBIX aKyCTHUECKUX U3MEPEHUH. BBIABIAIOTCS UCTOYHUKH W MPUYUHBI
NoBBIIEHHOTO Imyma. Jlamee pa3pabarbIBaloTCs MPOTHUBOLIYMOBBIE MEPOINPHUATHS, U
HAYMHAETCS CJI0XKHAsA, B YCIOBHIX MIOCTPOCHHOIO 3/IaHUS, POLEAYpa UX BHEAPEHUS [2].

Lenbto HacTosimiel paboOTHI sBIsUIACh pa3paboTKa U BHEAPEHHUE CIIOCOOOB U CPENICTB
YMEHBIICHUSI YPOBHEH BHOpAlMM CTEH TEXHOJOTHMUYECKOTO IMOMEIICHHUS, B KOTOPOM OBLIH
YCTaHOBJIEHBI JBa TOPLIHEBBIX KOMIIpeccopa C MPUBOAHBIMH 3JIEKTPOABUTATEIISIMMU:
MOPIIHEBOM  XOJIOQWIBHBIA M  IOpPLIHEBOM amMMuauyHblii. Kpome  yCTaHOBIIEHHBIX
KOMITPECCOPOB C BHEIIHEH CTOPOHBI NMOMEIIEHHS K OIHOW W3 €ro CTeH ObUI 3aKperiéH
KOHCOJIbHBIH (yH/JaMEHT, Ha KOTOPOM JKECTKO YCTAHABJIHMBAJICS BEHTHIIATOpP CpeaHEn
MIPOU3BOJUTEIIBHOCTH.

1. DkcnepuMeHTAJIbHOE HCCJIEA0BAHNE BHOPANMOHHBIX XapPaKTEPUCTHK
KOMIIPECCOPHOTO 000PYy/10BAHUS

Kommnpeccoproe 0060pynoBaHHE€ OTHOCUTCS K TPYIIIE CIOXKHBIX KOJI€OaTeIbHBIX
CUCTEM, CO3JAIOIINX MHTEHCHUBHbBIC BUOpPAIIUU KaK MEXaHUYECKOM, TaK U Ta30JMHAMHYECKON
npuponsl. OOecrieueHne TpeOOBaHMI CaHWUTAPHBIX HOpM BuOpaimu [3], kak Ha pabouymx
MeCTaX, TaK W Ha y4acTKax, PAcIOJIOKEHHBIX BOJM3M 3TOro 00OpyHOBaHUS, TOCTUTACTCS
JIMILB [IPU YCIIOBUU BHEAPEHUS KOMIUIEKCA MEPOTIPUATUI IPOTUBOBUOPAILIMOHHOM 3aIIUTHI.

[Ipexxne, ueM mepelTh K  pa3paboOTKe MEPONPHUSATHH 1O  CHI)KEHHUIO
PacCIpOCTPAHSIONMIEHCS OT KOMIIPECCOPOB BHOpaIi, HEOOXOTUMO BBHISIBUTH OCHOBHBIC
WCTOYHUKHU U MPUYUHBI BOSHUKHOBEHHS BUOPAIIH.

K ocHOBHBIM (QakTopaM, BIUSIONMM Ha (opMuUpOBaHME BHUOPAIIMOHHBIX ITOJIEH
MOBBIIICHHOW UHTEHCUBHOCTH, MOXKHO OTHECTH:

-)KECTKOE KPEIJIEHUE KOMIIPECCOPOB K (yHIaMEHTaM;

-HCTONb30BaHNe (PYHAAMEHTOB, HE YIOBIETBOPAIOIIUX TPeOOBaHUAM K HX
BUOpPALIMOHHBIM ITapaMeTpaM;

-OTCYTCTBHE BUOPOPa3BA3KH KOMIIPECCOPOB C TPYOOIIPOBOIaMH;

-OTCYTCTBUE NOJKPEIUIEHUN JUIMHHO-TIPOJIETHBIX TPYOOIPOBOJIOB;

-onupaHue Tpyd Ha KOHCOJIbHBIE KPOHIUTEHHBI, KECTKO CBSI3aHHbIE CO CTEHAMU;

-U3ruObl U COeTMHEHUE TPYOOIPOBOIOB MO MPSMBIM YIJIOM.

Ha nepBom »srame wn3MepeHuit BHOpaluM moja M CTEH KOMIIPECCOpHOW Oblia
noJjiyueHa MHpopMalusi 0 MPOCTPAHCTBEHHOM paclpee/ieHUH YpOBHEW BHOpaluu B 1OJI0Ce
gactoT oT 2 g0 10000 ', Mi3mepenus BoimonHsuch B 33 Toukax (8 — Ha mony u 25 — Ha
CTeHax) Ha JBYX pexumax: | pexuM — oJHOBpeMeHHas paboTa 0OOMX KOMIIPECCOPOB U 2
PEKUM — paboTa KaXKA0ro KOMIIpeccopa B OTAETbHOCTH.

B nporecce nzmepenuii ObUH MOTYYEHBI CIEAYIONINE PE3yIbTaThI:

-HauOoNbIIME YPOBHM BHOpalMM TOja MMEIOT MECTO Ha YYacTKe MEXIy
XOJIOWIBHBIM KOMIIPECCOpOM W Ommkaimeid k Hemy cteHou (Nel); Bkiam komrpeccopa
aMMMa4YHOT'O THIIa B YPOBHM BHOpAIlMM YKa3aHHOTO y4yacTKa I10JIa OKa3aJcsi MpeHeOpeKuMo
Mau;

- YPOBHHU BHOpAlMU OCTAJBHBIX CTEH OKa3aJIUCh MEHbINIE YPOBHEH BUOpAIM CTEHBI
Nel B cpennem Ha Bennuuny 2025 nb B ucciieyeMoM 1nara3oHe 4acToT;

-MaKCHUMaJIbHble YPOBHHM BuOpanuu creHbl Nel oTMedalnch B MECTax KpEIUIeHHsS K
HEU OINOPHBIX KPOHIITEIHOB;

-YypOBHM BUOpallMd KpPOHIUTEHHOB B MECTax ONUPaHUA TpyOONpOBOIOB
IPEBOCXOJIMIIM YPOBHU BUOpanuu B paiioHe cTeH Ha BenuuuHy 110 20 1b.
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CrenoBarenbHO, MOXKHO C/IE€TATh BBIBOJ O TOM, UTO HanOoJiee BEPOSITHON MPUUUHON
NOBBIIEHHOW BuOpanuu crteHbl Nel sBnsercss €€ BO30YXKIACHHE HE OIMOPHBIMH CBS3SIMU
KOMIIPECCOPOB, ONUPAIOIIMMHUCS HAa PE3OHUPYIOLIUE OIIOPHBIE KPOHIITEHHBI.

CrexTpaylbHBIA aHAIM3 BUOpAIMM YYacTKOB CTeHBI Nel BONHM3M KpPOHIITCHHOB
II0Ka3aJj CIeAYIoLIee:

-y3komnonocHble (Af=0,25 T'm) crexTpbl BUOpaluM HUMEHOT MHOTO PE30HAHCHYIO
CTPYKTYPY; OHH COJEpIKaT Psii MAKCHMYMOB Ha 3BYKOpsiae 000poTHO# yactotsl (f=24,5 T'ir)
XOJIOIMJIBHOI'O KOMIIPECCOPA;

-JIOCTaTOYHO BBICOKHE YPOBHHU BHOpaiuu cTeHbl Nel y KpOHIITEHHOB HAOIOIAI0TCS
TaKXKe Ha yacToTax mpubimsurtensHo 10 10 ', rae posnb koMmpeccopoB B (hOpMUPOBAHUH
CYMMapHBIX YPOBHEW BUOpAlIMK OKa3ajaach MPUMEPHO OJJUHAKOBOM.

Omnpenenenue BKJIaJa ONOPHBIX M HE ONOPHBIX CBSA3€M B CyMMAapHbIE YpPOBHU
BUOpALIMM yYaCTKOB CTEHBbI y KPOHILITEHHOB MPOU3BOJIMIIOCH C HCIIOJIb30BAHUEM PACUYETHO-
IKCHEpUMEHTAIBHOTO MeTofa. (Co3gaBauch HMCKYCCTBEHHBIE BHOpalMM TOJS  Ha
dbyHmameHTax U (PUAHIEBBIX ~ COEIMHEHUSX  HEpabOTAlOUIMX  KOMIIPECCOPOB €
TpyOONpOBOJAMH ¥ ONPEACTSUINCh KOA((UIMEHTHl Tepeaayd BHOpaluu OT pPaiioHOB
BO30YKICHHSI, HA YUYACTKU CTEHBI C TIOBBIIIEHHBIM YPOBHEM BHOpanuu. Bkiaasl OmOpHBIX U
HE OIOPHBIX CBSA3EH KOMIIPECCOPOB B J-X TOYKAX CTCHbI PACCUMTHIBAINCH BBIYUTAHHEM
snaueHuii Kjj oT ypoBHed BuOpamuii B i-X TOYKax O3THX CBS3€H MPH IOCICIOBATEIHHO
BKJIIOUEHHOM 000pynoBaHuM. Pe3ynbTaThl pacuéra cONOCTaBISINCH C YPOBHEM BHOpalMu B
I-X TOYKax, H3MEPEHHOMU IpU paboTe 000UX KOMIIPECCOPOB [4].

