
ISSN 2412-8627

Theory and Practice

Acoustic Design Institute

2019

Scientific Journal 

III

Vol. 5   No. 3

12+

..\..\..\Documents\Журнал\Оформление\2019 сентябрь\500_F_260371521_s8VufKwdxSknfZYv8TsiVRvw3CfmbnXJ.jpg



                                   

 

           



2



                                            

 

          

3



4



Noise Theory and Practice
Учредитель

Общество с ограниченной ответственностью 
"Институт акустических конструкций" (ООО "ИАК")

Научный журнал

Том 5    №3
при БГТУ "ВОЕНМЕХ" им. Д.Ф. Устинова 

Содержание

д.т.н., профессор, зав. кафедрой
Распространение крутильных волн в пучках

5

АНГЛ

среды. Экология человека 

выпускается с 2015 г. 
Основателем Журнала является

Балтийского государственного

"Экология и безопасность  
жизнедеятельности" 

Иванов Николай Игоревич.

технического университета
"ВОЕНМЕХ" им. Д.Ф. Устинова

с периодичностью четыре раза

Журнал является открытым
сетевым ресурсом и издается

в год.

проблемам в области 

"Noise Theory and Practice"  
посвящен фундаментальным

- 29.00.00 Физика

виброакустики и принимает 
работы по направлениям:

- 43.00.00 Общие и комплексные
- 29.37.00 Акустика

проблемы естественных и  
точных наук
- 87.00.00 Охрана окружающей

редакцию, проходят 
Все статьи, поступающие в 

обязательное резензирование.

Рассошенко Ю.С.

Россия, г. Санкт-Петербург,
ул. Промышленная, д.19, лит. Р,

+7 (812) 500-08-26
www.noisetp.com
e-mail: noise.science@gmail.com

Зарегистрировано в Федеральной 

информационных технологий
и массовых коммуникаций

службе по надзору в сфере связи, 

оф. 444

Вязкоупругие резонаторы
стр. 28-42

основатель транспортной 
акустики в России - 

РУС

Исследование волн упругих деформаций
в пищевом продукте
стр. 52-58

углеродных нанотрубок

Восстановление распределения импульсных

стр. 43-51

сигналов в пространстве методами ближнепольной
акустической голографии

РУС/АНГЛ

РУС

стр. 7-20

Акустический шум низколетящего квадрокоптера
РУС

стр. 21-27

Генерирование аэродинамического шума
воздушной прослойкой
стр. 59-66

РУС

Необходимость выявления лиц с повышенной
чувствительностью на шумных производствах
стр. 67-73

РУС



Noise Theory and Practice
Scientific Journal

Vol. 5   No. 3

Contents

is Nikolay Igorevich Ivanov, 

6

Human ecology.

has been published since 2015. 
The founder of the journal 

studies and health and safety’

Doctor of Engineering Sciences, 
Professor, Head of ‘Environmental  

in Russia.

department of the Baltic State 
Technical University ‘VOENMEH’  

is an open network resource
and published four times a year. 

problems in the field of 

‘Noise Theory and Practice’ 
is devoted to the fundamental  

- 29.00.00 Physics

vibroacoustics and accepts papers 
in the following areas:

- 43.00.00 General and complex 
- 29.37.00 Acoustics

issues of natural and exact sciences
- 87.00.00 Environmental protection. 

editorial office are subject  
All articles submitted to the 

to mandatory review. The journal

Rassoshenko Iuliia 

19 building ‘R’ Promyshlennaya str., 

+7 (812) 500-08-26
www.noisetp.com
e-mail: noise.science@gmail.com

Journal is registered in Federal 

communications, information  
technology, and mass media

service for supervision of 

office  444

named after D. F. Ustinov, the
founder of the transport acoustics

The founder
Limited liability company 'Acoustic Design Institute' (LLC ‘ADI’)
in cooperation with Baltic State Technical University 'VOENMEH'

named after D. F. Ustinov

ENG

RUS

RUS/ENG

RUS

RUS

Torsional Wave Propagation in Carbon 

Viscoelastic resonators
стр. 28-42

Study the waves elastic deformations in 
food product
стр. 52-58

Nanotube Bundles

Restoring the distribution of pulse signal in

стр. 43-51

space using methods of near-field
acoustic holography

стр. 7-20

Acoustic noise of a low flying quadrocopter
стр. 21-27

Generation of aerodynamic noise by airbag
стр. 59-66

The necessity for identifying people with 
hypersensitivity in noisy industries
стр. 67-73

RUS

RUS



NOISE Theory and Practice 7

UDK 534.013
OECD 01.03.AA

Torsional Wave Propagation in Carbon Nanotube Bundles
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1PhD, Trakya University, Department of Mechanical Engineering, Edirne, Turkey

Abstract

Torsional wave propagation in carbon nanotube bundle structures has been analyzed with Nonlocal

Strain Gradient Theory. Governing equation of motion of carbon nanotube bundles have been derived. Phase

and group velocity relations have been obtained. Elastic medium has been considered as a matrix material

between the nanotubes. E�ect of nonlocal stress and strain gradient parameters and sti�ness of elastic medium

to the torsional wave frequency and phase and group velocities have been investigated. Present results could

be useful in designing of composite materials for vibration isolators.

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

Ðàñïðîñòðàíåíèå êðóòèëüíûõ âîëí â ïó÷êàõ óãëåðîäíûõ íàíîòðóáîê

Àðäà Ì.1

1Ê.ò.í., Óíèâåðñèòåò Òðàêüÿ, ôàêóëüòåò ìàøèíîñòðîåíèÿ, Ýäèðíå, Òóðöèÿ

Àííîòàöèÿ

Ðàñïðîñòðàíåíèå êðóòèëüíûõ âîëí â ñòðóêòóðàõ ïó÷êà óãëåðîäíûõ íàíîòðóáîê áûëî
ïðîàíàëèçèðîâàíî ñ ïîìîùüþ Íåëîêàëüíîé òåîðèè ãðàäèåíòà äåôîðìàöèè. Ïîëó÷åíî óïðàâëÿþùåå
óðàâíåíèå äâèæåíèÿ ïó÷êîâ óãëåðîäíûõ íàíîòðóáîê. Ïîëó÷åíû ñîîòíîøåíèÿ ôàçîâûõ è ãðóïïîâûõ
ñêîðîñòåé. Óïðóãàÿ ñðåäà ðàññìàòðèâàëàñü êàê ìàòðè÷íûé ìàòåðèàë ìåæäó íàíîòðóáêàìè. Èññëåäîâàíî
âëèÿíèå ïàðàìåòðîâ íåëîêàëüíîãî íàïðÿæåíèÿ è ãðàäèåíòà äåôîðìàöèè, à òàêæå æåñòêîñòè óïðóãîé
ñðåäû íà ÷àñòîòó êðóòèëüíûõ âîëí, à òàêæå ôàçîâûå è ãðóïïîâûå ñêîðîñòè. Ïðåäñòàâëåííûå ðåçóëüòàòû
ìîãóò áûòü ïîëåçíû ïðè ïðîåêòèðîâàíèè êîìïîçèöèîííûõ ìàòåðèàëîâ äëÿ âèáðîèçîëÿòîðîâ.

Êëþ÷åâûå ñëîâà: óãëåðîäíûå íàíîòðóáêè, ðàñïðîñòðàíåíèå âîëí, êðóòèëüíûå âîëíû,

ãðàäèåíò íåëîêàëüíîé äåôîðìàöèè.

Introduction

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

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

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

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

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

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

1. Analysis

1.1. Single CNT

A rod which has length (L) and diameter (d) is considered. The equation of motion in
the angular direction can be written as [37]:

GIP
∂2Θ

∂x2
= ρIP

∂2Θ

∂t2
+ T (1)

where G is the shear modulus, ρ is the density, IP is the polar moment of inertia, Θ is the
angular displacement of CNT and T is the distributed circumferential external torque. The IP
is de�ned as:

IP = π
(R4

2 −R4
1)

2
(2)

where R1 and R2 are the inner and outer radius of CNT respectively.

1.2. CNT Bundle

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

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

T1 = GIP
∂2Θ1

∂x2
− ρIP

∂2Θ1

∂t2
(3a)

Ti = GIP
∂2Θi

∂x2
− ρIP

∂2Θi

∂t2
(3b)

TN = GIP
∂2N

∂x2
− ρIP

∂2ΘN

∂t2
(3c)

where Θi (i = 1,2,...,N) is the angular displacement of the ith nanotube and the subscripts
1,2,...,N are used to denote the order of the nanotube. Ti is the total circumferential torque
due to elastic matrix e�ect.

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

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

T1 = k(Θ1 −Θ2) (4a)
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Ti = k(2Θi −Θi+1 −Θi−1) (4b)

TN = k(ΘN −ΘN−1) (4c)

where k is the sti�ness of elastic matrix. CNT bundle system is consist of two carbon nanotubes
with identical chirality's and they are covered with elastic medium (Fig. 1).

1.3. Nonlocal Strain Gradient Elasticity

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

σij = Cijkl

∫
V

α0(|x− x′|,e0a)ε′kldV (5a)

σ
(1)
ijm = (e2a)2Cijkl

∫
V

α1(|x− x′|,e1a)ε′kl,mdV (5b)

where σij is the nonlocal stress tensor, σ
(1)
ijm is the high-order nonlocal stress tensor, e0a and

e1a are nonlocal parameters which are related to nonlocal stress gradient �eld, e2a is the
material length scale parameter which is related to nonlocal strain gradient �eld. Material
length scale parameters can be assumed as e0 = e1 for the rod type structures. α0(|x− x′|,e0a)
and α1(|x − x′|,e1a) are the nonlocal kernel functions for the classical stress tensor and the
higher order stress tensor, respectively. Nonlocal kernel functions satisfy the conditions in
Eringen [39]. The nonlocal strain gradient theory states the total stress tensor accounts for
both nonlocal and strain gradient tensors:

tij = σij ±
∂

∂x
σ
(1)
ijm (6)

In. Eq. (6), sign of the higher order stress tensor can be assumed negative or positive.
Generally, strain gradient models have sti�ening e�ect on structure with negative higher order
stress tensor. In the other hand, positive higher order stress tensor shows softening e�ect on
strain gradient structure same as nonlocal stress gradient. Both parameters can a�ect the
structure in sti�ening or softening way depending on their negative or positive sign [40, 41].
Because of the lattice dynamics model of the elastic carbon nanotube structure predicts that
travelling wave frequency in CNT structure decreases, softening strain gradient approach is
used in the present study. Comparison of strain gradient rod models can be seen in Fig. 3.

1.4. Equation of Motion

The equation of motion and boundary conditions for torsional deformation of CNT are
obtained using the Hamilton Principle and Nonlocal Strain Gradient Elasticity. The Hamilton
Principle can be written as: ∫ t2

t1

[δW + δEK − δEP ]dt = 0 (7)

where W denotes the work done by the elastic medium, EK denotes the kinetic energy and EP

denotes the potential energy of the CNT. They are de�ned as [42, 43]:

W =

∫ L

0

TΘdx (8a)
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EK =

∫ L

0

ρIP

(
∂Θ

∂t

)2

dx (8b)

EP =

∫ L

0

GIP

(
∂Θ

∂x

)2

dx (8c)

Fig. 3. Variation of Torsional Wave Frequency with Various Models

IfW , EK and EP are de�ned according to the nonlocal strain gradient elasticity theory
and variational principle, following equations are obtained:

δW =

∫ t2

t1

∫ L

0

TδΘdxdt+

∫ t2

t1

∫ L

0

∂

∂x
(e0a)2

∂T

∂x
δΘdxdt (9a)

δEK =

∫ L

0

∫ t2

t1

∂

∂t

[
ρIP

(
∂Θ

∂t

)]
δΘdtdx+

∫ t2

t1

∫ L

0

∂

∂x

[
(e0a)2ρIP

(
∂3Θ

∂x∂t2

)]
δΘdxdt (9b)

δEP =

∫ t2

t1

∫ L

0

∂

∂x

[
GIP

(
∂Θ

∂x

)]
δΘdxdt+

∫ t2

t1

∫ L

0

∂2

∂x2

[
(e2a)2GIP

(
∂2Θ

∂x2

)]
δΘdxdt (9c)

If Eq. (7) is rearranged according to Eqs. (9a)-(9c), Eq. (10) is obtained:
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{∫ t2
t1

∫ L

0
TδΘdxdt

}
+

{
−
∫ t2
t1

∫ L

0

∂

∂x
(e0a)2

∂T

∂x
δΘdxdt+

∫ t2
t1

[
(e0a)2

∂T

∂x

]
[δΘ(L)−

− δΘ(0)] dt}+

{
−
∫ L

0

∫ t2
t1

∂

∂t

[
ρIP

(
∂Θ

∂t

)]
δΘdtdx+

∫ L

0

[
ρIP

(
∂Θ

∂t

)]
[δΘ(t2)− δΘ(t1)] dx

}
−

−
{∫ t2

t1

∫ L

0

∂2

∂x∂t

[
µρIP

(
∂2Θ

∂x∂t

)]
δΘdtdx−

∫ t2
t1

[
µρIp

(
∂3Θ

∂x∂t2

)]
[δΘ(L)− δΘ(0)] dt

}
−

−
{
−
∫ t2
t1

∫ L

0

∂

∂x

[
GIP

(
∂Θ

∂x

)]
δΘdtdx+

+
∫ t2
t1

[
GIP

(
∂Θ

∂x

)]
[δΘ(L)− δΘ(0)] dt−

∫ t2
t1

∫ L

0

∂2

∂x2

[
(e2a)2GIP

(
∂2Θ

∂x2

)]
δΘdtdx−

−
∫ t2
t1

[
(e2a)2GIP

(
∂2Θ

∂x2

)][
∂δΘ(L)

∂x
− ∂δΘ(0)

∂x

]
dt+

∫ t2
t1

[
(e2a)2GIP

(
∂3Θ

∂x3

)]
[δΘ(L) −

− δΘ(0)] dt} = 0
(10)

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

∫ t2
t1

∫ L

0

{
T −

[
(e0a)2

(
∂2T

∂x2

)]
−
[
ρIP

(
∂2Θ

∂t2

)]
+

[
µρIP

(
∂4Θ

∂x2∂t2

)]
+

[
GIP

(
∂2Θ

∂x2

)]
+

+ (e2a)2GIP

(
∂4Θ

∂x4

)}
δΘdtdx+

∫ t2
t1

{[
(e0a)2

(
∂T

∂x

)]
−
[
µρIP

(
∂3Θ

∂x∂t2

)]
−
[
GIP

(
∂Θ

∂x

)]
−

−
[
(e2a)2GIP

(
∂3Θ

∂x3

)]}
[δΘ(L)− δΘ(0)] dt+

∫ t2
t1

[
(e2a)2GIP

(
∂2Θ

∂x2

)][
∂δΘ(L)

∂x
−

− ∂δΘ(0)

∂x

]
dt = 0

(11)

According to Eq. (11), the governing equation of motion of a CNT can be written as:

GIP

(
∂2Θ

∂x2

)
+ (e2a)2GIP

(
∂4Θ

∂x4

)
= ρIP

(
∂2Θ

∂t2

)
− (e0a)2ρIP

(
∂4Θ

∂x2∂t2

)
+ T−

−(e0a)2
(
∂2T

∂x2

) (12)

and the boundary conditions are obtained as:

[
(e0a)2

(
∂T

∂x

)
− µρIP

(
∂3Θ

∂x∂t2

)
−GIP

(
∂Θ

∂x

)
− (e2a)2GIP

(
∂3Θ

∂x3

)]
[δΘ] = 0 (13a)
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[
−(e2a)2GIP

(
∂2Θ

∂x2

)][
∂δΘ

∂x

]
= 0 (13b)

Eq. (12) is the governing equation of the nonlocal strain gradient CNT for the torsional
deformation. If the nonlocal parameter is assumed as zero (e0 = 0), the strain gradient rod
model is obtained. If the strain gradient parameter is assumed as zero (e2 = 0), the nonlocal
rod model is obtained. If the nonlocal and strain gradient parameters are assumed as zero
(e0 = e2 = 0), classical rod model is obtained. If Eqs. (3) and (4) are inserted into Eq. (12),
the equations of motion for CNT bundle is obtained as:

GIP
∂2Θ1

∂x2
+ (e2a)2GIP

∂4Θ1

∂x4
= ρIP

∂2Θ1

∂t2
− (e0a)2ρIP

∂4Θ1

∂x2∂t2
+ k(Θ1 −Θ2)−

−(e0a)2k

(
∂2Θ2

∂x2
− ∂2Θ1

∂x2

) (14a)

GIP
∂2Θi

∂x2
+ (e2a)2GIP

∂4Θi

∂x4
= ρIP

∂2Θi

∂t2
− (e0a)2ρIP

∂4Θi

∂x2∂t2
+ k(2Θ(i) −Θ(i+1)−

−Θ(i−1))− (e0a)2k

(
2
∂2Θ(i)

∂x2
−
∂2Θ(i+1)

∂x2
−
∂2Θ(i−1)

∂x2

) (14b)

GIP
∂2ΘN

∂x2
+ (e0a)2GIP

∂4ΘN

∂x4
= ρIP

∂2ΘN

∂t2
− (e2a)2ρIP

∂4ΘN

∂x2∂t2
+ k(Θ(N) −Θ(N−1))−

−(e0a)2k

(
∂2Θ(N)

∂x2
−
∂2Θ(N−1)

∂x2

) (14c)

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

Θi(x,t) = Aie
j(ωt−mx) (15)

where ω is the torsional wave frequency,m is circumferential wave number and j2 = −1.
Inserting Eq. (15) into Eqs. (14a)-(14c) leads to:

P11 P12 P13 ... ... ... P1i

P21 P22 P23 ... ... ... P2i

· · · · ·
· · · · ·
· · · · ·
· · · · ·

PN1 PN2 PN3 ... ... ... PNN





A1

A2

·
·
·

AN−1
AN


= 0 (16)

where ψi is the amplitude of the i
th tube and related terms are de�ned in Eqs. (17a)-

(17c):

P11 = m4(e2a)2GIP −m2(GIP − (e0a)2ρIPω
2 + (e0a)2k) + (ρIPω

2 − k)

P12 = m2(e0a)2k + k

P13 = P14 = ... = P1i = 0

(17a)
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Pi(i−1) = Pi(i+1) = m2(e0a)2k + k

Pii = m4(e2a)2GIP −m2(GIP − (e0a)2ρIPω
2 + 2(e0a)2k) + (ρIPω

2 − 2k)

Pi1 = ... = Pi(i−3) = Pi(i−2) = Pi(i+2) = Pi(i+3) = ... = PiN = 0

(17b)

PNN = m4(e2a)2GIP −m2(GIP − (e0a)2ρIPω
2 + (e0a)2k) + (ρIPω

2 − k)

P(N−1)N = m2(e0a)2k + k

PN1 = PN2 = PN(N−2)... = 0

(17c)

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

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

νP =
ω

k
(18a)

νG =
dω

dk
(18b)

2. Numerical Results and Discussion

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

Numerical results for the torsional wave frequency analysis are obtained by assuming
material constants: G = 0,46TPa, ρ = 4962kg/m3. Various studies can be found about the
determination of elastic properties and e�ective wall thickness of nanotubes. Inner radius of
CNTs is chosen as 0,68 nm and thickness of CNT is accepted as 0,132 nm, respectively [44, 45].

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

ωLD = 2
c

a

√
sin2

(ma
2

)
(19a)

ωNLSG = cm

√
1− (e2a)2m2

1 + (e0a)2m2
(19b)

where c is the shear speed of sound (c =
√
G/ρ).

Variation of torsional wave frequency with wave number is seen in Fig. 4. The local
frequency increases linearly with wave number. According to Lattice Dynamics, a travelling
wave has a limit propagation velocity. The strain gradient (e2 = 0,25) and nonlocal (e0 = 0,39)
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models show good agreement with the lattice dynamics results for the end of �rst Brillouin-
Zone. Nonlocal strain gradient model gives almost identical results with lattice dynamics model
for the selected parameters (e0 = 0,20, e2 = 0,21).

Fig. 4. Variation of Torsional Wave Frequency with Wave Number for Various Models

E�ect of the elastic medium in torsional wave frequency is seen in Figs. 5 and 6. For
the 1st CNT, elastic medium has no e�ect on torsional wave frequency. With the increasing
number of CNTs, elastic medium becomes more e�ective and torsional wave frequency raises.
E�ect of the number of carbon nanotubes and elastic medium are more pronounced in small
wave numbers (long wavelengths).

Fig. 5. E�ect of Wave Number on Torsional Wave Frequency for Various Elastic Medium
Sti�ness's
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Fig. 6. E�ect of Elastic Medium on Torsional Wave Frequency for Various Wave Numbers

In Figs. 7 and 8, variation of phase and group velocities for the 1st and 10th CNT
can be seen. Number of CNT increases both phase and group velocity. Elastic medium is
e�ective only in small interval at low frequencies (long wavelengths) for the 1st CNT. With the
increasing number of CNT, e�ective frequency interval of group velocity is expanded. Elastic
medium e�ect vanishes at high wave numbers (short wavelengths), because of the nonlocal
strain gradient model. Phase and group velocities has not been a�ected by elastic medium at
the end of �rst Brillouin Zone and show identically same characteristics.

Fig. 7. Variation of Phase and Group Velocity of 1st CNT
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Fig. 8. Variation of Phase and Group Velocity of 10st CNT

Conclusion

Torsional wave propagation in multiple CNTs stacked in an elastic matrix which is
called CNT bundle has been investigated in the present study. Governing equation of motion
has been obtained using Nonlocal Strain Gradient Elasticity Theory Torsional wave propagation
frequencies, phase and group velocities for �rst and last CNTs have been determined. E�ects
of gradient parameters and sti�ness of elastic medium have been investigated comparatively.

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

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

Âûïîëíåí ñïåêòðàëüíûé àíàëèç àêóñòè÷åñêîãî øóìà, ñîçäàâàåìîãî êâàäðîêîïòåðîì,

áàððàæèðóþùèì ñ íåâûñîêîé ïîëåòíîé ñêîðîñòüþ íà âûñîòå "ïòè÷üåãî ïîëåòà" íàä îáøèðíûì

ó÷àñòêîì ðàâíèííîé ìåñòíîñòè, ëèøåííîé ðàñòèòåëüíîñòè è ñòðîåíèé. Èññëåäîâàíû õàðàêòåðíûå

îñîáåííîñòè ñïåêòðàëüíîãî ñîñòàâà øóìà, ñîçäàâàåìîãî â ðåæèìàõ âçëåòà, ãîðèçîíòàëüíîãî ïîëåòà ñ

ìàðøåâîé ñêîðîñòüþ, ñïóñêà è ïðèçåìëåíèÿ, ïîëó÷åííûå ïî ðåçóëüòàòàì ðåãèñòðàöèè íà íåçíà÷èòåëüíûõ

äèñòàíöèÿõ äî èñòî÷íèêà. Ìàòåðèàëû îáðàáîòêè è àíàëèçà àêóñòè÷åñêèõ ñèãíàëîâ ïðåäñòàâëÿþò èíòåðåñ

äëÿ óäàëåííîãî êîíòðîëÿ äâèæåíèÿ ÁÏËÀ ëåãêîãî êëàññà.

Êëþ÷åâûå ñëîâà: âîçäóøíî-àêóñòè÷åñêèé øóì, àìïëèòóäíûé ñïåêòð, ìàëûå áåñïèëîòíûå

ëåòíûå ñðåäñòâà.