2. Pe3yJIbTaTbl IKCIIEPpUMEHTA

AHanu3 NoJay4YeHHBIX pe3yJbTaToOB U3MEPEHHH MoKa3all ClleAyroIee:

-Ha YacToTax Hawbousbmell BHOpoBo3OynuMocTr cTeHbl Nel (3ByKOpsiT 0OOpPOTHOM
yactoTel 24,51 XOJOAMIBHOIO KOMIIpECCOpa) BKJIAAbI KojeOaHuil (QyHAaMeHTa U
TPyOOIIPOBOIOB, KaK MPABUIIO0, COM3MEPUMBIL;

-Ha yactorax npuOiamsurenbHo a0 10Im Bkmagsl kosnebGaHuit  (GyHIAMEHTOB
MPEBOCXOJAT BKJIAAbl KoJieOaHUM TpyOOIpOBOJOB, a CyYMMAapHBIE pacueTHbIe YpPOBHHU
BUOpaIMM, co3/aBaeMoi (QyHJaMeHTaMH U TPyOONpPOBOJAMM, OKa3bIBAIOTCA MEHbIIe €&
(aKTUYIECKUX YPOBHEH B J-X TOUKaX CTCHBI; COOTBETCTBYIOIIMI PE3yJIbTaT CBUICTEILCTBYET O
HAJIMYUU JIPYrOro JIOCTaTOYHO BUOPOAKTUBHOIO HMCTOYHUKA, BO30Oyxjarouiero cteny Nel,
KOTOpPBIM, MO BCEW BHUIUMOCTH, SIBJISIETCSI BEHTWJISATOP, YCTaHABJIMBAEMbI C BHELIHEH
CTOPOHBI CTEHBI;

-Ha yactoTtax f>100 ['n cymmapHbie ypoBHM BuOpanuu cteHbl Nel onpenenstorcs, B
OCHOBHOM, K0JIe0aHUSIMU TPyOOIIPOBOIOB.

B pesynbrare npoBe€HHBIX U3MEPEHUI U BBIIIOJHEHHBIX pacd€ToB ObLI pa3zpaboTaH
KOMIIJIEKC CIIEYIOIUX MEPONPUATHI aHTUBUOPALIMOHHON 3aIUTHI:

1. VxecTtoueHHe ONOPHBIX KPOHIITEHHOB HI)KHETO U BEPXHETO MarucTpajbHBIX
TpyOONpPOBOJIOB; YCTAHOBKA MOJ S3TUMH TpPYyOONpPOBOJAAMHU JIOMOJIHUTEIBHBIX OMOPHBIX
KpOHIITEIHOB (puc. 1).

2. BuOpopaspsizka MarucTpajibHbIX TPYyOOIIPOBOAOB OT CTE€H B MECTax MX MPOXOAa
yepe3 CTEHbl, PEKOMEH/IOBAaHHBIE Y3JIbl BUOPOPA3BA3KU BBHIMOJIHSUIUCH U3 JBYX CIIOEB:
IUIACTHKA U PBIXJIOBOJOKHUCTOIO TEIUIOM30JISIIMOHHOTO MaTepuana (puc. 2).

3. 3aMeHa KOHCOJBHOTO (yHJaMEHTa Ui BEHTHISATOpPA Ha (PEPMEHHYIO OMOPHYIO
KOHCTPYKLHIO C MOBBIIIEHHOM ®KECTKOCTHIO (pHUC. 3).

4. BubpooTtkmtouenre cteHbl Nel OT 1mosa ¢ moMoIIbio pe3a B Moy.

5. VYcraHOBKa MacCOBBIX aHTHBMOPAaTOpOB B MecTax HaumOoJblIeH BuOpaiuu
Yy4acTKOB TPYOOIIPOBOOB.
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6. IIpoBeneHue JONMOJHUTEIBHOM LEHTPOBKM KOMIIPECCOPOB C IPUBOAHBIMU
AIIEKTPOABHUTATEISIMH U JOTIOJTHUTEIBHON OalaHCUPOBKOM arperatos.

3akarouyenue

Tpebyemoe cHIKeHHE ypOBHEH BHOpammu CTEH, cocrapBisitomiee He meHee 10 nb,
ObUIO JIOCTHTHYTO BHEJPEHHEM TMEPBBIX TPEX MEPONPUATHA, YKa3aHHBIX B TJaBe 2.
Bueapenue nocnenyrommx TpéX MEpONPUSITHH, ONMKUCAHHBIX B IVIaBe 2, JOHKHO MO3BOJUTH
MOJTyYHTh JIOTIOJTHUTEIILHOE CHIDKCHHE ypOBHEH BUOpaIu

B HOPMHUPYEMOM JHaNa30He 4acToT.

Cxema
OOKPENNCHIST KPONUITIELIHOE

Crena Nel

P IY

Puc. 1. CxeMa NOAKpEIICHUs ONTOPHBIX KPOHIITEHHOB
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Jawibna (raacmen)

Poixnobonorrirerreris
@I NOUIOS. MAITIELLIAA

Cm. nucm 520—

L 60 x 60

Puc. 3. Cxema onopHOI KOHCTPYKILIMU JIJIs1 BEHTUIIATOPA
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Oco0eHHOCTH aKyCTHYEeCKOI0 Pac4éTa CHCTEM BEeHTUJIALNHU

Ko63aps J1.J1.1, Bens6ens A.M.2, Oneitaukos A.JO.*3
! Maructpant, BI'TY «BOEHMEX» um [I.®. Yctunona,
WHXXCHEP-aKyCTHK 3aBojia «ApKTocy, T. Cankt — [letepOypr,

2 HayanbHUK aKyCTHYECKOTO CTEH/a 3aBojia «ApKTocy, . Cankt-IleTep6ypr,
3 JlonenT, k.1.H., BITY «BOEHMEX» um JI.®. Ycrunosa, r. Cankt — [lerep6ypr

AHHOTANHSA

B cratbe paccMOTpeHBI MPOOIEMBI, BO3HUKAIOIINE IPH aKyCTHYECKOM pacdére M MPOEKTHPOBAHUU
BEHTWILIMOHHBIX YCTAHOBOK.

B nmaHHBIE MOMEHT OTCYTCTBYIOT HaJEKHBIC METOAMKM PacuéTa I'eHepalMy IIyMa Ha OTAENBHBIX
3JIEMEHTaX, MPOEKTHPYEMOIl BEHTWIALMOHHONW CHCTEMBI (IIOBOPOTHI IOJ MPSMBIM YIJIOM, KIamaHbBI, Pe3Koe
M3MECHEHHE CEUCHNUS BO3AYXOBOJA, PA3BETBICHUS U T.1.) YUET reHepalluy IIyMa, Ha 3THX HJIEMEHTaX, MO3BOJIUT
ONpEe/IeTINTh TEepeYeHb HEOOXOMUMBIX MEPONPHUATHA JUIi COOTBETCTBHS HOPMaM. OKCHEPUMEHTaIbHO
olnpenieNeHa IreHepalnys IIymMa NMpH Pe3KOM HM3MEHEHHHU CEeYeHHs Bo3nyxoBoia. IlpemoskeHbl pekoMeHOauuy,
TIO3BOJISIFOIME U30€XKaTh JOIOIHUTENEHON FeHepaliy IyMa.

KiaioueBble ciioBa: BCHTUJIALIUA, BO3AYyXOPACIPCACIUTECIIN, aKyCTHKa, BCHTU/IAIIMOHHAsA CHUCTCMaA,
3BYKOBas MOIIIHOCTb.

Special aspects of acoustic accounting of ventilation systems

Kobzar D.D.%, Velbel A.M.2, Oleynik A.U*3
"Master, BSTU « VOENMEH» named after D.F. Ustinov,
Acoustic engineer OO0 “Arktos”, Saint Petersburg,

2Manager of acoustic facility in the factory «Arktos», Saint Petersburg,
3Senior lecturer, Doctor of Science at BSTU « VOENMEH» named after D.F. Ustinov, Saint Petersburg

Abstract

Problems, appearing in acoustic calculation and ventilation systems design, are taken in
consideration in this paper. Reliable calculation procedures of noise generation on single elements of designed
ventilation system (right angle turn, valves, abrupt change in air duct cross-section and its branching and etc.)
are absent at present moment. Counting of noise generation on the mentioned above elements will give an
opportunity to identify number of necessary actions to bring actual level of noise down to required sanitary
standards. Experimentally noise generation was defined with abrupt change in air duct cross-section.
Recommendations, that will help to avoid additional noise generation in designing ventilation systems, were
offered.

Key words: ventilation, air diffusers, acoustic, ventilation system, acoustic power.

BBenenne

[ym,  BO3HMKalOLMH B  3JEMEHTaX  BEHTWISLUOHHBIX  CHCTEM U
PacIpOCTPAHSIOMIMKCS 110 BO3yXOBOJAM, MOKET IMPEJCTaBIATh CEPbE3HYI0 MpoOiIeMy st
JOJIeH, HaXOJAIIMXCS B IOMEUICHUIX, 00CTYKHBAEMbIX BEHTHJIILIUOHHON CUCTEMOH.

Jlns Toro, 4toOBl OLEHUTH CTENEHb BO3JCHCTBUS ILIyMa WU €ro COOTBETCTBHE
TpeOOBaHUSAM CAHUTAPHBIX HOPM, He0OX0 MO pykoBoacTBoBathess [OCT 12.1.003-2014 [5]
U IIPOBECTU aKYCTHMYECKHMH pacd€T 0KMIAaeMbIX YPOBHEH IIyMa Ha CTaJWU NPOEKTHUPOBAHUS
JTAHHOUM BEHTHJISIIMOHHOHN cucTeMbl, pykoBonacTBysick CHull 23-03-2003 [1]. B npotuBHOM

“E-mail: alexey.ole@gmail.com
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Ocobennocmu AKycmu4ecKko2o paciema cucmem 6eHmuiiiyuu

Cllyyae BEHTHISILIMOHHAs yCTAaHOBKA HE OyJIeT COOTBETCTBOBATH CTaHAApTaM 0€30MacCHOCTH U
CaHUTapHBIM HOpMaM, a, CJIEJ0BATEIIbHO, HEIIPUTOJHA JJI SKCIUTyaTal[1uu.