Acoustic noise of a low �ying quadrocopter

Zaslavsky Yu.M.1, Zaslavsky V.Yu.1,2
1Leader scienti�c researcher, Institute of applied physics, Russian academy of science, Nizhny Novgorod,

Russia
1,2Senior scienti�c researcher, Institute of applied physics, Russian academy of science, Nizhny Novgorod,

Russia

Abstract

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

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

Ââåäåíèå

Óäàëåííûé êîíòðîëü ñ ïîìîùüþ òåëåêàìåð íàáëþäåíèÿ, óñòàíàâëèâàåìûõ íà
âîçäóøíûõ äâèæóùèõñÿ íîñèòåëÿõ � äðîíàõ è êâàäðîêîïòåðàõ, âîñòðåáîâàí âî ìíîãèõ
ñôåðàõ äåÿòåëüíîñòè. Ê íèì îòíîñèòñÿ êîíòðîëü çà äâèæåíèåì íàçåìíîãî àâòî è
æåëåçíîäîðîæíîãî òðàíñïîðòà, ñúåìêà ïîñåâíûõ ïëîùàäåé è ñåëüõîçÿéñòâåííûõ óãîäèé,
âûÿâëåíèå ïîæàðîâ â ëåñíûõ ìàññèâàõ. Ïèëîòèðîâàíèå âûïîëíÿåòñÿ îïåðàòîðîì ñ
ïóíêòà óïðàâëåíèÿ ïî ðàäèîêàíàëó, ïî êîòîðîìó ïåðåäàåòñÿ òàêæå âèäåîèíôîðìàöèÿ.
Âìåñòå ñ òåì, â ðÿäå ñëó÷àåâ îêàçûâàåòñÿ íåîáõîäèìûì íåçàâèñèìûé êîíòðîëü çà

*E-mail: zaslav@appl.sci-nnov.ru (Çàñëàâñêèé Þ.Ì.), zas-vladislav@appl.sci-nnov.ru (Çàñëàâñêèé Â.Þ.)
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ìåñòîïîëîæåíèåì ñàìîãî êâàäðîêîïòåðà è åãî ïàðàìåòðàìè, â ñâÿçè ñ ÷åì, ïðåäñòàâëÿåò
èíòåðåñ àíàëèç ñïåêòðàëüíîãî ñîñòàâà, óðîâíÿ è îñîáåííîñòåé ñîáñòâåííîãî àêóñòè÷åñêîãî
øóìà, ñîïðîâîæäàþùåãî åãî ïîëåò. Àêóñòè÷åñêèé øóì áåñïèëîòíûõ ëåòàòåëüíûõ
ñðåäñòâ ïîäðîáíî è øèðîêî èññëåäóåòñÿ ðÿäîì àâòîðîâ [1-10]. Àêòóàëüíîñòü ïðîáëåìû
îáúÿñíÿåòñÿ, â ÷àñòíîñòè òåì, ÷òî êâàäðîêîïòåð � ìàëîçàìåòíûé îáúåêò ñ ìàëûì
ïî âåëè÷èíå ñå÷åíèåì ðàññåÿíèÿ ïðè ðàäèîëîêàöèîííîé ïåëåíãàöèè. Ïî ñðàâíåíèþ
ñ îáøèðíûìè è èçâåñòíûìè èññëåäîâàíèÿìè àêóñòè÷åñêîãî øóìà ïîëíîìàñøòàáíûõ
"âèíòîêðûëûõ" ëåòàòåëüíûõ àïïàðàòîâ è äðîíîâ èññëåäîâàíèÿ øóìà êâàäðîêîïòåðà
âåðòîëåòíîãî òèïà, ïðîâåäåííûå ê íàñòîÿùåìó âðåìåíè, ïðåäñòàâëÿþòñÿ äàëåêî íå
ïîëíûìè.

1. Èññëåäîâàíèå àêóñòè÷åñêîãî øóìà êâàäðàêîïòåðà

Õàðàêòåðíûì ïðèçíàêîì àêóñòè÷åñêîãî øóìà, ïîðîæäàåìîãî åãî âèíòîìîòîðíîé
ãðóïïîé, ÿâëÿåòñÿ ñòðåêî÷óùèé, æóææàùèé çâóê íèçêîé èíòåíñèâíîñòè, îáíàðóæèâàåìûé
è ðåãèñòðèðóåìûé íà çåìíîé ïîâåðõíîñòè â îãðàíè÷åííîé äåñÿòêàìè ìåòðîâ îêðåñòíîñòè
îò ëåòÿùåãî íà íåçíà÷èòåëüíîé âûñîòå êâàäðîêîïòåðà. Ïî ðåçóëüòàòàì îáðàáîòêè
àêóñòè÷åñêîãî ñèãíàëà, ðåãèñòðèðóåìîãî ìèêðîôîíîì, âîîáùå ãîâîðÿ, ïðåäñòàâëÿåò
èíòåðåñ ïîëó÷åíèå äàííûõ, îáåñïå÷èâàþùèõ âîçìîæíîñòü èäåíòèôèêàöèè ëåòàòåëüíîãî
àïïàðàòà äàííîãî êëàññà, äèàãíîñòèêè âûïîëíÿåìîãî èì ìàíåâðà, èçâëå÷åíèÿ
èíôîðìàöèè, ïîëåçíîé äëÿ êîíòðîëÿ çà åãî ìåñòîïîëîæåíèåì è ïàðàìåòðàìè äâèæåíèÿ,
òàêèìè êàê òåêóùàÿ ñêîðîñòü è åå íàïðàâëåíèå.

Â íàòóðíîì ýêñïåðèìåíòå ïî ðåãèñòðàöèè øóìà àïðîáèðîâàí çàðóáåæíûé
îáðàçåö êâàäðîêîïòåðà, ïðåäëàãàåìûé ôèðìàìè-ïîñðåäíèêàìè â êîììåð÷åñêèõ öåëÿõ
äëÿ îáñëóæèâàíèÿ ñåëüñêîõîçÿéñòâåííûõ óãîäèé è õîçÿéñòâ ëåñíè÷åñòâà � äëÿ êîíòðîëÿ
ïðîòèâîïîæàðíîé îáñòàíîâêè. Åãî ìàññà èìååò ïîðÿäîê 3 êã, ìàðøåâàÿ ñêîðîñòü ïðè
ãîðèçîíòàëüíîì ïîëåòå íàõîäèòñÿ â ïðåäåëàõ 16-23 ì/ñ, äîñòèæèìàÿ âûñîòà (ïîòîëîê) �
500 ì. Êâàäðîêîïòåð ñíàáæåí ÷åòûðüìÿ ýëåêòðîìîòîðàìè ïîñòîÿííîãî òîêà, àâòîíîìíî
çàïèòûâàåìûìè îò àêêóìóëÿòîðîâ ÷åðåç öåïü ïèòàíèÿ, ðåãóëèðóåìóþ ïî ðàäèîêàíàëó.
Ýëåêòðîäâèãàòåëè ðàñïîëîæåíû â óãëàõ ÷åòûðåõóãîëüíèêà ñ ìàêñèìàëüíûì ãàáàðèòîì
∼ 0,55 ì, ïðè ýòîì êàæäûé äâèãàòåëü ïðèâîäèò âî âðàùåíèå çàêðåïëåííûé íà åãî îñè
äâóõëîïàñòíîé âèíò ñ âðàùåíèåì ëîïàñòåé â ãîðèçîíòàëüíîé ïëîñêîñòè (ïîëíûé ðàçìàõ
ëîïàñòåé ∼ 0,25 ì). Äëÿ ïîñòóïàòåëüíîãî äâèæåíèÿ êâàäðîêîïòåðà è âûïîëíåíèÿ èì
ìàíåâðåííîãî äâèæåíèÿ ïî âåðòèêàëè, àçèìóòó è òàíãàæó ïðåäóñìîòðåíî ðåãóëèðîâàíèå
ñêîðîñòè âðàùåíèÿ êàæäîãî âèíòà, êîòîðîå îñóùåñòâëÿåòñÿ îïåðàòîðîì ñ ïóëüòà
óïðàâëåíèÿ.

Çàïèñü çâóêîâîãî ñèãíàëà âûïîëíåíà ïðè íåáëàãîïðèÿòíûõ ìåòåîóñëîâèÿõ, íå
ñîïóòñòâóþùèõ âûñîêîìó åå êà÷åñòâó, ò.å. â çèìíèé ïåðèîä ïðè òåìïåðàòóðå âîçäóõà
0◦ − 5◦C, ñêîðîñòè ïîðûâîâ âåòðà, äîñòèãàþùåé ∼ 6 ì/ñ. Àêóñòè÷åñêèé ôîí â ìîìåíòû
ñïàäà "âèõðåâûõ àòìîñôåðíûõ ïîòîêîâ" çàôèêñèðîâàí íà óðîâíå ∼ 60 − 65 äÁ. Ñëåäóåò
òàêæå îòìåòèòü íåêîòîðûå ïîäðîáíîñòè, õàðàêòåðèçóþùèå óñëîâèÿ ðåãèñòðàöèè. Òàê, ïðè
ñòàðòå ñ ïîâåðõíîñòè çåìëè è ïðèçåìëåíèè èñïîëüçîâàëñÿ áëèçêî ðàñïîëîæåííûé ê ïóëüòó
ó÷àñòîê òåððèòîðèè (íà óäàëåíèè íå áîëåå äåñÿòêà ìåòðîâ), õîðîøî îáîçðåâàåìûé êàê
âíåøíåé òåëåêàìåðîé, ïðåäíàçíà÷åííîé äëÿ ñúåìêè ïîëåòà è íàáëþäåíèÿ çà äðîíîì, òàê
è êàìåðîé, "âñòðîåííîé" â äðîí-íîñèòåëü. Ðåãèñòðàöèÿ àêóñòè÷åñêîãî øóìà âûïîëíåíà
ñ ïîìîùüþ êîíäåíñàòîðíîãî èçìåðèòåëüíîãî ìèêðîôîíà, âõîäÿùåãî â êîìïëåêò âíåøíåé
âèäåîêàìåðû íàáëþäåíèÿ.

Íèæå èçëàãàþòñÿ õàðàêòåðíûå èëè ñïåöèôè÷åñêèå îñîáåííîñòè ñïåêòðà
àêóñòè÷åñêîãî èçëó÷åíèÿ, çàðåãèñòðèðîâàííîãî ýêñïåðèìåíòàëüíî. Îíè ïðåäñòàâëÿþò
èíòåðåñ äëÿ ïàññèâíîé øóìîïåëåíãàöèè, ò.å. öåëåóêàçàíèÿ, à òàêæå ìîãóò áûòü ïîëåçíû
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â èññëåäîâàíèÿõ ðàçëè÷íûõ ôèçè÷åñêèõ ìåõàíèçìîâ øóìîèçëó÷åíèÿ, ïðîÿâëÿþùèõñÿ,
íàïðèìåð, ïðè âðàùåíèè âåðòîëåòíîãî âèíòà.

2. Ðåçóëüòàòû ñïåêòðàëüíîé îáðàáîòêè àêóñòè÷åñêîãî øóìà

Ñïåêòðàëüíûé àíàëèç àêóñòè÷åñêîãî øóìà êâàäðîêîïòåðà âûïîëíåí â ñëó÷àÿõ åãî
ðåãèñòðàöèè â ñëåäóþùèõ îñíîâíûõ, "ïðåäïîëåòíûõ" è "ïîñëåïîëåòíûõ" ðåæèìàõ: ñòàðò
� îòðûâ îò çåìëè è âçëåò, çàâèñàíèå íàä ìåñòîì ñòàðòà, ïîëåò ñ ìàðøåâîé ñêîðîñòüþ
(íà óäàëåíèÿõ â íåñêîëüêî äåñÿòêîâ ìåòðîâ), ïîñàäêà è ïðèçåìëåíèå. Äëÿ àíàëèçà,
êàê ïðàâèëî, èñïîëüçóþòñÿ âûáîðêè ñèãíàëà äëèòåëüíîñòüþ T = 7...9 ñ. Íåîáõîäèìî
ïîä÷åðêíóòü, ÷òî ïîëåçíûé ñèãíàë ëèøü íåçíà÷èòåëüíî ïðåâûøàåò óðîâåíü ôîíà â
ìîìåíòû åãî ñïàäà ïðè çàòèõàþùèõ ïîðûâàõ âåòðà.