Metonuka pacuéra, IpeioKEeHHas: B PyKOBOJCTBE 10 PACYETY U IPOEKTUPOBAHUIO
LIYMOIJIYUIEHUS! BEHTUJISIHMOHHBIX YCTAHOBOK [2], YUMTHIBA€T CHMKEHHE LIyMa Ha TaKUX
JJIEMEHTaX BEHTWIALIMOHHOW CHCTEMBI, KaK ITOBOPOTHI IO MIPSIMBIM YIJIOM, KJIAllaHbl, PE3KUE
MU3MEHEHHS CEYEHUS BO3AYXOBOJa, €0 Pa3BETBICHUE U T.J., HO HEOOXOIMMO YUHTHIBATh, YTO
BCE OTAEIBHBIE DJIEMEHThl BEHTWIALMOHHOM CHCTEMBl, Kak IPaBUIIO, SBISIFOTCS
OJIHOBPEMEHHO YCTPOMCTBAMHM KaK CHIKAIOIIMMHU, TaK M TIEHEPUPYIOIIMMU HIyM. A
BO3MO)KHOCTb OIIPEACIICHUSI TE€HEpaluM IIymMa 3THUMH JJIEMEHTAaMH, B BBIIICYKAa3aHHOU
METOJMKE, OTCYTCTBYET.

1. IIpoGseMbl NPOEKTHPOBAHHUS BEHTUJISIHUOHHBIX CHCTEM, OTBEYaIOIIUX
CAHUTAPHBIM HOPMAM U TPeOOBAHUAM

CHM)XCHHE OKTAaBHBIX YPOBHEH 3BYKOBOH MomHocTH AL,, 1B, npu n3MeHeHHH

MOIIEPEUYHOTO CCUCHU BO3AyX0OBOAA CICAYCT OIPCACIIATD 110 (bOpMy.]'Ie (1), B 3aBUCHMMOCTH OT
YaCTOTbl M PasMEpPOB IOMNCPCUHOIO CCUYCHHA BO3AYyXOBOAOB, COrJIaCHO PYKOBOACTBY IIO
pacueTy U NPOCKTUPOBAHUIO ITYMOIIIYIICHW S BEHTUIIINUOHHBIX YCTAHOBOK [2]
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M3MEHEHHMS CEYEHHs 110 ITyTH PACIIPOCTPAHEHHMS 3BYKa, M2).

B uwacTHOCTH, pe3koe H3MEHEHHE CEYeHHUs BO3AyXOBOJa C KpPYIJoro auameTpa
160 MM Ha mpsimoyronbHOe cedenue ¢ pasmepamu 600x100 MM MPUBOIUT K CHHKEHHUIO
OKTaBHBIX YPOBHEH 3BYyKOBOM MoiHOCTH Ha 1,3 nb.

Kommnanusi «Apktoc» o0051ajaeT COBPEMEHHOW aKyCTHYecKkoW mabopartopueil u
cepTUUIUPOBAHHON 0€39X0BOM KaMepoil. ITO MO3BOJISIET MPOBOIUTH U3MEPEHHS COTIACHO
I'OCT 31273 [7], TOCT 51401 [8], TOCT (MCO 7235:2003) [9].

N3mepenusi, mpoBoMMbIE HA aKyCTUYECKOM CTEHJIE, MOKa3ajid, B YaCTHOCTH, UYTO
dakTUYeCKui ypOBEHb 3BYKOBOW MOIIHOCTH, T€HEPUPYEMBIH BO3AYIIHBIM IOTOKOM B
ucnpITyeMoM Bo3ayxoBoje (d=160mm/ 600x100 mm) Oyner paBen 62 anBA, 4T0 TOBOPHUT 00
YBEJIMYEHUH, 4 HE CHUKEHUH OKTABHBIX YPOBHEN 3BYKOBOM MOIIHOCTH.

Ecam mpoextupoBaTh BEHTWISIIIMOHHYIO CHUCTEMY, PYKOBOJCTBYSCh HOPMAaTHBHO-
TEXHUYECKUMHU AOKyMeHTamH [1, 2], TO K CHI)KEHHIO IIyMa MpPUBEIET HaTU4ue OOJBIIOTro
Yyclia MOBOPOTOB BO3/1yXOBO/JA IO/ MPSMBIM YIJIOM, HO B JIEUCTBUTEIBHOCTH 3TO PELLIEHUE
MOJKET MPHUBECTH K F€HEpaluy IIyma, T.K. MPOUCXOAUT TypOyau3alvs BO3AYIIHOTO MOTOKA
MpU PE3KOM TMOBOpPOTE BO3nyxoBoja [6]. TypOynuzaius TPOUCXOAUT HA TOBOPOTE TOJ
MPSIMBIM YTJIOM BCIIEACTBHE PE3KOT0 M3MEHEHUS MPOQUIIsL CKOPOCTEH U mepemnajia 1aBIeHus,
YTO BJIEUYET 3a COOOM JTOMOJHUTENbHYIO IreHepaluio nyMa. ['eHepupyeMsblil (COOCTBEHHBIN)
IIYM — 9TO IIyM, BBI3BAHHBINA TYpOYIEHTHOCTHIO B KOMIIOHEHTaX CHCTEMBI BO3JIYXOBOJIOB,
MPETPaXAAONINX WM OTKJIOHSIIONIMX BO3AYIIHBIM MOTOK (HAMpHUMeEp, OTBOJAX, MEPEXo/iax,
KJIanaHaX, KaHATbHBIX ITYMOTTYIIUTEINSIX ).

Metonuka, mpeAcTaBleHHas B PYKOBOJACTBE IO pacy€Ty U MPOEKTUPOBAHUIO
IIYMOTJTYIIEHUSI BEHTHJISILIMOHHBIX YCTAHOBOK [2], TO3BOJISIET OMPEAEIUTh YPOBEHb 3BYKOBOM
MOIIHOCTH BEHTHJIATOPA, U3Iy4aeMON HEMOCPECTBEHHO B BO3/1yXOBOJbI Ha BCAChIBaHUE U
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HarHeTaHue. B Hacrosiee Bpemsi 3TH JaHHBIE MMOIY4YaloT SKCIIEPUMEHTAIbHBIM YTEM U IS
KaXKIO0ro CYHIECTBYIOIIETO THIIA BEHTUISITOPOB XapaKTEPUCTUKH MOJYy4al0T WHIAUBUAYAIBHO.
OTO MPOUCXOIUT U3-3a TOTO, YTO BEHTWISTOPBI MOT'YT MUMETh Pa3IN4HbIE KOHCTPYKTHBHBIE
UCIIOJTHEHUS, 4, COOTBETCTBEHHO, pa3HbIC IIYMOBHIE XapaKTEPUCTUKU. TakuMm o00pazom,
pe3ynbTaThl pacuéra 1O MeToauke [2] OyayT BecbMa JaleKH OT HUCTHHBI B CHITY
MHOT000pa3us TUIIOB U OCOOCHHOCTEH UCIIOJIHEHUS! BEHTHIIATOPOB.

Taxxke B ucnoibp3yeMoil MeTofuke [2] OTCYTCTByeT YIOMHHAHHE O TOM, 4YTO
cymmapHas 3((QEeKTUBHOCTh YCTAaHOBJIEHHBIX BIUIOTHYIO JApPYr 3a JPYIOM HECKOJIbKUX
TIIyIIUTeNe mryma OyAeT MeHblle CyMMbl UX 3(@ekTuBHOCTEH. MEXIy TIyIMIHUTEIIMH
HEOOXO0UM pa3pbiB He MeHee 4-5 KanuOpoB ApYT OT Jpyra, AJs BhIpaBHUBAHUS BO3YIIHOTO
MOTOKAa B BEHTWISAIMOHHOW cucteme [4]. MecTto yCTaHOBKHM TIJIyIIUTEIEH IIyma B
BEHTWISILIMOHHOM CETH TaK K€ MrpaeT Ba)KHYIO POJb, MOCKOJIBKY B 3aBHCHUMOCTH OT MeCTa
yCcTaHOBKH (pakTuyeckass 3(P(EKTUBHOCTh CYMMApHOTO IIYMOTJYIICHHUS MOXET HUMETh
pa3iauyHoe 3HauyeHHe. Tak, eclii BEHTUJISTOP U3JIy4yaeT LIYM CO 3BYKOBOW MOIIHOCTBIO (B
OJTHOM U3 OKTaBHBIX moJioc) 90 nb, a 3 PeKTUBHOCTH IITyIINTENS B JAHHON OKTaBHOM IOJIOCE
cocraBiusier 40 nb, TO Ha BbIXOAe raymurens noaydaem S0 ab. Eciu  nganee B
BEHTWIALIMOHHON CETH HAaxXOMSTCS yCTpOiCTBa, reHepupyromue mym 60 nb u Gomnee, To
CYMMapHBI YpOBEHb IIyMa, PAaCHpPOCTPAHSAIOIIUNCA Jalbllie MO BEHTWISIIMOHHOM CeTH,
OyZIeT onpenensThCsl aKyCTUYECKUMHU XapaKTEpUCTHKAMU 3TUX YCTpOHCTB. B To Bpems kak
IpPU YCTAHOBKE STOr0 TIIIYIIMTENS B KOHIIE BEHTUJISIIMOHHON CETH, CYMMapHBI YpPOBEHb
nryma OyJieT OnpelensaTbesl NPAaKTHUYECKU MOJIHOCTBIO, aKyCTUYECKHMMH XapaKTepUCTHKaAMHU
BEHTUJISITOPA, COOTBETCTBEHHO, YPOBEHb IIIyMa MOCJIE€ YCTAHOBKHU TIyHIUTENs OyaeT HAMHOTO
MEHBIIIE.

2.  Pexomenpanuu no yJIy4IIeHHI0 KayecTBa NPOEKTHPOBAHUS
BEeHTWJISIIUOHHBIX ceTel

[Tonp3ysich BBIMIEYIOMSHYTOH METOJMKOW, ONpeneNuTh (HaKTUYECKUH YpOBEHb
IIymMa, M3JIy4aeMOro B BEHTWIMPYEMOE IIOMEUIEHHE, HEBO3MOXKHO. EJIuMHCTBEeHHas
BO3MO>XHOCTb — PYKOBOJCTBOBATbCS NPAKTHUUECKUMH 3HAHUAMHM TEXHUYECKOM aKyCTHKH,
OCYIIECTBIISITh TPAMOTHOE MPOEKTUPOBAHUE C TOUKH 3PEHUS IIYMOTIYLIECHUS.

2.1. Ooéuwue pexomenoayuu

Crnenyet n30erarb AONMOJHUTEIBHONW T€HEpALMU IIyMa U HCIOJIb30BaTh SJIEMEHTHI,
OPUBOAAILIME K CHIDKEHMIO IIyMa (TJIaBHbIE MHOBOPOTHI M MX OOJMIIOBKA, YCTaHOBKA
LIYMOTJIYLIUTENEH, MJIaBHbIE M3MEHEHHUs! CeUeHUs BO3yXOBOJOB U T.A.). Mcmonb3zoBanue
TUX 3JEMEHTOB 3aBUCUT OT TpeOOBAaHUM, MPEIBIABIAEMBIX K ONPEICICHHOMY THILY
MOMEIIEHUH B COOTBETCTBUM ¢ HOopMamu, npuBeaeHHbIMU B CHull 23-03-2003 «3amura ot
rymay [1].

2.2. Ilpoknaoka 6030yx060008

BO3IIYXOBOI[BI, MMOCTaBJIAIOIIHEC BO3AYX B IIOMCIICHUSA C ) KECTKUMU Tp€6OBaHI/I$[MI/I 13 ()
mymy (HaHaTBI 60J'IBHI/II_I, JKHUJIBIC KOMHATBI KBAPTUD U T.,Z[.) HC pCKOMCHAYCTCA IMPOKJIAaAbIBATH
YCpe3 MIYMHBIC ITIOMCIICHH.

2.3. Bwioop so30yxopacnpedenumenbHblx ycmpoicme

HeoOxonumo YAEIATh BHUMaHHUE BBIOODY BO3/1yXOpacIpeaesInTeNeH,
PYKOBOJCTBYSICh ~ aKyCTHMYECKHMMM  XapakTepucTukamu  wm3aenuid.  Ilpu  BwIOOpE
BO3/IyXOpacHpeenuTese cieayeT y4UThIBaTh, YTO ITOT IJIEMEHT SBJISETCS KOHEUHBIM Ha
OyTH TOJauyd BO3JyXa B IIOMEIIEHHE, COOTBETCTBEHHO, HCIOJIb30BaHUE KaKUX-IHOO
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Ocobennocmu AKycmu4ecKko2o paciema cucmem 6eHmuiiiyuu

MEPONPUATHIA MO HIYMOTJIYHICHHIO (IOMHUMO CPEICTB apXUTEKTYPHOW aKyCTUKH B CaMOM
IIOMEILEHUHN) 3[€Ch HEBO3MOXXHO. EJMHCTBEHHBIN BapHaHT — 3TO CHUYKEHUE CKOPOCTH
[0/IaBaeMOr0 B TIOMEIICHHE BO3[yXa C OJIHOBPEMEHHBIM YBEIMUEHHUEM KOJIMYECTBA
BO3JyXOpacupeaenureae (st coxpaHeHHs cymMapHoro oOwBEmMHOro pacxoma). Kak
MOKa3aJy MHOTOYMCICHHBbIE OJKCIEPUMEHTAIbHbIE HCCIENOBaHUS, y  OOJBIIMHCTBA
BO3/yXOpacHpeeNuTeae Hu3iaydaeMas 3BYKOBas MOIIHOCTb IPONOPLUOHAJIbHA IIECTOU
CTemeHu  cKopocTH  (0OBEMHOro  pacxona)  BO3IyXa, OPOXOJAIIEr0  4epes
BO3yXopacnpenenurenu. Tak, 100aBieHue JONOJHUTEIBHOTIO BO3yX0pacipeaenTes (Ipu
TOM 7K€ CKOPOCTH, T.€. IPU COXPAaHEHUH PACX0/1a) YBEIUUUT YPOBEHb 3BYKOBON MOIIHOCTH Ha
3 n1bA, a cHIDKEHHE CKOPOCTH BJBO€ YMEHBIIUT H3iIydeHue, npuMepHo Ha 18 nbA. To ectpb
cymmapubiid 3 dext coctaBut 15 1bA.

2.4. Ycmpoiicmeo noeopomos 6030yx060008

Crnenyer usberarb MOBOPOTOB MOJ MPsAMBIM yrioMm. [Ipy HEBO3MOXXHOCTH 3TOTO,
MCIIOJIb30BaTh OOJIMIIOBKY IOBOPOTa WJIM YCTAaHOBKY YIJIOBBIX DiymmTene. Tak kak Ha
MOBOPOTax BO3yXOBOJOB 3HAYUTENbHAS YACTh PHEPTHHM OTPAKaeTcs 0OpaTHO K MCTOYHUKY
3BYyKa, B KPYIJIBIX KaHAJIAX OTPaXEHUE MEHBIIE, YeM B MPSMOYTOJIbHBIX. OTpakeHUE MOXKET
OBITH YBEIMYEHO MOCPEACTBOM 3BYKOMOTJIOUIAIOMICH OOMUIIOBKM CTEHOK KaHalla J0 U Mocie
noBopota. s 3¢ ¢deKkTUBHOTO 3aTyxaHUsT HEOOXOJUMO OOJUICBATh MMEHHO OOKOBBIC
CTOPOHBI B IJIOCKOCTH MOBOPOTA [2].

2.5. «lyuesoit 3¢hghexm»

JIns TIOMEIIEHUH ¢ JKeCTKUMHU aKyCTHUYECKUMH TPEOOBAHUSMHU PEKOMEHIYETCS
YCTaHOBKA Ha KOHEYHBIX YYaCTKaX BO3JYXOBOJIa KAHAIBHBIX TIYIIUTEIICH MaJOTo JUaMeTpa,
TaK KaK Ha BBICOKMX 4YacTOTaX JUIMHA BOJH MHOIO MEHbIIE IONEPEYHBIX Pa3MEpPOB
DUIYIIATEIS ¥ KOHIICHTPUPOBAHHBINA ITYyYOK 3BYKOBBIX BOJIH MPOXOJUT B IICHTPE TIIYIIHTEIS
0e3 moroIieHus Ha 6os1ee Uil MeHee JITUTEIbHOM pacCTOSHUU («i1yueBoit apdexT») [3].

2.6. Oxoneunvie ycmpoiicmea 6030yx080008

JUid CHW)KEHUS HU3KOYAaCTOTHBIX COCTaBJISIOLIMX LIyMa, JUISl KOTOPBIX TIIyIIMTENH,
KaK TpaBWIO, MMEIOT HU3KYI0 3((PEKTUBHOCTb, PEKOMEHAYETCS MCIONb30BaTh 3((EKT
OTpPaXEHMsI OT OTKPBITOIO KOHIIA BO3AYXOBOZA, C ATOW ILIEJBIO MCIOJIb30BaTh Ha KOHEUHBIX
y4acTKax BO3AYXOBOJAbl MalbIX JuamMeTpoB. B ciydae, korma BO3QyX BBIXOJAWUT B
BEHTWIMPYEMOE IOMEILIEHUE Yepe3 OTKPBITHI KOHEL] BO3AyXOBOJA WJIM BEHTHIALIMOHHYIO
pPEemETKY, MpU ATOM Ha BBIXO0JI€ IPOUCXOAUT OTpakeHHe 3ByKa. CHU)KEHUE YPOBHEN 3BYKOBOM
MOIIHOCTH 3aBHCHUT OT YacTOTBHI, IONEPEYHOIO0 CEUEHUs PEIIETKH WIM BO3AYXOBOJAa U OT
PacoJI0KEHUs BBIXOJHOTO OTBEPCTHSI OTHOCUTEIBHO OTPaKI€HUI MOMEIICHHUS.

3akjao4YeHue

Takum oOpa3oM, OCHOBHOM 3ajadeil NPOEKTHPOBAHUS SBISIETCS MHUHUMHU3ALNSA
IIyMa, pacHpOCTPaHAIOMIETOCs II0 BO3AYXOBOAY [0 YPOBHEH HMKE M3JIy4aeMbIX
BO3yXOpacCIpeAEIUTEIbHBIMA YCTPOUCTBAMH.

OTcyTCcTBHE B CYyLIECTBYIOIIUX METOAUKAX aKyCTUYECKOIO pacuéra yueTa reHepalunun
IOIyMa Ha OTAEJBHBIX JJIEMEHTAaX BEHTWISALIMOHHOM CHCTEMBI NMPUBEIET K HECOOTBETCTBHIO
pacyE€THBIX 3HAUYEHUHN C (PaKTUUECKUMH, & UMEHHO B 3HAUUTENILHOW CTENEHHU 3aHUKEHHBIM
MOKa3aTeNsIM YPOBHSI 1lIyMa, UTO He 1a€T BO3MOXHOCTHU ONPEIENIUTh MepeueHb He0OX0IUMBIX
MEpONPUATHIA 171 MpUBEACHUS (AKTUUECKUX YpPOBHEH IIymMa K TpeOyeMbIM CaHUTapHBIM
HopMaM. Takxe, mpH BbIOOpE BO3AYyXOpACIPEAETUTENbHBIX YCTPOUCTB HEOOXOIUMO YIIEIHUTh
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BHUMaHUE MPOU3BOJUTENIO, IPUMEHEHHIO KAaYECTBEHHBIX MAaTEpHalOB, TOYHOCTHU
oTpezieNieHUs] aKyCTHUECKHX MOKa3aTeNlel U XapaKTepuCTUKaM M3roTaBlIMBaeMbIX n3aenuil. K
YUCIIYy TaKUX MPOU3BOJUTEIECH MOXXKHO OTHECTH KOMIIAHWHU, HUMEIOIIUE AaTTECTOBAHHYIO
AKCIIEPUMEHTAIBLHYIO TAO0OPATOPHIO MIIH LEHTP.
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HccaenoBanue TPAHCMOPTHBIX IIYMO3ANIATHBIX IKPAHOB HA ONBITHOM
cTeHae
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2 K.T.H., reHepanbHbIi TUPEKTOP,
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AHHOTaLUA