2.1. Ñòàðò

Íà ðèñ. 1 ïðåäñòàâëåíà àìïëèòóäíàÿ ñïåêòðîãðàììà àêóñòè÷åñêîãî øóìà â ïîëîñå
÷àñòîò 0−2000 Ãö, êîãäà êâàäðîêîïòåð íà÷èíàåò îòðûâ îò ïîâåðõíîñòè ãðóíòà. Â ñïåêòðå
ïðèñóòñòâóåò íàáîð äèñêðåòíûõ êîìïîíåíò, êîòîðûå îáðàçóþò ýêâèäèñòàíòíûé ÷àñòîòíûé
ðÿä, õàðàêòåðíûé äëÿ øóìà, ñîçäàâàåìîãî êàæäûì âèíòîì. Íåçàâèñèìàÿ "çàïèòêà"
ìîòîðà êàæäîãî âèíòà, íåîáõîäèìàÿ äëÿ ìàíåâðèðîâàíèÿ, îáóñëàâëèâàåò íåêîòîðîå
ðàçëè÷èå â ñêîðîñòè èõ âðàùåíèÿ. Ïîýòîìó äèñêðåòû îäèíàêîâîãî íîìåðà, ïîðîæäàåìûå
ðàçíûìè âèíòàìè, íåñêîëüêî ñäâèíóòû ïî ÷àñòîòå, ÷òî ïðèâîäèò ê óøèðåíèþ èëè
ðàçìûòèþ ëèíèé â ñïåêòðå ñóììàðíîãî àêóñòè÷åñêîãî ïîëÿ. Äèñêðåòû ñïåêòðà ñëåäóþò
ñ èíòåðâàëîì ∆f ∼ 200 − 214 Ãö è ñîîòâåòñòâóþò ðÿäó ëîïàñòíûõ ÷àñòîò. Èçâåñòíî, ÷òî
îñíîâíàÿ (ïåðâàÿ) ëîïàñòíàÿ ÷àñòîòà ðàâíà îáîðîòíîé ÷àñòîòå, óìíîæåííîé íà ÷èñëî
ëîïàñòåé è, ïîñêîëüêó ëîïàñòåé äâå, îíà â äâà ðàçà âûøå íåå. Îáîðîòíàÿ ÷àñòîòà, òàêèì
îáðàçîì, áëèçêà ê fîá = 100 Ãö. Òàêîå çíà÷åíèå óäîâëåòâîðèòåëüíî ñîãëàñóåòñÿ ñ òàêèì
ïîêàçàòåëåì êàê íîìèíàëüíàÿ ñêîðîñòü âðàùåíèÿ ðîòîðà â ïðåäåëàõ ∼ 5000−6000 îá/ìèí,
ñòàíäàðòíî èñïîëüçóåìàÿ â ìèíèàòþðíûõ ýëåêòðîäâèãàòåëÿõ (ñ ïîñòîÿííûì íàïðÿæåíèåì
íà îáìîòêàõ).

Ðèñ. 1. Àìïëèòóäíûé ñïåêòð øóìà â ðåæèìå ñòàðòà

2.2. Ðåæèì çàâèñàíèÿ íàä ìåñòîì ñòàðòà

Ïîñëåäóþùèå ñåêóíäû ïîñëå ñòàðòîâîãî âêëþ÷åíèÿ âèíòîâ êâàäðîêîïòåðà
ñîïðîâîæäàþòñÿ åãî áûñòðûì îòðûâîì îò ïîâåðõíîñòè, íàáîðîì íåçíà÷èòåëüíîé âûñîòû
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è íåêîòîðûì ãîðèçîíòàëüíûì ñìåùåíèåì îòíîñèòåëüíî ìåñòà ñòàðòà, òàê ÷òî îò òî÷êè
çàâèñàíèÿ èñòî÷íèêà äî ìèêðîôîíà îáðàçóåòñÿ äèñòàíöèÿ ïîðÿäêà äâóõ äåñÿòêîâ ìåòðîâ.
Íåñêîëüêî îïåðåæàÿ èçëîæåíèå, ìîæíî îòìåòèòü, ÷òî òà æå äèñòàíöèÿ õàðàêòåðíà äëÿ
ðåæèìà òîðìîæåíèÿ è çàâèñàíèÿ ïðè âîçâðàùåíèè êâàäðîêîïòåðà îïåðàòîðîì â èñõîäíûé
êâàäðàò òåððèòîðèè ïîñëå âûïîëíåíèÿ ïîëåòíîé ïðîãðàììû.

Íà ðèñ. 2 ïðåäñòàâëåíà ñïåêòðîãðàììà øóìà â óñëîâèÿõ çàâèñàíèÿ êâàäðîêîïòåðà.
Íåòðóäíî âèäåòü êà÷åñòâåííîå ñõîäñòâî ñ ïðåäûäóùèì ñëó÷àåì â õàðàêòåðå ñïåêòðà.
Âìåñòå ñ òåì, øàã ïî ÷àñòîòå â ïîñëåäîâàòåëüíîñòè äèñêðåò, îêàçûâàåòñÿ íèæå ïðåæíåãî
è ñîñòàâëÿåò ∆f ∼= 143 Ãö. Èìååò ìåñòî ïîíèæåíèå ñêîðîñòè âðàùåíèÿ âèíòîâ.

Ðèñ. 2. Àìïëèòóäíûé ñïåêòð øóìà â ðåæèìå çàâèñàíèÿ

2.3. Ïîëåò ñ ìàðøåâîé ñêîðîñòüþ

Íà îñíîâíîì èçìåðèòåëüíîì ýòàïå ýêñïåðèìåíòà âûïîëíåíà ðåãèñòðàöèÿ
ïîëåçíîãî ñèãíàëà � àêóñòè÷åñêîãî øóìà, âîçíèêàþùåãî ïðè ïîëåòå êâàäðîêîïòåðà ñ
ìàðøåâîé ñêîðîñòüþ ∼ 20 ì/ñ. Â ïðîöåññå ïðîâåäåíèÿ íåñêîëüêèõ ñåàíñîâ ðåàëèçîâàí
ãîðèçîíòàëüíûé ïîëåò ñ ðàçíûìè íàïðàâëåíèÿìè äâèæåíèÿ, ïðè ýòîì ìèíèìàëüíûå
óäàëåíèÿ êâàäðîêîïòåðà îò ìèêðîôîíà íà òðàâåðçå ñîñòàâëÿþò äåñÿòêè ìåòðîâ ïðè
çíà÷åíèè âûñîòû ïîëåòà òîãî æå ïîðÿäêà. Ýòîò ýòàï ïðèõîäèòñÿ íà çàâåðøåíèå
äåìîíñòðàöèîííîãî ïèëîòèðîâàíèÿ êâàäðîêîïòåðà ïî êîììåð÷åñêîé ïðîãðàììå, â
êîòîðîé âûïîëíÿåòñÿ ñëîæíîå áàððàæèðîâàíèå â âûñîòíîì êîðèäîðå 50...150 ì ñ
ïîñëåäóþùèì äâèæåíèåì îáðàòíûì êóðñîì ê ìåñòó ñòàðòà.

Íà ðèñ. 3 äåìîíñòðèðóåòñÿ ñîîòâåòñòâóþùèé ÷àñòîòíûé ñïåêòð àêóñòè÷åñêîãî
øóìà, ðåãèñòðèðóåìîãî ïðè ãîðèçîíòàëüíîì ïîëåòå êâàäðîêîïòåðà ñ âûøåóêàçàííîé
ìàðøåâîé ñêîðîñòüþ. Øàã ïåðèîäè÷íîñòè â äèñêðåòíîì ñïåêòðå ñîñòàâëÿåò ∆f ∼= 172 Ãö.
Ñëåäîâàòåëüíî, ñêîðîñòü âðàùåíèÿ âèíòîâ íåñêîëüêî âûøå, ÷åì â ïðåäûäóùåì ðåæèìå.
Òåïåðü âî âñåé ïîëîñå àíàëèçà íàáëþäàåòñÿ äîñòàòî÷íî ðåãóëÿðíàÿ ïåðèîäè÷åñêàÿ
ìîäóëÿöèÿ àìïëèòóäíîãî ñïåêòðà ñ ðîñòîì ÷àñòîòû, îáóñëîâëåííàÿ ðàíåå óêàçàííîé
ïðè÷èíîé. Çàìåòíî ïîâûøàåòñÿ âêëàä áîëåå âûñîêî÷àñòîòíûõ êîìïîíåíò â îáùèé
óðîâåíü øóìà. Ïåðåõîä ê ðàññìàòðèâàåìîìó ðåæèìó äâèæåíèÿ äðîíà îòëè÷àåòñÿ
íåêîòîðîé âàðèàáåëüíîñòüþ, ò.å. ñîïðîâîæäàåòñÿ áîëåå çíà÷èòåëüíûìè, ÷åì ðàíåå
êà÷åñòâåííûìè, à òàêæå êîëè÷åñòâåííûìè èçìåíåíèÿìè, õàðàêòåðèçóþùèìè ñïåêòð
øóìà.

Â äàëüíåéøèõ èññëåäîâàíèÿõ ðàññìàòðèâàåìîãî ðåæèìà, ïðîâåäåíèå êîòîðûõ
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Ðèñ. 3. Àìïëèòóäíûé ñïåêòð øóìà â ðåæèìå ïîëåòà ñ ìàðøåâîé ñêîðîñòüþ

ïðåäïîëàãàåòñÿ ïðè áîëåå áëàãîïðèÿòíûõ ìåòåîóñëîâèÿõ, ò.å. ïðè áîëåå íèçêîì óðîâíå
àòìîñôåðíîãî àêóñòè÷åñêîãî ôîíà, íàðÿäó ñî ñïåêòðîì øóìà èíòåðåñíî òàêæå ïîñòðîèòü
êðèâûå ñïàäà îáùåãî óðîâíÿ øóìà ñ ðîñòîì äèñòàíöèè îò êâàäðîêîïòåðà äî ìåñòà
ðåãèñòðàöèè.

2.4. Ïðèçåìëåíèå � ïîñàäêà

Íà çàêëþ÷èòåëüíîì ýòàïå ïîëåòà, ò.å. ïåðåä êîíòàêòîì èëè êàñàíèåì ïîâåðõíîñòè
ïîñàäî÷íûìè ñòîéêàìè êâàäðîêîïòåðà, îïåðàòîðîì ñ ïóëüòà óïðàâëåíèÿ îáåñïå÷èâàåòñÿ
ðåæèì çàâèñàíèÿ ïðèìåðíî íàä èñõîäíîé ñòàðòîâîé òî÷êîé íà âûñîòå, íå ïðåâûøàþùåé
äåñÿòêà ìåòðîâ, à çàòåì è åãî ïëàâíîå ïðèçåìëåíèå. Íà ðèñ. 4 ïðåäñòàâëåí àìïëèòóäíûé
ñïåêòð øóìà, õàðàêòåðíûé äëÿ ðåæèìà, ñîîòâåòñòâóþùåãî çàêëþ÷èòåëüíîìó ýòàïó.
Øàã ïåðèîäè÷íîñòè ñïåêòðàëüíûõ ìàêñèìóìîâ (äèñêðåòíûõ êîìïîíåíò) íà îñè ÷àñòîò
âîçâðàùàåòñÿ ê èñõîäíûì çíà÷åíèÿì ∆f ∼= 216 Ãö.

Ðèñ. 4. Àìïëèòóäíûé ñïåêòð øóìà â ðåæèìå ïðèçåìëåíèÿ

Çàêëþ÷åíèå

Âûïîëíåíû îáðàáîòêà è ñïåêòðàëüíûé àíàëèç àêóñòè÷åñêîãî øóìà êâàäðîêîïòåðà
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ïðè ðàçëè÷íûõ ðåæèìàõ äâèæåíèÿ, âêëþ÷àÿ ñòàðò è ïðèçåìëåíèå. Äåìîíñòðèðóåòñÿ
âîçìîæíîñòü èíòåðïðåòàöèè ñïåöèôè÷åñêîãî âèäà ñïåêòðà øóìà â ñîîòâåòñòâèè ñ
ðåæèìàìè ñòàðòà, ãîðèçîíòàëüíîãî ïîëåòà è ïðèçåìëåíèÿ. Ïîêàçàíî, ÷òî äëÿ äàííîãî
òèïà êâàäðîêîïòåðà õàðàêòåð àìïëèòóäíîãî ñïåêòðà, ðàñïîëîæåíèå àìïëèòóäíûõ
ìàêñèìóìîâ íà îñè ÷àñòîò ñëåäóåò ðàññìàòðèâàòü êàê èíôîðìàòèâíûå ïðèçíàêè, êîòîðûå
öåëåñîîáðàçíî ïðèíÿòü â êà÷åñòâå îñíîâû äëÿ èäåíòèôèêàöèè èëè êëàññèôèêàöèè
ëåòàòåëüíîãî àïïàðàòà ïî äàííûì øóìîïåëåíãàöèè. Óêàçàííûå ïðèçíàêè ïðè
âñåõ ðåæèìàõ ðàáîòû ñîõðàíÿþò ïîäîáèå, îêàçûâàþòñÿ óñòîé÷èâûìè èëè ñëàáî
âàðèàáåëüíûìè.

Òàêèì îáðàçîì, ðåçóëüòàòû àíàëèçà ñïåêòðà àêóñòè÷åñêîãî øóìà êâàäðîêîïòåðà
óêàçûâàþò íà ïðèíöèïèàëüíóþ âîçìîæíîñòü ëîêàëèçàöèè è èäåíòèôèêàöèè áåñïèëîòíîãî
ëåòàòåëüíîãî àïïàðàòà (ñàìîãî ëåãêîãî êëàññà) è ïðåäâàðèòåëüíîãî ïðîãíîçà ïàðàìåòðîâ
äâèæåíèÿ ïðè ïàññèâíîé øóìîïåëåíãàöèè ñ èñïîëüçîâàíèåì äàííûõ î åãî ñîáñòâåííîì
àêóñòè÷åñêîì øóìå, çàðåãèñòðèðîâàííîì íà ïîâåðõíîñòè çåìëè. Äàëüíåéøèå èññëåäîâàíèÿ
àêóñòè÷åñêèõ øóìîâ êâàäðîêîïòåðîâ ñ èíûìè êîíñòðóêòèâíûìè îñîáåííîñòÿìè è ñ
äðóãîé êîìïëåêòàöèåé âèíòîìîòîðíîé ãðóïïû áåçóñëîâíî ðàñøèðÿò ïðåäñòàâëåíèå îá èõ
àêóñòè÷åñêèõ õàðàêòåðèñòèêàõ è áóäóò ñïîñîáñòâîâàòü ðàçâèòèþ óäàëåííîãî êîíòðîëÿ çà
ìèíèàòþðíûìè áåñïèëîòíûìè ëåòàòåëüíûìè àïïàðàòàìè ñ âåðòîëåòíûìè âèíòàìè.
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Âûïîëíåí ïðèáëèæåííûé ðàñ÷åò àêóñòè÷åñêèõ õàðàêòåðèñòèê ðåçîíàòîðîâ â âèäå âÿçêîóïðóãèõ

ïðîáîê ñ çàêðåïëåííûìè áîêîâûìè ïîâåðõíîñòÿìè. Ðàññìîòðåíû 5 îñíîâíûõ ðàçíîâèäíîñòåé òàêèõ

ðåçîíàòîðîâ. Ïðèâåäåíû ïðèìåðû ñðàâíåíèÿ ðåçóëüòàòîâ ïðèáëèæåííîé è òî÷íîé òåîðèé è ïðèìåðû
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Êëþ÷åâûå ñëîâà: âÿçêîóïðóãèå ìàòåðèàëû, ðåçîíàòîðû, àêóñòè÷åñêàÿ ïðîâîäèìîñòü,

ðåçîíàíñíàÿ ÷àñòîòà.

Viscoelastic resonators
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named after V.I. Il'ichev FEB RAS, Vladivostok

Abstract

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

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

Ââåäåíèå

Íèæå ïîëó÷åíû ïðèáëèæåííûå ðàñ÷åòíûå ôîðìóëû äëÿ àêóñòè÷åñêèõ
õàðàêòåðèñòèê âÿçêîóïðóãèõ ðåçîíàòîðîâ, âûïîëíåííûõ â âèäå ïðîáîê ñ çàêðåïëåííîé
áîêîâîé ïîâåðõíîñòüþ ñëåäóþùèõ ïÿòè êîíôèãóðàöèé: ñïëîøíîé êðóãëûé öèëèíäð,
òðè ðàçíîâèäíîñòè â ôîðìå êðóãëîãî öèëèíäðà ñ öåíòðàëüíûì êðóãëûì îòâåðñòèåì,
êðåïÿùèåñÿ ëèáî îäíîé, ëèáî îáåèìè áîêîâûìè ïîâåðõíîñòÿìè ("âíåøíèé", "âíóòðåííèé"
è êîëüöåâîé ðåçîíàòîðû, ñì. ðèñ. 3), ïðÿìîóãîëüíûé â ïëàíå ðåçîíàòîð. Ñîñòîÿòåëüíîñòü
ïðèáëèæåííûõ ôîðìóë ïîäòâåðæäåíà ñðàâíåíèåì ñ ðåçóëüòàòàìè òî÷íûõ âû÷èñëåíèé è
ýêñïåðèìåíòîâ.

Ëþáîé ìåõàíè÷åñêèé ðåçîíàòîð ñîñòîèò èç ìàññû, óïðóãîñòè è ïîòåðü. Âñåì ýòèì
ðàññìàòðèâàåìûå ìàòåðèàëû îáëàäàþò.
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1. Ïðèáëèæåííàÿ òåîðèÿ ðåçîíàòîðîâ

1.1. Âÿçêîóïðóãèå ìàòåðèàëû

Êàòåãîðèÿ âÿçêîóïðóãèõ ìàòåðèàëîâ îõâàòûâàåò âåñüìà îáøèðíûé êëàññ âåùåñòâ,
òàêèõ êàê ðåçèíû, ìÿãêèå ïëàñòìàññû, î÷åíü âÿçêèå æèäêîñòè (ñìîëû, áèòóìû è ïð.),
ãåëè, ðàñòèòåëüíûå è æèâîòíûå òêàíè è ò.ä. Ýòè âåùåñòâà çàíèìàþò ïðîìåæóòî÷íîå
ìåñòî ìåæäó èäåàëüíî óïðóãèìè òâåðäûìè òåëàìè è âÿçêèìè íåñæèìàåìûìè æèäêîñòÿìè,
ñîâìåùàÿ â ñåáå ñâîéñòâà òåõ è äðóãèõ.

Îäíîðîäíîå èçîòðîïíîå âÿçêîóïðóãîå òåëî, ïîäîáíî èäåàëüíî óïðóãîìó,
õàðàêòåðèçóþò äâóìÿ ìîäóëÿìè óïðóãîñòè, íàïðèìåð, ìîäóëåì ñäâèãà µ (Ïà) è ìîäóëåì
îáúåìíîãî ñæàòèÿ K (Ïà) [1, ñ. 22]. Ïðè êîëåáàíèÿõ â âÿçêîóïðóãîì òåëå ïðîèñõîäèò
(êàê è â âÿçêîé æèäêîñòè) äèññèïàöèÿ ìåõàíè÷åñêîé ýíåðãèè çà ñ÷åò âíóòðåííåãî
òðåíèÿ. Ïîýòîìó åãî ìîäóëè óïðóãîñòè ïðè ãàðìîíè÷åñêèõ êîëåáàíèÿõ ïðèíöèïèàëüíî
êîìïëåêñíûå è ÷àñòîòíî-çàâèñèìûå âåëè÷èíû [2], [3].

Èç äâóõ ìîäóëåé óïðóãîñòè âÿçêîóïðóãîãî ìàòåðèàëà âàæíåéøèì ÿâëÿåòñÿ
êîìïëåêñíûé ìîäóëü ñäâèãà:

µ*(ω) = µ(ω)[1− iη(ω)], (1)

ãäå ω � êðóãîâàÿ ÷àñòîòà çâóêà, µ(ω) � ìîäóëü ñäâèãà, i � ìíèìàÿ åäèíèöà, η(ω) �
êîýôôèöèåíò ñäâèãîâûõ ïîòåðü. Îí ðåçêî îòëè÷àåòñÿ îò ìîäóëÿ âñåñòîðîííåãî ñæàòèÿ
K ñëåäóþùèì. Âî-ïåðâûõ, äëÿ âñåõ âÿçêîóïðóãèõ ìàòåðèàëîâ èìååò ìåñòî ñîîòíîøåíèå:

| µ* |� K, (2)

êîòîðîå, ïî-ñóùåñòâó, ñëóæèò îïðåäåëåíèåì òàêèõ ìàòåðèàëîâ è îòíîñèò èõ â
ðàçðÿä "ïðàêòè÷åñêè íåñæèìàåìûõ", "âîäîïîäîáíûõ" âåùåñòâ [4, ñ. 446]. Âî-âòîðûõ,
÷àñòîòíûå çàâèñèìîñòè µ(ω) è η(ω) íàèáîëåå ÿðêî ïðîÿâëÿþòñÿ â äèàïàçîíå çâóêîâûõ è
óëüòðàçâóêîâûõ ÷àñòîò, â òî âðåìÿ êàê ìîäóëü îáúåìíîãî ñæàòèÿ K â ýòîì äèàïàçîíå
îò ÷àñòîòû ïðàêòè÷åñêè íå çàâèñèò, à ïîýòîìó ìîæåò ñ÷èòàòüñÿ äåéñòâèòåëüíîé óïðóãîé
êîíñòàíòîé âåùåñòâà.

Ìîäóëè ñäâèãà ðåçèí ìîãóò îòëè÷àòüñÿ äðóã îò äðóãà â äåñÿòêè è ñîòíè ðàç è
ëåæàò â ïðåäåëàõ µ(ω) = 105 ÷ 108 Ïà. Êîýôôèöèåíòû ñäâèãîâûõ ïîòåðü ðåçèí îáû÷íî
ïîðÿäêà η(ω) = 0,1÷ 1,0. Ó âñåõ âÿçêîóïðóãèõ ìàòåðèàëîâ ïàðàìåòðû K (Ïà), ïëîòíîñòü

ρ (êã/ì3), ñêîðîñòü âîëí ñæàòèÿ cl = (K/ρ)1/2 (ì/ñ) ïðèìåðíî òàêèå æå, êàê ó âîäû.

Íà íèçêèõ ÷àñòîòàõ, êîãäà âûñîòà ïðîáêè h (ì) ìàëà â ñðàâíåíèè ñ äëèíîé âîëíû
ñæàòèÿ, ïîñëåäíåé ìîæíî ïðåíåáðå÷ü è ñ÷èòàòü ìàòåðèàë ïðîáêè íåñæèìàåìûì. Ýòî
äîïóùåíèå ïîçâîëÿåò ïîñòðîèòü ïðèáëèæåííóþ òåîðèþ âûíóæäåííûõ êîëåáàíèé ïðîáêè
ñ çàêðåïëåííîé áîêîâîé ïîâåðõíîñòüþ.

Îáùåå óðàâíåíèå äâèæåíèÿ îäíîðîäíîãî èçîòðîïíîãî óïðóãîãî òåëà ìîæíî
çàïèñàòü â âèäå [1, c. 23, 26, 125]:

ρ
∂2~U

∂t2
= µ∆~U − 3

2(1 + σ)
∇P, (3)

ãäå ~U - âåêòîð äåôîðìàöèè ñðåäû (ì), σ � å¼ êîýôôèöèåíò Ïóàññîíà,

P = −σll
3

= −1

3
(σxx + σyy + σzz)−
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çâóêîâîå äàâëåíèå (Ïà). Â ñèëó ïðåäïîëàãàåìîé íåñæèìàåìîñòè ñðåäû:

σ =
3K − 2µ

2(3K + µ)
≈ 1

2
.

Òîãäà äëÿ ãàðìîíè÷åñêèõ êîëåáàíèé óðàâíåíèå (3) ïðèìåò âèä:

−iωρ~V =
iµ*

ω
∆~V −∇P. (4)

Ïî ôîðìå ýòî óðàâíåíèå ñîâïàäàåò ñ óðàâíåíèåì Íàâüå � Ñòîêñà äëÿ ìàëûõ
ãàðìîíè÷åñêèõ êîëåáàíèé âÿçêîé æèäêîñòè [5, c. 73, 350], ïðè÷åì ðîëü âÿçêîñòè çäåñü
èãðàåò âåëè÷èíà iµ*(ω)/ω. Ýòî óêàçûâàåò íà àíàëîãèþ äâèæåíèé âÿçêîóïðóãîé ïðîáêè
ðåçîíàòîðà è ñòîëáèêà âÿçêîé æèäêîñòè â òðóáå.