[MpuBeneHo mOAPOOHOE ONMMCAHWE ONBITHOTO CTEHAA WM METOAMKH HW3MEPEHHUs aKyCTHYeCKOH
3¢ GEeKTUBHOCTH NPU U3MEHEHHWH BBICOTHI ONBITHBIX NIYMO3AIIUTHBIX 3KPAHOB, U3TOTOBJICHHBIX U3 alFOMUHUA U
UMIPETHUPOBAHHOM JPEBECUHBI, a TAK)KE U3MEHEHUE MONO0XKEHUS TOYKH M3MepeHHN. IIpuBeneHbl pe3yabTaTel
3HA4YEHHUH aKycTH4ecKol 3(h(heKTUBHOCTH JJIsl IBYX ONBITHBIX DKPAHOB IPH U3MEHEHHUH BBICOTHI OT 1 M /10 6 M, a
TaKXKe U3MEHEHHs BBICOTHI TOUKHM MU3MEpPEeHUH oT 1,5 M 10 7 M U pacCTOSIHUA OT 3KpaHa 10 TOUKH U3MEPEHUH OT
7,5 m mo 100 m. IToxyueHa 3aBHCHMOCTH 3(PPEKTHBHOCTUH 3KPAaHOB OT BBICOTHI B Y3 B BHAe MapabOJIbL.
CymiecTBeHHOE 3HaueHHe JUisl 9 (GEKTUBHOCTH UTpaeT ynBoeHHe BhICOTH (3¢ ekt 3-4 nbA). [Ipu yBenudyenun
BBICOTBl TOYKH W3MEpeHUi 3((EeKTHBHOCTh DKPAaHOB CHIDKAETCs, HampuUMep, oT 1,5M 10 7 M CHIDKCHHUE

coctaBuio 4 nbA. Ilpu yBenuyeHHH pacCTOSHUS PU KaXKOM €ro YIBOSHHH CHIDKeHHE 3(P(EKTHBHOCTH OKOJIO
1,5 nbA.

KiroueBble cjioBa: IIyM, IIYMO3allUTHBIC SKpPaHbI, OITBITHBIN CTCH/, aKyCTHUYCCKas B(I)Q)GKTHBHOCTB,
BbBICOTA 3KpaHa, paCIoOJIOKCHUC TOYKU H3MepeHHI>’I.

Traffic noise barriers tests on the testing facility

Shashurin A.E.Y", Semenov N.G. ?,
! PhD, Assistant Professor of Environment and Safety chair, Baltic State Technical University « VOENMEH»
named after D.F. Ustinov, Saint-Petersburg, Russia
2 PhD, CEO, GUP ‘Anapskoe Dorozhnoe Remontno-Stroitelnoe Upravlenie ‘Virazh’,
Krasnodar region, Anapa, Russia

Abstract

A detailed description of the testing facility and methods of measuring the acoustic efficiency when
changing the height of the experimental noise barriers made of aluminum and impregnated wood, as well as
changing the position of the measuring point, is given. The resulting acoustic efficiency values for two test
barriers when changing the height from 1 m to 6 m and changing the height of the measuring point from 1.5 m to
7 m and the distance from the barrier to the measuring point from 7.5 m to 100 m are presented. The barrier
efficiency dependence from the height in SL in the form of a parabola is obtained. Doubling the height (the effect
of 3-4 dBA) is essential for efficiency. When the height of the measuring point increases, the efficiency of the
barriers decreases, for example, for the increase from 1.5 m to 7 m the decrease was by 4 dBA. By increasing
the distance each time with the doubling, the efficiency decreases by about 1.5 dBA.

Key words: noise, noise barriers, testing facility, acoustic efficiency, barrier height, location of the
measuring point.

BBenenune

CHIKCHUE AKYCTUYCCKOTI'O 3arpA3HCHUA B rOpOJiaX U HACCIICHHBIX ITYHKTAX BaXHad
HAayYHO-TCXHHUYCCKas np06neMa. HaubOonrmee MPUMEHCHUC I CHUKCHU 1ITyMa OT CPEACTB

“E-mail: kb_iak@mail.ru (Ilawypun A.E.)
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TpaHcropTa (aBTOMOOMJIBHOTO M YKEJIE3HOJOPOKHOTO) HAXOJAT LIYMO3ALIUTHBIE IKPaHbI
(o) [1, 2, 3].

Baxuoit xapaxrepuctukoii 1D seasercs akycrudeckas 3QGeKTHBHOCTb ALy, ,
KOTOpasi OIPENEISAETCS:

_ 46/> c/3
ALyy = Liow = Lyr(awy 2B (1BA) (1)

6 .
po YPOBHH 3BYKOBOI'O JaBiieHUs (YpOBHU 3ByKa) B pacueTHoi Touke (PT)

pr(TH)
i Touke u3mepennii (TH) 6e3 mymozammrHoro skpana, nb, (1bA);

Lyt
touke nu3mepenuil (THU) c yctaHOBIEHHBIM HIYMO3AIIUTHBIM 3KpaHoM, 1b, (1BA).

OcHOBHBIMU 3aJjauaMu Tpu npoekTrupoBanuu 113 aBnsercs BBIOOP BBICOTHI (HApsILy
C JNIMHOK), a TaKXKe YCTaHOBIIEHUE ero 3()(HEeKTUBHOCTU NpU M3MeHeHuHu nonoxenus PT (wm
TH). TlonyyeHue 3TUX 3aBUCUMOCTEI B HATYPHBIX YCIOBUSX — BaKHAas 3ajaya, /Uil peLICHUs
KOTOPO# OBLIT M3TOTOBJICH OMBITHBINA CTCH/I.

raoe L

— YpOBHU 3BYKOBOI'O JIaBjieHUs (YpOBHM 3ByKa) B pacueTHoi Touke (PT) wim

1. Onucanue cTeHa M MCNBITHIBAeMbIX KOHCTPYKIHIi, METOANKA U3MepeHHu i

1.1. HUcneimanue cmenoa

Jlnga pasmereHusi creHga Oblla MOATOTOBIEHa Iom@aaka pasmepoM 100x500 m
CBOOOIHASI OT PAacTCHHWU W MCKYCCTBEHHBIX coopykeHuid. [lnomaaka mpencrapisia coOoOi
VILTOTHEHHYIO 3eMJISTHYIO TIOBEPXHOCTh. B 1IeHTpe miomaaky ObUIH YCTaHOBIICHBI CTOMKY IS
COOPYKEHHSI OIBITHBIX ITYMO3AIIMTHBIX HKPAHOB U3 Pa3IMYHBIX MarepuaioB. OOmui BUA
CTEeHJIa PKpaHa B cOOpe MpeJCTaBlieH Ha pUCYHKe 1.

B mnane skpan npencraisut [1-00pa3Hyr0 KOHCTPYKITUIO, T/Ie OOKOBBIC CBOOOTHBIC
pebpa ObLIN 3aKPBITHl OOKOBBIMH OTTOHAMU (PUCYHOK 1).

Puc. 1. OGmumii BUJT yCTaHOBJIEHHOT'O KpaHa

JliimHa poHTATBHON YacTH 3KpaHa cocTaBmia 48 M, JyIMHA OOKOBBIX OTTOHOB — 6 M,
BCEro JJIi MOHT@Xa JKpaHa OBbLJIO YCTaHOBJIEHO 16 CTOEK, pacCTOSIHME MEXIY KOTOPBIMU
cocraBmiio 3 M. BricoTa ctoek 6 M. B mpocTpaHCTBO MeXay CTOHKaMU yCTaHABIWBAIHCH
NAHEJIW W3 Pa3jMYHBIX MaTepuanoB. Bce M3MepeHus BBINOJHSAIUCH TOJIBKO CO CTOPOHBI
(dbpoHTaNbHOM YacTH, OOKOBBIE OTTOHBI UTPAJIA BCIIOMOTaTEeNbHYIO POJIb.

CreHz cocTosT U3 IBYX OCHOBHBIX 4acTeil [1-o0pa3Horo skpaHa U UCTOUYHUKA LIyMa.
Hcrounmk npeacrasisin co0oil mepenBrmkHyo kommnpeccopayro ctaniuto ([TKC), momarormryro
CKaThI BO3yX B TpYyOy ¢ oTBepcTHsIMU JUTMHOM 20 M. BhIXonsdmuii U3 OTBEpCTHIl BO3ayX
C03/1aBaJl BBICOKOMHTEHCUBHBIN a3pOJMHAMUYECKUAN IITyM (PUCYHOK 2).



Hlawypun A.E., Cemenos H.T. 48
Hccredosanue mpancnopmuuix wymMo3aujumHslx 9KPaH08 Ha ONbIIMHOM CmeH)e

1.2. Hcnvimuvieaemvle KOHCMPYKUUU

HcnpiThIBaUCh COOPHO-pa300pHBIE KPaHbI, U3TOTOBICHHBIE U3 MMITPETHUPOBAHHON
JpeBECUHbI U U3 amoMuHus. O6a THIla SKpaHOB HAOMPAIUCh U3 OTPAXKAIOIIE-TIOTIOIAOIINX
naHened (pucyHok 3). OOmmii BUA D3KpaHa W3 QIIOMHHHS W JPEBECHHBI TIOKa3aH
COOTBETCTBEHHO Ha PUCYHKaX 4 u 5.

a) aJJIOMUHUEBAs IaHelb 0) maHeJsb U3 UMIIPETHUPOBAHHON IPEBECUHBI
Puc. 3 Cxembl naHene u3 anroMUHMS (2) U U3 UMIIPETHUPOBAHHOMN JIpeBECUHBI (0):
1 — mepdopupOBaHHEIH JUCT, 2-3 — 3BYKOIOTJIOMIAIONTUN MaTeprall,
4 — 3ByKONIpO3pavHas CeTKa, 5 — UMIPErHUPOBaHHAs JIPEBECHHA.

Puc. 4 O6wmii Bun meraumueckoro 11D
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Puc. 5. O6uwmii Bug nepessunoro 19
XapakTepHUCTHKH MaHenel ncnbiThiBaeMbIx 111D npuBenens! B Tadimie 1.