Äëÿ äîñòàòî÷íî âûñîêîé ïðîáêè ìîæíî ïðåäïîëîæèòü, ÷òî äâèæåíèå ïðîèñõîäèò
òîëüêî âäîëü öåíòðàëüíîé îñè z è Vz = Vz(x,y). Åñëè ïðè ýòîì ñ÷èòàòü P = P (z),
òî èç óðàâíåíèÿ (4) ñëåäóåò ïîñòîÿíñòâî ∇P . Ïðåíåáðåãàÿ âëèÿíèåì âîçäóõà íàä
ïðîáêîé è ïðèñîåäèíåííîé ìàññîé ñðåäû (âîäû) íà âõîäå ðåçîíàòîðà, ïîÿâëÿþùåéñÿ èç-çà
íåðàâíîìåðíîñòè êîëåáàòåëüíîé ñêîðîñòè ïî ñå÷åíèþ ïðîáêè, íàéäåì:

dP (z)

dz
= −P

h
,

ãäå P � çâóêîâîå äàâëåíèå, äåéñòâóþùåå ñíèçó íà ðåçîíàòîð. Â ýòîì ñëó÷àå óðàâíåíèå (4)
ïðèìåò âèä:

∆Vz + κ2Vz =
iωP

µ*h
, (5)

èëè â öèëèíäðè÷åñêèõ êîîðäèíàòàõ:

d2Vz
dr2

+
1

r

dVz
dr

+ κ2Vz =
iωP

µ*h
. (6)

Çäåñü

κ =

√
ρω2

µ*(ω)
− (7)

êîìïëåêñíîå âîëíîâîå ÷èñëî ñäâèãîâîé âîëíû.

1.2. Öèëèíäðè÷åñêèé ðåçîíàòîð

Äëÿ öèëèíäðè÷åñêîãî ðåçîíàòîðà êðóãëîãî ñå÷åíèÿ ðàäèóñà a óðàâíåíèå (6) èìååò
ðåøåíèåì:

Vz(r) =
P

iωρh

[
Jo(κr)

J0(κa)
− 1

]
, (8)

îòêóäà íàéäåì ñðåäíþþ ïî ñå÷åíèþ ïðîáêè ïðîäîëüíóþ ñêîðîñòü:

Vz(r) =
P

iωρh

[
2J1(κa)

κaJ0(κa)
− 1

]
=

P

iωρh

J2(κa)

J0(κa)
,

ãäå Jn(κa) � ôóíêöèè Áåññåëÿ. Ïîýòîìó äëÿ ïðèâåäåííîé ê âîäå ïðîâîäèìîñòè
öèëèíäðè÷åñêèõ ðåçîíàòîðîâ ðàäèóñà a (â ïðåäïîëîæåíèè àääèòèâíîñòè èõ ïðîâîäèìîñòåé)
ïîëó÷èì:



NOISE Theory and Practice 31

Y =
ερ0c0
iωρh

J2(κa)

J0(κa)
, (9)

ãäå ε � äîëÿ ïëîùàäè ïîâåðõíîñòè, çàíèìàåìàÿ ýòèìè ðåçîíàòîðàìè; ρ0 � ïëîòíîñòü âîäû,
c0 � ñêîðîñòü çâóêà â âîäå.

Åñëè â ðàçëîæåíèè

J0(x)

J2(x)
=

8

x2
− 4

3
− x2

144
− x4

4320
− ...

îñòàâèòü òîëüêî äâà ïåðâûõ ÷ëåíà, òî ó÷èòûâàÿ (1) è (7), ïðåäñòàâèì (9) â ïðèáëèæåííîì
âèäå:

Y (ω) ≈ ερ0c0ωa
2

8µ(ω)h

−i

1− ω2µ(ωp)

ω2
pµ(ω)

− iη(ω)

, (10)

ãäå

ωp =
2,45

a

√
µ(ωp)

ρ
− (11)

ñîáñòâåííàÿ êðóãîâàÿ ÷àñòîòà öèëèíäðè÷åñêîãî ðåçîíàòîðà. Çíà÷åíèå ÷èñëåííîãî
êîýôôèöèåíòà çäåñü ìîæíî óòî÷íèòü, çàìåòèâ, ÷òî ïðè η � 1 ñîáñòâåííàÿ ÷àñòîòà
îñíîâíîãî ðåçîíàíñà â ôîðìóëå (9) áóäåò îïðåäåëÿòüñÿ ïåðâûì êîðíåì ôóíêöèè J0(κa),
ðàâíûì 2,405.

Âòîðîå ïðèáëèæåíèå ê òî÷íîìó çíà÷åíèþ ωp ïîëó÷èì, åñëè â ïðåäûäóùåì

ðàçëîæåíèè ïðèðàâíÿåì íóëþ ñóììó ïåðâûõ òð¼õ ñëàãàåìûõ:
8

(κpa)2
− 4

3
− (κpa)2

144
= 0.

Ðåøåíèå ýòîãî êâàäðàòíîãî îòíîñèòåëüíî (κpa)2 óðàâíåíèÿ ïðèâåäåò ê ôîðìóëå (11) ñ
÷èñëåííûì êîýôôèöèåíòîì 2,413, ÷òî ïðåâûøàåò òî÷íîå çíà÷åíèå 2,405 âñåãî íà 0,34%,
ò.å. â 5,5 ðàçà òî÷íåå íà÷àëüíîãî ïðèáëèæåíèÿ.

Íà ðèñ. 1 äëÿ öèëèíäðè÷åñêîãî ðåçîíàòîðà ïðåäñòàâëåíû ðåçóëüòàòû ðàñ÷åòà
ïðîâîäèìîñòåé ïî "òî÷íîé" (9) è ïðèáëèæåííîé (10) ôîðìóëàì, à òàêæå äàííûå
èçìåðåíèé íà ãèäðîàêóñòè÷åñêîé òðóáå äèàìåòðîì 41 ìì ïðè òåìïåðàòóðå 30◦C.
Ïàðàìåòðû ðåçîíàòîðà: ìàòåðèàë � ñòðîèòåëüíûé áèòóì; ε = 0,859, 2a = 3,8 ñì,
h = 4,35 ñì; ρ0 = 995,7 êã/ì3, c0 = 1509,4 ì/ñ; ρ = 1200êã/ì3, µ = 0,63 · 108 Ïà, η = 0,4.
Äëÿ ñîáñòâåííîé ÷àñòîòû (11) ïðèíÿò ìíîæèòåëü 2,405. Âñå ðàñ÷åòû è ïîñòðîåíèå
ãðàôèêîâ íà ðèñ. 1 (è äàëåå, íà ðèñ. 4 è 5) âûïîëíåíû íà êîìïüþòåðå ñ ïîìîùüþ
Mathcad 15.

Èç ðèñóíêà ñëåäóåò, ÷òî ïðèáëèæåííàÿ ôîðìóëà (10) äîñòàòî÷íî õîðîøà äëÿ
÷àñòîò ω 6 ωp.

Ïðè íå ñëèøêîì ìàëûõ çíà÷åíèÿõ η ïîñëåäóþùèå ñäâèãîâûå ðåçîíàíñû â
âûðàæåíèè (9) íå ñóùåñòâåííû, è ìîæíî ñ÷èòàòü ôîðìóëó (10) ïðèìåíèìîé òàêæå è íà
÷àñòîòàõ ω > ωp. Íî â äàííîì ñëó÷àå íà ýòèõ ÷àñòîòàõ âêëàä â ïðîâîäèìîñòü âíîñèò
åùå è îòäàëåííûé (íà ÷àñòîòå 19,5 êÃö) ïîëóâîëíîâîé ðåçîíàíñ ïðîäîëüíîé âîëíû,
ðàñïðîñòðàíÿþùåéñÿ â ïðîáêå ñî ñêîðîñòüþ cl = 1697 ì/ñ. Â ýòîì ïðè÷èíà ðàñõîæäåíèÿ
ðàñ÷åòíûõ è ýêñïåðèìåíòàëüíûõ äàííûõ íà ÷àñòîòàõ ω > ωp, ïîñêîëüêó ïðîäîëüíîé
âîëíîé ìû èçíà÷àëüíî ïðåíåáðåãëè, ïîñ÷èòàâ ìàòåðèàë ïðîáêè íåñæèìàåìûì.

Èç ôîðìóë (9), (10) è (11) âèäíî, ÷òî ïðîâîäèìîñòü öèëèíäðè÷åñêîãî
ðåçîíàòîðà îáðàòíî ïðîïîðöèîíàëüíà âûñîòå ïðîáêè h, a ñîáñòâåííàÿ ÷àñòîòà îáðàòíî
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ïðîïîðöèîíàëüíà å¼ ðàäèóñó a è íå çàâèñèò îò h. Ïîñëåäíåå îáñòîÿòåëüñòâî äëÿ h > 2a
ïîäòâåðæäàþò èçìåðåíèÿ àâòîðà (1976 ã.), ïðåäñòàâëåííûå íà ðèñ. 2. Ñëàáûé ðîñò ωp ñ
óâåëè÷åíèåì h îáÿçàí (íå ó÷èòûâàåìîé çäåñü) ìàëîé ïðèñîåäèíåííîé ìàññå íà âõîäå.

Ïðè ω → 0 èç ôîðìóëû (8) ëåãêî íàéòè ñìåùåíèå ïðîáêè öèëèíäðè÷åñêîãî
ðåçîíàòîðà ïîä äåéñòâèåì ãèäðîñòàòè÷åñêîãî äàâëåíèÿ P0 (Ïà):

U0(r) =
P0

4µ(0)h
(a2 − r2)(ì), (12)

îòêóäà ìàêñèìàëüíûé ïðîãèá â öåíòðå ïðîáêè U0(0) = P0a
2/4µ(0)h (ì), à ñðåäíèé ïî

ñå÷åíèþ ïðîãèá U0(r) =
P0a

2

8µ(0)h
(ì). Åñëè îïðåäåëèòü çíà÷åíèå ωp ìåòîäîì Ðýëåÿ, âçÿâ â

êà÷åñòâå ôîðìû êîëåáàíèé ñòàòè÷åñêîå ñìåùåíèå (12) [6, c. 189, 323], òî ñíîâà ïðèäåì ê
ôîðìóëå (11).

Ðèñ. 1. Êîìïîíåíòû êîìïëåêñíîé ïðîâîäèìîñòè Y (f) öèëèíäðè÷åñêîãî ðåçîíàòîðà:
<<< � "òî÷íûé" ðàñ÷åò (9); � � ïðèáëèæåííûé ðàñ÷åò (10); •, + � èçìåðåíèÿ

1.3. "Âíåøíèé" ðåçîíàòîð

Äëÿ öèëèíäðè÷åñêèõ ðåçîíàòîðîâ ñ öåíòðàëüíûì êðóãëûì îòâåðñòèåì (ðèñ. 3)
îáùèå ðåøåíèÿ óðàâíåíèÿ (6) ñîäåðæàò íàðÿäó ñ ôóíêöèåé Áåññåëÿ J0(κr) òàêæå ôóíêöèþ
Íåéìàíà N0(κr), à îïðåäåëåíèå ÷àñòíûõ ðåøåíèé òðåáóåò ó÷åòà ãðàíè÷íûõ óñëîâèé íà
îáåèõ áîêîâûõ ïîâåðõíîñòÿõ ïðîáêè.

"Âíåøíèé" ðåçîíàòîð çàêðåïëåí òîëüêî ñâîåé âíóòðåííåé áîêîâîé ïîâåðõíîñòüþ
ðàäèóñà a, êàê ïîêàçàíî íà ðèñ. 3, à. Ýòî äàåò ïåðâîå ãðàíè÷íîå óñëîâèå:

Vz(a) = 0. (13)

Âíåøíþþ áîêîâóþ ïîâåðõíîñòü ðàäèóñà b ñ÷èòàåì ñâîáîäíîé îò êàñàòåëüíûõ

íàïðÿæåíèé, ò.å. íà íåé σrz(b) = µ

(
∂Ur

∂z
+
∂Uz

∂r

) ∣∣∣∣
r=b

= 0, ÷òî äëÿ äîñòàòî÷íî âûñîêèõ
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Ðèñ. 2. Çàâèñèìîñòü ñîáñòâåííîé ÷àñòîòû ðåçîíàòîðà îò åãî îòíîñèòåëüíîé âûñîòû s:
• � öèëèíäðè÷åñêèé ðåçîíàòîð, s = h/2a;

� � êâàäðàòíûé â ñå÷åíèè ðåçîíàòîð, s = h/l, l � ñòîðîíà êâàäðàòà

ïðîáîê ýêâèâàëåíòíî óñëîâèþ
dVz
dr

∣∣∣∣
r=b

= 0. (14)

Ðèñ. 3. Ðåçîíàòîðû ñ äâóìÿ áîêîâûìè ïîâåðõíîñòÿìè è ñïîñîáû èõ êðåïëåíèÿ â
ãèäðîàêóñòè÷åñêîé òðóáå: à � "âíåøíèé" ðåçîíàòîð; á � "âíóòðåííèé" ðåçîíàòîð;

â � êîëüöåâîé ðåçîíàòîð

Ýòî âòîðîå ãðàíè÷íîå óñëîâèå.

Ðåøåíèåì óðàâíåíèÿ (6) äëÿ "âíåøíåãî" ðåçîíàòîðà, óäîâëåòâîðÿþùåì
ãðàíè÷íûì óñëîâèÿì (13), (14), áóäåò:

Vz(r) =
P

iωρh

{
J0(κr)N1(κb)− J1(κb)N0(κr)

J0(κa)N1(κb)− J1(κb)N0(κa)
− 1

}
. (15)



Êàçàêîâ Ë.È.
Âÿçêîóïðóãèå ðåçîíàòîðû 34

Âû÷èñëèâ ñðåäíþþ ïî ñå÷åíèþ ïðîáêè ïðîäîëüíóþ ñêîðîñòü ïî ôîðìóëå:

Vz(r) =
2

b2 − a2

∫ b

a

Vz(r)rdr,

íàéäåì çàòåì ïðèâåäåííóþ ïðîâîäèìîñòü "âíåøíèõ" ðåçîíàòîðîâ, ðàñïðåäåëåííûõ ïî
ïëîùàäè ñ ïîâåðõíîñòíîé êîíöåíòðàöèåé ε:

Y =
ερ0c0
iωρh

{
2κa

κ2(b2 − a2)
· J1(κb)N1(κa)− J1(κa)N1(κb)

J0(κa)N1(κb)− J1(κb)N0(κa)
− 1

}
. (16)

Âîñïîëüçîâàâøèñü èçâåñòíûìè ðàçëîæåíèÿìè äëÿ öèëèíäðè÷åñêèõ ôóíêöèé
[7, c. 413, 428], ôèãóðíóþ ñêîáêó âûðàæåíèÿ (16) ìîæíî ïðåäñòàâèòü â âèäå:

{...} =
Ψ(c)x2

2 [1− A(c)x2 +B(c)x4 −D(c)x6 + ...]
, (17)

ãäå

x =
κa

2
, (18)

c =
b2

a2
,

Ψ(c) =
2c2

c− 1
ln c− 3c+ 1, (19)

A(c) = c ln c− c+ 1− 1

Ψ(c)

(
c3 + 2c2 − c

c− 1
ln c− 8

3
c2 +

c+ 1

3

)
. (20)

Îñòàâèâ â çíàìåíàòåëå âûðàæåíèÿ (17) òîëüêî äâà ïåðâûõ ñëàãàåìûõ, çàïèøåì:

{...} ≈ Ψ(c)x2

2 [1− A(c)x2]
, (21)

Ïîäñòàâèâ ýòî â ôîðìóëó (16) è ó÷èòûâàÿ (1), (7), (18), íàéäåì:

Y (ω) ≈ ερ0c0ωa
2Ψ(c)

8µ(ω)h
· −i

1− ω2µ(ωp)

ω2
pµ(ω)

− iη(ω)

, (22)

ãäå

ωp =
2

a

√
µ(ωp)

ρA(c)
. (23)

Ñ äðóãîé ñòîðîíû, èç ôîðìóëû (16) ñëåäóåò, ÷òî ïðè η � 1 ñîáñòâåííóþ ÷àñòîòó
îñíîâíîãî ðåçîíàíñà äîëæåí îïðåäåëÿòü ïåðâûé êîðåíü óðàâíåíèÿ:

J0(κa)N1(κb) = J1(κb)N0(κa),

êîòîðûé ñîãëàñíî ñïðàâî÷íèêó [8, ñ. 238] ðàâåí:

κpa = π
[1 + α(c)]

2(
√
c− 1)

,
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ãäå ôóíêöèÿ 1 + α(c) ïðåäñòàâëåíà â [8] ãðàôèêîì íà ðèñ. 136. Ïîýòîìó äëÿ ωp òàêæå
ïîëó÷èì:

ωp =
π[1 + α(c)]

2a(
√
c− 1)

√
µ(ωp)

ρ
. (24)

Ñðàâíèâ ýòî ñ âûðàæåíèåì (23), íàéäåì:

A(c) =

{
4(
√
c− 1)

π[1 + α(c)]

}2

.

Àïïðîêñèìèðóÿ ôóíêöèþ 1 + α(c) â äèàïàçîíå c = 1...4 çàâèñèìîñòüþ 1 + α(c) =

=
3
√
c+ 1

4
√
c

, ïîëó÷èì

ωp =
π(3b+ a)

8b(b− a)

√
µ(ωp)

ρ
, (25)

A(c) = 2,882c

(√
c− 1√
c+ 1

3

)2

. (26)

Äëÿ c = 1...4 çíà÷åíèÿ A(c), âû÷èñëåííûå ïî ôîðìóëàì (20) è (26) ðàçíÿòñÿ ìåíåå
÷åì íà 2%, ÷òî ñëóæèò ëèøíèì äîâîäîì ñïðàâåäëèâîñòè ïåðåõîäà (17) → (21).

Íî, âèäèìî, ëó÷øèé âàðèàíò � ýòî íàéòè (êàê â ï. 1.2) äëÿ ωp âòîðîå ïðèáëèæåíèå,
èñïîëüçóÿ ðåøåíèå óðàâíåíèÿ 1− A(c)x2 +B(c)x4 = 0.

Ïðè c→ 1 äëÿ ôóíêöèé (19), (20) èìåþò ìåñòî ðàçëîæåíèÿ:

Ψ(c) =
2

3
(c− 1)2

[
1 +

1

4
(c− 1) +

1

10
(c− 1)2 +

1

20
(c− 1)3 + ...

]
, (27)

A(c) =
2

5
(c− 1)2

[
1 +

7

24
(c− 1) +

439

3360
(c− 1)2 +

319

4480
(c− 1)3 + ...

]
. (28)

Ñëó÷àé c = b2/a2 → 1 ñîîòâåòñòâóåò "âíåøíåìó" ðåçîíàòîðó â âèäå äëèííîé
ïîëîñû øèðèíîþ d/2 = b − a, îäíà áîêîâàÿ ïîâåðõíîñòü êîòîðîé çàêðåïëåíà, à äðóãàÿ
ñâîáîäíà. Ñîáñòâåííàÿ ÷àñòîòà òàêîãî ðåçîíàòîðà ñîãëàñíî ôîðìóë (24), (25) ðàâíà:

ωp =
π

d

√
µ(ωp)

ρ
, (29)

Ïî÷òè òî æå ñàìîå ïîëó÷àåòñÿ è èç ôîðìóëû (23) ñ ó÷åòîì ðàçëîæåíèÿ (28):

ωp =

√
10

d

√
µ(ωp)

ρ
. (30)

Èç ñîîáðàæåíèé ñèììåòðèè ÿñíî, ÷òî òàêóþ æå ñîáñòâåííóþ ÷àñòîòó áóäåò èìåòü è
ïîëîñîâîé ðåçîíàòîð óäâîåííîé øèðèíû, ó êîòîðîãî îáå áîêîâûå ïîâåðõíîñòè çàêðåïëåíû,
ò.ê. îí ìîæåò áûòü ñîñòàâëåí èç äâóõ "âíåøíèõ" ðåçîíàòîðîâ, ïðèìûêàþùèõ äðóã ê äðóãó
ñâîáîäíûìè êðàÿìè. Ïðîâîäèìîñòü ïîëîñîâûõ ðåçîíàòîðîâ íàéäåì ïî ôîðìóëå (22) ñ
ó÷åòîì ðàçëîæåíèÿ (27):
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Y (ω) =
ερ0c0ωd

2

12µ(ω)h
· −i

1− ω2µ(ωp)

ω2
pµ(ω)

− iη(ω)

. (31)

Ôîðìóëû (29), (31) áóäóò ïîëó÷åíû íèæå äðóãèì ñïîñîáîì ïðè ðàññìîòðåíèè
ðåçîíàòîðîâ, ïðÿìîóãîëüíûõ â ïëàíå.

Ïðè c� 1 èç âûðàæåíèé (19), (20) ñëåäóåò:

Ψ(c) ≈ c(2 ln c− 3),

A(c) ≈ Ψ(c)

2

[
1 +

7c2

3Ψ(c)2

]
.

Ýòè ôóíêöèè îáåñïå÷èâàþò âåðíûå çíà÷åíèÿ ωp è Y (ω) â ïðåäåëå ïðè a → 0,
c→∞:

ωp ≈
2

b

√
µ(ωp)

ρ ln c
→ 0,

Y (ω) ≈ ερ0c0
−iωρh

· Ψ(c)

2A(c)
→ ερ0c0
−iωρh

.

Äåéñòâèòåëüíî, óïðóãàÿ ýíåðãèÿ ðåçîíàòîðà, êîíöåíòðèðóþùàÿñÿ âáëèçè åãî
ìåñòà çàêðåïëåíèÿ, ñòðåìèòñÿ ê íóëþ âìåñòå ñ a → 0, ÷òî îáåñïå÷èâàåò ωp → 0 è
ñîâïàäåíèå ïðîâîäèìîñòè ðåçîíàòîðà ñ ìàññîâîé ïðîâîäèìîñòüþ åãî ïðîáêè.

Òàêèì îáðàçîì, ôóíêöèè Ψ(c) (19) è A(c) (20) õîðîøî îïèñûâàþò ïîâåäåíèå
"âíåøíåãî" ðåçîíàòîðà ïðè âñåõ çíà÷åíèÿõ c = b2/a2 > 1. Ýòî îïðàâäûâàåò ïðåäñòàâëåíèå
ôèãóðíîé ñêîáêè âûðàæåíèÿ (16) â ðåçîíàíñíîì âèäå (21), ãäå A(c)x2 ïðè ìàëûõ
|x2| èãðàåò ðîëü ðýëååâñêîé ïîïðàâêè [9]. Êâàçèñòàòè÷åñêîå ðåøåíèå, äîïîëíåííîå
"äèíàìè÷åñêîé" ðýëååâñêîé ïîïðàâêîé, îêàçûâàåòñÿ ñïðàâåäëèâûì â ãîðàçäî áîëåå
øèðîêîé ïîëîñå ÷àñòîò, ÷åì, êàçàëîñü áû, ìîæíî áûëî ïðåäïîëîæèòü.

Ñðåäíèé ïî ñå÷åíèþ ïðîãèá "âíåøíåãî" ðåçîíàòîðà ïîä äåéñòâèåì ãèäðîñòàòè÷åñêîãî
äàâëåíèÿ P0 ðàâåí:

U0 =
a2Ψ(c)

8µ(0)h
P0(ì).

1.4. "Âíóòðåííèé" ðåçîíàòîð

Ó "âíóòðåííåãî" ðåçîíàòîðà çàêðåïëåíà âíåøíÿÿ áîêîâàÿ ïîâåðõíîñòü, à
âíóòðåííÿÿ ïîâåðõíîñòü îñòàåòñÿ ñâîáîäíîé îò êàñàòåëüíûõ íàïðÿæåíèé (ðèñ. 3, á). Åñëè
èñïîëüçîâàòü îáðàòíûå ïî ñðàâíåíèþ ñ ðèñ. 3, (à) îáîçíà÷åíèÿ ðàäèóñîâ, à èìåííî, ÷åðåç
a îáîçíà÷èòü âíåøíèé, à ÷åðåç b � âíóòðåííèé ðàäèóñû ïðîáêè, òî ëåãêî óñòàíîâèòü, ÷òî
äëÿ ðàñ÷åòà "âíóòðåííåãî" ðåçîíàòîðà ïîëó÷èì òå æå ôîðìóëû, ÷òî è äëÿ "âíåøíåãî", ñ
òîé ëèøü ðàçíèöåé, ÷òî òåïåðü â íèõ áóäåò c = b2/a2 < 1. Äåéñòâèòåëüíî, ïðè ïðèíÿòîì
îáîçíà÷åíèè ðàäèóñîâ ïðîáêè ãðàíè÷íûå óñëîâèÿ äëÿ å¼ ñäâèãîâûõ êîëåáàíèé òàêæå
çàïèøóòñÿ â âèäå (13), (14), à ðåøåíèåì óðàâíåíèÿ (6) áóäåò âûðàæåíèå (15).