Tabauya 1
XapaKTepUCTUKU aKyCTHYCCKUX MaHeIei

Tounmmaa Pasmepsl Tommura ocHoBHOA Koadd
Marepuan nanenu H Pbl, 3BYKOM30JIUPYIOIIEH 3IIM '
TIaHENH, MM MM nepdopanyu
YaCTH, MM
*
WmnpernuposanHas 120 1000 18 MusnepanbHas 0.8
JIpeBECUHA 2960 BaTa
*
ATroMuHUIA 120 500 1,2 Munepai,Has 0,3
2960 BaTa

OTMeTHM BakKHOE TMPEHUMYILNECTBO 3BYKOMOTJIOMIAIOMINX CBOMCTB mMaHenell u3
npeBecuHbl  (kodddumment mnepdoparmuu  0,8) MO CpaBHEHHIO C  AFOMHHHUEBBIMHU
(koo punment nepdoparuu 0,3).

1.3. H3mepenue akycmuueckou 3¢hhekmuenocmu IKpanos

beimu poBenieHsl 3 cepun U3MEPEHMI:

— B ()MKCHPOBAHHOH TOYKE Ha paccTOsHUU 25 M oT 11D npu u3MeHeHUH ero BBICOTHI
oT 1 M 10 6 M (3KpaH U3 UMIIPETHUPOBAHHOM PEBECUHBI);

— B (PMKCHPOBAaHHOW TOYKE Ha paccTosHUM 25 M oT 111D U3 amoMUHHEBHIX MaHenen
(MeTanIMuecKux) Npu U3MEHEHUH €ro BBICOTHI OT 1 M J10 6 M;

— B Toukax Ha paccrosHuu 7,5m, 15m, 25m, 50 M u 100 M tipu pukcupoBaHHOU
BBICOTE 3KpaHa 3 M (pUCYHOK 6).
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Puc. 6. Cxema pacnoioxKeHHus U3MEPUTEIIbHBIX TOUEK ISl ONPEICIICHUS aKyCTHYECKON
3¢ PEKTUBHOCTH TyMO3AIIMTHOTO dKpaHa:
1 — xommpeccop, 2 — COeqUHUTENBHBIA IUTAHT, 3 — nephopupoBaHHas TPyoa,
4 — IIyMO3aIlUTHBIN SKpaH, 5 — TOUKH U3MEpPEeHU

N3mepenuss B TOUKax Ha PacCTOSIHUM IMPOBOAWIMCH OJHOBPEMEHHO IMPHU IMOMOIIU
CTaH/IAPTHO YCTAHOBJICHHBIX MUKPO(POHOB (PUCYHOK 7).

. B s / 23 R

Puc. 7. PactionoxeHus: U3MEPUTEIbHBIX TOUEK JIJISl ONIPEIETICHHS aKyCTUYECKOM
3P GEKTUBHOCTH ITYMO3ALIUTHOTO SKpaHa

2. HUccaenoBanue TPAHCHOPTHLIX JKPAaHOB HA OIMBITHOM CTCH/IE

2.1. Hcxoouwie oanmnvie

B tabimie 2 mpuBeneHs! qanHble n3Mepernid ¥Y3/[ 1 Y3 Ha pa3iuuHbBIX PacCTOSHUSIX
OT UCTOYHHUKA IITyMa 06€3 YCTaHOBIEHHOTO dKpaHa.

Tabnuya 2

Mamepennsie Y3/] u V3 B KOHTPOJILHBIX TOUKaX 0€3 YCTaHOBJIEHHOTO SKpaHa

[PaccTosiHHE YPOBHU 3BYKOBOTI'O JIaBJIEHUS, 1B, B OKTaBHBIX II0JI0CAX
oT CO CPETHEr€OMETPUUYECKUMU YacToTamu, 11 V3,

YOIOBHOTO| g3 | 105 | 250 | 500 | 1000 | 2000 | 4000 | sooo | *PA

JKpaHa, M

7,5 85 90 85 82 85 82 76 76 90
15 81 88 82 79 76 76 77 73 86
25 80 85 80 76 72 72 73 73 81
50 72 78 73 65 66 65 71 70 76
100 67 70 61 59 60 55 56 54 62




NOISE Theory and Practice 51

[IpuBenénnpie B Tabmuile 2 MaHHBIE CIYXKWIM HMCXOJHBIMUA JUIsI OIpEAeTICHUS
aKyCTHUYECKOH 3(()eKTUBHOCTH HCIIBITHIBAEMBIX IITYMO3AIIUTHBIX YKPAHOB.

2.2.3asucumocme aKycmuy4eckoil IrgheKmueHocmu IKpana om 6b1Comul

B Tabmune 3 npuBeneHbl u3mepeHHbie Y3/ m Y3 i ONBITHBIX SKPaHOB W3
JPEBECUHBI, B Ta0u1iie 4 — 17151 ONBITHBIX SKPAHOB U3 AIFOMUHHUS (HA PACCTOSHUU 25 M).

Tabnuya 3
N3mepennble 3Hauenus Y3/l 1 Y3 11 ONBITHOIO AKpaHa U3 UMIIPETHUPOBAHHOW JIPEBECUHBI B
3aBUCHMOCTH OT BBICOTBI

YPpOBHU 3BYKOBOI'O 1aBJICHUS, 1B, B OKTaBHBIX IOJ0CAX
BeicoTa V3,
CO CpeTHEreOMeTPHUECKHMH JacToTaMu, I'1x
kpana, M g3 125 | 250 | 500 | 1000 | 2000 | 4000 | sooo | “PA
1 79 82 74 69 63 62 60 59 73
2 76 80 72 66 61 60 58 56 70
3 74 78 70 64 59 57 55 53 68
5 70 74 66 60 55 53 50 49 64
6 68 72 64 57 53 54 48 45 63
Tabnuya 4

I/ISMepeHHLIe 3HA4YCHHA Y3Z[ ny3 JJIA OIIBITHOTI'O 9KpaHa U3 aJlfOMUHUA B 3aBUCHMMOCTU OT BbICOTHBI

YpOBHU 3BYKOBOI'O 1aBICHUS, 1B, B OKTaBHBIX MOJ0CAX

BeicoTa V3,

SKpana, M CO CPEHEreOMETPHYECKUMHI 4acToTaMH, [t 1BA
’ 63 125 250 500 1000 2000 4000 8000

1 79 82 75 70 65 63 63 61 74

2 76 79 72 67 62 60 60 57 71

3 75 77 70 65 61 58 58 55 69

4 73 75 67 63 58 55 56 53 67

5 71 73 65 60 56 53 53 50 65

6 70 71 63 58 53 o1 50 48 64

BbluuciieHHble  3Hau€HUs AKyCTMYeCKOW H(PQPEKTUBHOCTH OMNBITHBIX 3KPaHOB
NIPUBE/ICHBI B TAOJHIIE 5 1 TIOKa3aHbl Ha pucyHkax §-10.

Tabnuya 5
N3mepennsle 3HaueHus Y3/l 1 Y3 U1 ONBITHOTO KpaHa U3 alFOMHUHMS pa3HOM BBICOTBI
BricoTta ypOBHI/I 3BYKOBOI'O JaBJICHU, ,Z[B, B OKTAaBHBIX I10JIOCAaX V3
MaTepI/IaJ'I 9KpaHa |yCJIOBHOIO| CO CpCAHCTCOMCTPUICCKUMHU YaCTOTAMM, FI_[ ,Z[B,A
5KkpaHa, M| 63 | 125 | 250 | 500 | 1000 | 2000 | 4000 | 8000
1 1 3 6 7 9 11 13 14 8
VMmperuposaas 2 4 5 8 10 11 13 15 17 11
ApeBecHa 3 6 7 10 | 12 13 16 18 20 13
5 10 11 | 14 | 16 17 20 23 24 17
6 12 13 | 16 | 19 19 22 25 27 18
1 1 3 5 6 7 9 10 12 7
2 4 6 8 9 10 12 13 16 10
J— 3 5 8 10 | 11 11 14 15 18 12
4 7 10 | 13 | 13 14 17 17 20 14
5 9 12 | 15 | 16 16 19 20 23 16
6 10 14 | 17 | 18 19 21 23 25 17
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Puc. 8. Cnextpsl akycTrdeckoi 3 (GEeKTUBHOCTH METAJUTMYECKOTO IITYMO3AIIUTHOTO

9KpaHa Pa3IUYHOM BBICOTHI (M3MEPEHUS Ha PACCTOSIHUU 25 M):
1-1m2-2M,3-3M,4-4M,5-5M,6-6M

OTrmeTnM, 9TO ¢ yBETMYECHHEM BBICOTHI ¢ 1 10 6 M 3((EKTHBHOCTH SKPAaHOB TIO
criekTpy Bo3pactaeT oT 4 o 12 n1b Bo BcéM HOpMUpyeMOM [uana3oHe 4acToT (pucyHku 8, 9)
u "Ha 10 nBA (pucynox 10). Ilpu 3TOM mnpocmarpuBaercsi psJ 3aKOHOMEPHOCTEH: C
YBEJIMYEHUEM 4acTOThl 3P PEeKTUBHOCTb 3KpaHOB Bo3pacTtaeT 1-3 nb Ha okTaBy, B cpeaHeM
IPY KaXJIOM YJIBOCHUU YaCTOTHI POCT 3((HEKTUBHOCTH dKpaHa COCTABIAET OKOJIO 2 1b.
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Puc. 9. CriekTpsl akycTHUECKOM 3P HEKTUBHOCTH JEPEBIHHOTO IIYMO3AIIUTHOTO

9KpaHa Pa3InIHON BBICOTHI (M3MEPEHHS HA PACCTOSTHUU 25 M):
1-1m2-2M3-3M4-4M5-5m
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Puc. 10. CpaBuutenbHas 3¢ (HeKTHBHOCTh IIIYMO3AIIUTHBIX YKPAHOB IIPU U3MEHEHUHU
BBICOTHI, ABA (M3MEpEHUs Ha PACCTOSIHUM 25 M):
1 — MeTauYecKui, 2 — IepPEeBIHHBIN

IIpocmarpuBaercss 3aMeTHoe yBenudyeHue Y3J[ mpu KaXaoM YIBOEHHUU BBICOTHI
9KpaHa (B OCHOBHOM yBenuueHue 2-6 n1b). 3ameTHo HekoTopoe paznuure B 3PPEeKTHBHOCTH
(1-2 nb): 9KkpaHbl K3 UMIIPETHUPOBAHHOM JpeBeCUHBI 00iee 2()(HEKTUBHBI, YEM M3 aTFOMUHHMS.

Emgé Oonee 3ameTHBI MoOcieIHUE 3aKOHOMEPHOCTH Ha rpaduxe (pucynok 10). ITpu
Ka)XJIOM YJIBOGHHH BBICOTHI JKpaHa 3(ppeKTHBHOCTH Bo3pacTaeT oT 3 10 5 1BA (B cpenHeM Ha
4 nbA). DkpaHbl U3 WUMIPErHUPOBAHHOW JpeBecwHbl Ha 1 nBA Oonee > ¢deKTUBHBI, YeM
9KpaHbl U3 aqroMuHUA. [Ipy yBeIMYeHUU BBICOTHI OT 5 10 6 M 3((EKTUBHOCTH BO3pacTaeT
Bcero Ha 1 nBA. OTmedeHHass 3aKOHOMEPHOCTh II03BOJIAET MPOCKTUPOBIIUKAM OoJjiee
000CHOBAHHO BBIOMPATh BBICOTY SKpaHa.

2.3. Céasv ahhekmusnocmu IKpana c paccmosanuem 00 Mo4Ku u3mMepenuil

B Tabmuue 6 npusenensl 3HaueHus Y3/ u Y3 npu u3MepeHHUsIX METaNIN4eCKOro
9KpaHa BBICOTOM 3 M ¢ U3MeHeHueM pacctosiHus 10 TU.

Tabnauya 6
W3smepennsle Y3/ u Y3 mna merammyeckoro IIID skpana BbICOTONH 3 M HpH Pa3IMUYHBIX
paccrosausix 10 TU

YpoBHHM 3BYKOBOI'O JIaBJI€HHUS, 1B, B OKTaBHBIX MOJIOCAX

Paccrosuue, V3,

y CO CpPEJIHEr€OMETPUIECKUMU YacToTamH, 1 11 1BA
63 125 250 500 1000 2000 4000 8000

7,5 80 79 72 78 68 61 59 56 74

15 79 78 71 67 63 59 57 52 72

25 75 77 70 65 61 58 58 55 69

50 70 71 64 55 56 52 56 53 65

100 65 62 52 50 50 43 42 38 52

B Ttabnuue 7 npuBeneHbl BBIYUCICHHBIE 3HAUEHHSI aKyCTHYECKOW 3(P(PEKTUBHOCTH
9KpaHa Ha pas3NW4HBIX pacctosHmsXx. Ha pucynke 11 mokazano cuHmxenue Y3J[ 3a cuér
JTUBEpreHuuu s paccrossHuid ot 7,5 mo 100 M, a Ha pucyHke 12 mnpuBenéH rpadpux
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CHI)KCHHSI aKyCTUYECKOW A(P(EKTUBHOCTH JKpaHA MPU YBEIUUYCHHH PACCTOSIHHS 3a CUYET
CHWDKEHUS TU(PaKIIIH.

Tabnuya 7
Axyctuueckast 3()()eKTUBHOCTB OIIBITHOTO SKpaHa Ha Pa3IMYHBIX PACCTOSHUSX
PaCCTOfIHI/IC, ypOBHI/I 3By1(0BOI‘ O J1aBJICHM, L[B, B OKTaBHBIX I10JIOCax 9 (1) (I)GKTI/IBHOCTB,
(610) CpeI[HeFeOMeTpI/I‘ICCKI/IMI/I JaCTOTaMH, FII B A
M 63 125 | 250 | 500 | 1000 | 2000 | 4000 | 8000 A
75 5 11 | 13 | 14 17 21 23 24 16
15 4 10 | 11 | 12 15 17 20 21 14
25 5 8 10 | 11 11 14 15 18 12
50 4 7 9 10 10 13 15 17 11
100 2 6 9 9 10 12 14 16 10
Y3/, ab
80 &= ‘$\ |
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N
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Puc. 11. Canxenue Y3 /1 ipu yBeIMUEHUU PACCTOSIHUS OT METAJUIMYECKOTO 3KpaHa BBICOTOM
3M:1-75m 2—-100 m
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Puc. 12. Camxenne akycTudeckoi 3(h(h)eKTHBHOCTH IIyMO3aIIUTHOTO SKpaHa BBICOTON 3 M C
yBeJIMUYEHUE paccTosgHus R, M
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Caumxenue Y3]l ¢ ycTaHOBIEHHBIM 3KPAaHOM B HOPMHUPYEMOM YaCTOTHOM JHAIa30He
cocraBuiio ot 15 nb mo 20 ab. Ha pucynke 11 HabmomaeTcsi SBHO BBIPKEHHOE CHIDKEHUE
aKycTHueckoi 3((PeKTUBHOCTU 3KpaHa C YBEITUYEHHUEM PACCTOSIHHS, KOTOPOE MO CIEKTPY
coctaBmiio oT 3 70 5 n1b Ha HU3KMX yacToTax U oT 5 10 11 1b B cpeaHe-BHICOTHO-4aCTOTHOM
nuana3zoHe. bonee HarnggHO 3TO mposiBisieTrcs npu u3MmepeHusx B AbA. CHuxeHue
3 PEKTUBHOCTH TPU MOYTH 4-X YIBOCHHUSX PACCTOSHHS cocTaBmiio 6 nbA (pucynox 12),
npuOIM3UTENBHO 110 1,5 1BA 1pu Ka)Xa0M yABOCHHH.

3aKjao4YeHue

CozfaH yHUKaJIbHBIM OIBITHBIA CTEHJ JJIS UCHBITAHUN TPAHCIOPTHBIX SKPAHOB B
yCIOBHUAX OJM3KMX K pEalbHBIM. BBIMOMHEHBI M3MEpeHHsl aKycThudeckod 3(QeKTuBHOCTH
9KpPaHOB, KOTOPbIE MOKA3aJIu:

— CBSI3b aKYCTHUYECKOW 3(PQPEKTUBHOCTH C BBICOTOM JKpaHAa HMMEET CIIOKHBIHA
HEJIMHEWHBIM XapakTep, B 3HAUUTEIBHOM MeEpe CKa3blBA€TCA TOJIBKO YABOEHUE BBICOTHI
(yBenmuenue s>pdextuBHOCTH Ha 3-4 nbA), 3((HEeKTHBHOCTE MMEET YaCTOTHO-3aBHCHUMBIN
XapakTep C HAKJIOHOM cIieKTpa 21b/0KTaBy;

— ¢ yBenM4YeHueM pacctostaus dpdexTuBHOCTH 111D cHMkKaeTcs: mpuOIM3UTEIEHO HA
1,5 n1bA npu KaXJ10M YABOCHUU;

— HID w3 uMmmperaupoBaHHOUW npeBecwHbl Ha 1-3 1b Oonee s dexTuBeH, Yem
METAJJIMYECKHE 3a CYET 00JIee JIYUIIETro 3BYKOOTIIOICHHUS.

Cnucok JimTeparypbl

1. VisanoB H.U. MmxenepHast akycTtuka. Teopus U mnpakTuka OOpbObI C HIYMOM:
yueonuk/ H.W. MBanoB. — 3-¢ u3a. nepepad. u gon. — M.: Jloroc, 2013. -432 c.

2. WBanoB H.W. 3amura ot mryma u Bubpauuu. — M3narensctso «HUL[ APT», 2017.
-268 c.

3. TOCT P 51943-2002. Dxpanbl aKkycTUYECKHE AJISl 3alIUTHI OT IIyMa TpaHCIopTa.
Metoapl SKcnepuMeHTaIbHON omeHkn d¢pdexrnBHocTH - BBemen. 2002-10-02. -M.:
['occrannapt Poccun, 2002.
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bayrTuiickmii rocyjapCcTBEeHHbBIVI TEXHIUECKI
yamsepcureT 'BOEHMEX" vim. [1.®D.YcTrnosa

bantuiickuii rocymapcTBeHHbI TexHuueckuil yHuBepcuter "BOEHMEX"
ABJISETCS SIPKUM TPEACTaBUTENIEM HWH)XXEHEpHOM mmkoyibl Poccuu, cymeBmmm
COXpaHUTb M TNPUYMHOXKUTb JOCTHIKEHHUS OTEYECTBEHHOT0O M MHPOBOTO
MHXEHEPHO-TEXHUYECKOT0 00pa3oBaHusl.

BVY3 Ob1 obpazoBan mpukazom mo Hapomnomy Komuccapuaty Tspkenod MPOMBIIUIEHHOCTH
CCCP ot 26 ¢deBpans 1932 r. Ne 109 kak JIeHUHTpaJCKHii BOCHHO-MEXaHUYECKUI HWHCTHUTYT. 37€Ch
OCYIIECTBJISNIACh TIOATOTOBKAa pabouux cpeiaHel KBamu(UKAIUU C WHKEHEPHBIM O00pa30BaHUEM,
yIIIyOJIEHHBIM B y3KYIO 3aBOJICKYIO CHEIIMATbHOCTh (MEXaHUKOB U TETNIOTEXHHUKOB).

s &
lr"‘ e/ OEHMe":er
4.0, yero

BI'TY "BOEHMEX" ceromuss — o310 mnoutm 2000 mpemomaBareneii u pabOTHHKOB
y4e0HO-BCIIOMOTaTeNbHOr0 nepcoHana, 6oaee S000 cTy1eHTOB.
Tpanuuun "BOEHMEX" u IIPOIOJLKAIOLIEeCs TECHOE COTPYAHUYECTBO c

BBICOKOTEXHOJIOTHYHBIMU TPEIIPUITUSIMHU TO3BOJISIOT YCIEIIHO BECTH MOArOTOBKY HH)KEHEPOB,
0akanaBpOB M MarucTpOB Ui BEAyIIUX NPEANPHUSATHII O0OOPOHHO-NPOMBIIIJICHHOTO KOMILIEKCA.
BI'TY "BOEHMEX" — y4acTHHUK MHOTHX PETHMOHAJbHBIX M TOPOJICKHX IMPOTrpamMM IO LEIEeBOM
MOJATOTOBKE, 3aKPEIUICHUIO U MEPENOArOTOBKE KaJIpOB NIl MPOMBIIIJIEHHOTO MPOU3BOJCTBA, B TOM
YHUCJI€ aBUALIMOHHO-KOCMHUYECKHX U 3JIEKTPOHHO-MTPUOOPOCTPOUTEIBHBIX IPEINPHUATHI CTPAHBI.
Pexmop BI'TY : VIeanoB Koncrantna MuxaitioBud, TOKTOp TEXHHYECKUX HayK, podeccop.

Kadenpa "Ixkojiorusi u 0€30nMacHOCTD KU3HEAEATEIbHOCTH'"

WBano Huxonait WropeBnu — 3aBemyrommii kadeapoiri "Dkomorus u 0e30MacHOCTb
XKu3HenesaTenpbHocTu" bantuiickoro rocyaapcTBeHHOro Texuuueckoro ynusepcurera "BOEHMEX"
nM. /1.®. YctuHoBa, mpeacenaresb IUCCEPTALMOHHOIO COBETA, JOKTOP TEXHUYECKUX Hayk,
npodeccop, 3acayKeHHbIH nesTens Hayku Poccuiickoii ®enepanuu. ABtop cBbiiie 400 HaydHBIX
TPYIOB, B TOM 4Hciie okosio 10 yueOHUKOB, cripaBOYHUKOB U MOHOTpaduii. OCHOBHBIEC Pe3yIbTaThI
HAy4YHbIX HCCJIEIOBAaHUU IOKIAJbIBAl HA MEXKIYHAapOJIHBIX KOHIpeccax B ABCTpaiuu, ABCTpuw,
Benrpuun, I'epmanuu, danum, Wranuu, Kanane, Kurae, Hunepmanmax, Ilonbuie, Iloptyramum,
CHIA, ®unnsuauy, Lseitnapun, [Benyn u gpyrux crpaHax.

Kadenpa nmonroraBnvpaer CrenuaiicTOB M0 HAPABICHUSIM:
bakanaep - bezonacnocms mexHol02UYeCKUX NPOYeCccos U nPouU3800Cma

Maczucmp - Hrnoicenepnas 3auwuma oxpyicaroujeli cpeovl

Juccepmayuonnwtit coeem /] 212.010.01
01.04.06 - Akyctuka

05.26.01 - Oxpana Tpyna (B MalIMHOCTPOECHUH )

B nmuccepranmonHoM coBere moO crenuanbHOCTH "AKycTHKA" 3amumieHo 15 KaHIuaaTCKUX
nuccepTanuid, 4 MOKTOPCKUX, MO crhenuaibHocTH "Oxpana Tpyaa" — 2 KaHAUJATCKUX U 2
JOKTOPCKHX JAUCCEPTALUU.

Opnnoti n3 nieHHOcTer Kadeapsl sBisieTcs: MexayHapoaHas akyctuueckas ouonuorexa um. Capa
Jlxeiimca Jlaiitxuna, kotopast 6pi1a oopazoana B 1998 rony u nacumuteiBaeT cBbime 5000 exunmIl
XpaHEHUs B BUJE )KypPHAJIOB, KHUT, CIPABOYHUKOB , TPYJIOB KOHI'pECca .
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CTUTYT aKyCTUECKNX KOHCTPYKLIMM

00O "UHCTUTYT aKyCTHYECKUX KOHCTPYKLMM"

OOO "MHCTUTYT aKyCTHYECKUX KOHCTPYKIMH' 3aHUMAETCs pa3paOOTKOM MIyMO3AIIUTHBIX
Mmepornpusatuii 6onee 10 ner.

OpraHuzaiioHHas CTpyKTypa IpearnpusiTUs:
® OTJIEJ AKYCTHKU;
® OTJIeJI MPOEKTUPOBAHMUS;
e yCTIBITaTeNIbHAS JTa0OpaTOPHsl, aKKPETUTOBAHHAS Ha U3MepeHUs! GU3NIeCcKuX (PaKTOpPOB;
® OTJIEJI CTPOUTEIILCTBA;
® OTJIE€J] HAYYHBIX UCCIIEIOBAaHUH U pa3paboOTOK;
® OTJICJI BHEAPEHUS;
® [JTAHOBO-D)KOHOMUYECKUH OTHEIL.

3a roasl pabOTHl OpraHu3alyel 3ampOoeKTUPOBAHO OOJBIIOE KOJIHMYECTBO HIYMO3AIIUTHBIX
KOHCTPYKILMI B pa3au4HbIX pernoHax Poccum (Ha CKOPOCTHBIX aBTOMAarucTpalsix, MOCTax,
KEJIE3HBIX Joporax, ACTaKajax), B TOM qucie u Ha TaKuX
MacmTaOHbIX 00bekTax, kak KonbieBass aBromopora u 3anafaabiii  CKOpPOCTHOM IuaMeTp B
Cankrt-IletepOypre, o0bpexTax onumnuiickoro Coun u Pecrybmuku KpbiM, peKOHCTpyKIUU
benepanpHbIX aBToAO0pOT M-8 "Xomamoropsr', M-4 "Jlon" u ap. Opranuzanueil BbIMOTHSIOTCS
MPOEKTHO-U3BICKATEILCKUE PAOOTHI MO MPOSKTUPOBAHUIO IIIyMO3alIUThI HA MiepBoi B Poccun
BBICOKOCKOPOCTHON ~ K€1e3HOAOPOXKHOM  Maructpaiu  'MockBa-Kazanp".  Cunamm
UCIBITATEILHON 71a00paTOpuu OCYIIECTBISIOTCA aKyCTHYECKHUE HCCIEAOBAHMS, OTIEIaMu
aKyCTMKM W TPOCKTHPOBAHMUA pPa3padaThIBAIOTCS IIYMO3ALIUTHBIE MEPONPHUATHS Ha
IPOMBIIUIEHHBIX, JHEPreTUYECKHUX, KYJIbTYPHBIX M O3J0POBHUTENIbHBIX OOBEKTax Halel
ctpanbl. [Ipou3BOACTBO, OpraHu3oBaHHOE Ha 0a3e NPEaNPHUSTH, MO3BOJSIET BBIMYCKATh
JTr00bIe IIyMO3AIIUTHBIE KOHCTPYKIIMH, OTBEYAIOUINEe BCEM TPEOOBAHHSIM TOCYAapPCTBEHHBIX
CTaH/JapTOB, a ONBITHBIN MEPCOHAN B KpaTyalIlIie CPOKU MPOU3BOIUT COOPKY M MOHTAX.

"Hawa xomnanus 001a0aem MOWHbIMU HAYYHBIM U NPOEKMHBIM
noOpa30eNeHUsMU C COBPEMEHHbIMU MEeXHUUECKOU U UHMEeNIeKMYalbHoU 0a30l,
NO0380NAIOWUMU BLINOJIHAMb NPOEKMbl NO WYMO3auume 000U CI0HCHOCIU Om

udeu 0o gonnoweHus. B ceoel deamenvrocmu Mvl onupaemcs Ha aydwiue mpaouyuu,
couemas ux ¢ nepedobIMU MEXHONOSUAMU U CMAPAEMCsl COeNamb Haul OKPYHCAIOWUL
mup muwe"

Aunexcanap Hlamrypun
3aM. reHepalIbHOTO TUPEKTOPA
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CeteBot Hayunsin XypHain
"Noise Theory and Practice"

OO0 "MHCTUTYT aKyCTMYeCKMUX KOHCTPYKLIM
nipu bI'TY "BOEHMEX" mim. [1.®. YcrmHoBa

I';taBHAsA es1np

I'maBHast 1esnb ceteBoro HayuHoro JKypHasia "Noise Theory and Practice"
— CcocoOCTBOBaTh Pa3sBUTHUIO BMOPOaKyCTUKM (HayKa O IIlyMe U BUOparmumn).

OcHOBHBIE 3aa4umn
OcHoBHbIMM 3atauaMy XKy pHasla SBJISFOTCH:

o OTpaXkeHVe TOCIeMHVX JIOCTVDKEHUN B TeOPpWM ¥ MpaKTuKe OOpbOBI C
IIIyMOM U BuOparvers;
OTpakeHVe pe3ysIbTaTOB Hay4YHO-MCCIIe0BAaTEIECKMX PabOT II0 M3y UeHMIO
IIPOLIeCCOB IITyMOOOpa3oBaHMs, paclIpoCTpaHeHs 3ByKa 1 BUOparm;

OTpakeHVe pe3ysIbTaTOB pa3spaOOTKM CPeNcTB IIyMO- M BUOPO3aIluUTHL, a
TaK>XXe pe3yJIbTaTOB MHBIX paboT, IIPOBOAVMBIX B 00J1acTV BUOPOAKyCTUKH,
VI BBITIOJTHSIEMBIX HayYHBIMY COTPYIHMKaMy BY30B v MHBIX opraHm3amnm;

IIpeoCcTaBJIeHle CBeJeHMII O IUIaHMpPyeMbIX KOH(epeHL X, ceMHapax,
IIPOBOAMMEBIX B Poccuut m mpyrux crpaHax;

IIpeJlocTaBJIeHlie apXVBHBIX MaTepuasIoB TPY/I0B HayYHBIX KOH(epeHIIN,
ITOCBSIIIEHHBIX BMOPOaKyCTHKe;

Hayunoe uutuposanue JXXypHasa

XypHart sgBiseTcss  OOIIENOCTYIHBIM I UYTeHMs HeorpaHNYeHHBIM
YICJIOM MOJIb30BaTesIell B peXxviMe on-line 11 IipeficTaB/ieH B OTKPBITOM JOCTYIIe
C BO3MOXXHOCTBIO coxpaHeHMs B dopmate pdf.

Marepuaner  KypHasla WMHAEKCMPYIOT B  HayKOMeTpuUuYeckmx  Oasax
Poccniickoro Muanekca Hayunoro ILInrtuposanwms (PVIHLI), Google Scholar.
KypHai1 BKJIIOUEH B HayYHYIO 3JIeKTpOHHYI0 6110mmoTteky "KubepJlenmHka"

www.noisetp.com
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