Ïðè âû÷èñëåíèè ñîáñòâåííîé êðóãîâîé ÷àñòîòû "âíóòðåííåãî" ðåçîíàòîðà ïî
ôîðìóëå (24) çíà÷åíèÿ ôóíêöèè 1 + α(c) ñëåäóåò áðàòü èç ëåâîé ïîëîâèíû ãðàôèêà íà
ðèñ. 136 ñïðàâî÷íèêà [8]. Íî ïðîùå è òî÷íåå íàéòè äëÿ (ωp) âòîðîå ïðèáëèæåíèå.
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Ïðè c → 0 "âíóòðåííèé" ðåçîíàòîð ïåðåõîäèò â öèëèíäðè÷åñêèé ïóíêòà 1.2.
Ïîñêîëüêó â ýòîì ñëó÷àå Ψ(c) → 1, A(c) → 2/3, òî äëÿ ïðîâîäèìîñòè è ñîáñòâåííîé
÷àñòîòû ðåçîíàòîðà ñíîâà ïîëó÷àåì ñîîòâåòñòâåííî ôîðìóëû (10) è (11).

1.5. Êîëüöåâîé ðåçîíàòîð

Îáå áîêîâûå ïîâåðõíîñòè ýòîãî ðåçîíàòîðà � âíåøíÿÿ ðàäèóñà a è âíóòðåííÿÿ
ðàäèóñà b � çàêðåïëåíû, êàê ïîêàçàíî íà ðèñ. 3, â. Ïîýòîìó ãðàíè÷íûìè óñëîâèÿìè
óðàâíåíèÿ (6) äëÿ êîëüöåâîãî ðåçîíàòîðà áóäóò:

Vz(a) = 0, Vz(b) = 0,

à åãî ðåøåíèåì �

Vz(r) =
P

iωρh

{
[J0(κa)− J0(κb)]N0(κr)− [N0(κa)−N0(κb)]J0(κr)

J0(κa)N0(κb)− J0(κb)N0(κa)
− 1

}
. (32)

Ïîñòóïàÿ òàê æå, êàê â ï. 1.3, ïîëó÷èì äëÿ ðàñ÷åòà êîëüöåâîãî ðåçîíàòîðà
ôîðìóëû, àíàëîãè÷íûå âûðàæåíèÿì (22), (23), ãäå ðîëü Ψ(c) è A(c) áóäóò èãðàòü,
ñîîòâåòñòâåííî, ôóíêöèè:

Ψ0(c) =
2(1− c)

ln c
+ 1 + c, c =

b2

a2
< 1, (33)

A0(c) = Ψ0(c)−
1

Ψ0(c)

(
1− c2

lnc
+

1 + 4c+ c2

3

)
. (34)

Òàêæå ïîíàäîáèòñÿ:

B0(c) = [Ψ0(c)− A0(c)]

[
3

4
Ψ0(c)− A0(c)

]
− 1

72

ϕ(c)

Ψ0(c) ln c
,

ãäå

ϕ(c) = (1− c)(11 + 38c+ 11c2) + 3(1 + 9c+ 9c2 + c3) ln c.

Ïðè c → 1 êîëüöåâîé ðåçîíàòîð ïåðåõîäèò â ïîëîñîâîé øèðèíîþ d = a − b. Äëÿ
ýòîãî ñëó÷àÿ ñïðàâåäëèâû ðàçëîæåíèÿ:

Ψ0(c) =
1

6
(1− c)2

[
1 +

1

2
(1− c) +

19

60
(1− c)2 +

9

40
(1− c)3 + ...

]
,

A0(c) =
1

10
(1− c)2

[
1 +

1

2
(1− c) + ...

]
,

èñïîëüçîâàíèå êîòîðûõ ïðèâîäèò ê óæå èçâåñòíûì ôîðìóëàì (30) è (31).

Èíòåðåñíî òàêæå îòìåòèòü, ÷òî ïðè c → 0 êîëüöåâîé ðåçîíàòîð, íåñìîòðÿ íà òî,
÷òî åãî öåíòðàëüíàÿ ÷àñòü çàêðåïëåíà ïî îñåâîé ëèíèè, âåäåò ñåáÿ êàê öèëèíäðè÷åñêèé
ðåçîíàòîð, ïîñêîëüêó èç ôîðìóë (33), (34) ïðè c → 0 ñëåäóåò: Ψ0(c) → 1, A0(c) → 2/3.
Ýòî, ïî-ñóùåñòâó, òîò æå "âûðîæäåííûé" ýôôåêò, ÷òî è äëÿ "âíåøíåãî" ðåçîíàòîðà,
çàêðåïëåííîãî ïî îñåâîé ëèíèè.

Èç âûðàæåíèÿ (32) âèäíî, ÷òî ñîáñòâåííóþ ÷àñòîòó êîëüöåâîãî ðåçîíàòîðà ìîæíî
òàêæå îïðåäåëèòü ïî ïåðâîìó êîðíþ κpb óðàâíåíèÿ
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J0(κb ·
a

b
)N0(κb)− J0(κb)N0(κb ·

a

b
) = 0,

êîòîðûé ñîãëàñíî ñïðàâî÷íèêó [8, c. 237, ðèñ. 134; ñ. 242, òàáë. 52] ìîæíî ïðåäñòàâèòü â
âèäå:

κpb =
S(k)

k − 1
,

ãäå k =
a

b
, S(k) � ôóíêöèÿ, ãðàôèê êîòîðîé ïîêàçàí íà ðèñ. 134. Ñ ó÷åòîì (7) ýòî

äàåò î÷åíü ïðîñòóþ è óäîáíóþ ôîðìóëó äëÿ îïðåäåëåíèÿ ñîáñòâåííîé ÷àñòîòû êîëüöåâîãî
ðåçîíàòîðà:

ωp =
S(k)

a− b

√
µ(ωp)

ρ
. (35)

Ïðèáëèæåííîå çíà÷åíèå ýòîé âåëè÷èíû ïîëó÷èì, çàìåíèâ â (35) S(k) íà ôóíêöèþ:

S0(k) =

2

(
1− 1

k

)
√
A0(k)

. (36)

Ôóíêöèè S(k) è S0(k) ïðåäñòàâëåíû íà ðèñ. 4. Íàëèöî ñèñòåìàòè÷åñêîå íåáîëüøîå
ïðåâûøåíèå ïðèáëèæåííûõ çíà÷åíèé íàä òî÷íûìè â ïðåäåëàõ 0,66...1,23% (êàê è ïðè
îïðåäåëåíèè íàèìåíüøåé ñîáñòâåííîé ÷àñòîòû êîíñòðóêöèè ïî ìåòîäó Ðýëåÿ [9]).

Ðèñ. 4. Ãðàôèêè ôóíêöèé:
<<< � S0(k), (36); � � S1(k); • � S(k), [8, òàáë. 52]

Íà ðèñ. 4 òàêæå ïîêàçàíà êðèâàÿ S1(k) äëÿ âòîðîãî ïðèáëèæåíèÿ ωp ïî ï. 1.2 è
ï. 1.3, ïîëó÷åííàÿ çàìåíîé â (36) A0(c)→ A1(c), ãäå

A1(c) =
2B0(c)

A0(c)−
√
A0(c)2 − 4B0(c)

,



NOISE Theory and Practice 39

÷òî ñëåäóåò ïîäñòàâèòü â (23) âìåñòî ïåðâîãî ïðèáëèæåíèÿ A0(c). Èç ðèñóíêà âèäíî, ÷òî
âòîðîå ïðèáëèæåíèå ñóùåñòâåííî (ïðèìåðíî â 7...9 ðàç) òî÷íåå ïåðâîãî: ïðåâûøåíèå S1(k)
íàä S(k) ñîñòàâëÿåò âñåãî 0,07...0,18%.

1.6. Ïðÿìîóãîëüíûé â ïëàíå ðåçîíàòîð

Ðàññìîòðèì òåïåðü ðåçîíàòîð ñ ïðÿìîóãîëüíîé â ïëàíå ïðîáêîé, îãðàíè÷åííîé
â ñå÷åíèè îñÿìè êîîðäèíàò è ïðÿìûìè x = d, y = l. Â ñàìîì îáùåì ñëó÷àå àêñèàëüíûå
ñìåùåíèÿ äîñòàòî÷íî âûñîêîé ïðîáêè ñ çàêðåïëåííîé áîêîâîé ïîâåðõíîñòüþ ìîæíî çàäàòü
â âèäå äâîéíîãî ðÿäà:

Uz(x,y,t) =
∞∑

m=1

∞∑
n=1

amn(t) sin
πmx

d
sin

πny

l
.

Ñ÷èòàÿ âåëè÷èíû amn(t) îáîáùåííûìè êîîðäèíàòàìè, ïðèìåíèì äëÿ èõ
îïðåäåëåíèÿ ïðèíöèï íàèìåíüøåãî äåéñòâèÿ, êàê ýòî ñäåëàíî â êíèãå [10] ïðè èçó÷åíèè
âûíóæäåííûõ êîëåáàíèé ïðÿìîóãîëüíîé ìåìáðàíû. Îïóñêàÿ âûêëàäêè, ïðèâåäåì
êîíå÷íûå ðåçóëüòàòû:

Y (ω) =
64ερ0c0
π6µ(ω)h

∞∑
m=1

′
∞∑
n=1

′ −iω

m2n2

(
m2

d2
+
n2

l2

)[
1− ω2µ(ωmn)

ωmn
2µ(ω)

− iη(ω)

]− (37)

êîìïëåêñíàÿ ïðîâîäèìîñòü ðåçîíàòîðîâ ïðÿìîóãîëüíîãî ñå÷åíèÿ, ãäå

ωmn = π

√
µ(ωmn)

ρ

(
m2

d2
+
n2

l2

)
−

ñîáñòâåííûå ÷àñòîòû ðàçíûõ ìîä ñäâèãîâûõ êîëåáàíèé ïðîáêè;

U0 =
64P0

π6µ(0)h

∞∑
m=1

′
∞∑
n=1

′ 1

m2n2

(
m2

d2
+
n2

l2

)(ì)− (38)

ñðåäíèé ïî ñå÷åíèþ ïðîãèá ïðîáêè ðåçîíàòîðà ïîä äåéñòâèåì ãèäðîñòàòè÷åñêîãî äàâëåíèÿ
P0.

Â ýòèõ ôîðìóëàõ øòðèõè ó çíàêîâ ñóììèðîâàíèÿ óêàçûâàþò íà òî, ÷òî ÷èñëà m
è n äîëæíû ïðèíèìàòü òîëüêî íå÷åòíûå çíà÷åíèÿ.

Ââèäó áûñòðîé ñõîäèìîñòè ðÿäîâ â âûðàæåíèè (37) îñíîâíîé âêëàä â
ïðîâîäèìîñòü âíîñèò íèçøàÿ ìîäà ñäâèãîâûõ êîëåáàíèé (m = n = 1), èìåþùàÿ
ñîáñòâåííóþ ÷àñòîòó:

ωp = π

√
µ(ωp)

ρ

(
1

d2
+

1

l2

)
. (39)

Â ïîäòâåðæäåíèå ñêàçàííîãî íà ðèñ. 5 ïðèâåäåí ïðèìåð ñðàâíåíèÿ ÷àñòîòíûõ
çàâèñèìîñòåé ïîëíîé ïðîâîäèìîñòè Y (ω) (37) è å¼ íèçøåé ìîäû Y1(ω) (m = n = 1)
äëÿ ñëåäóþùèõ çíà÷åíèé ïàðàìåòðîâ: ε = 1; d = 4 ñì, l = 6,5 ñì, h = 8 ñì; ρ0 =
= 1000 êã/ì3, c0 = 1500 ì/ñ, µ = 1,25 · 107 Ïà, ρ = 1200 êã/ì3, η = 0,3.

Ïðè l → ∞ ïîëó÷èì ïîëîñîâîé ðåçîíàòîð øèðèíîþ d. Â ýòîì ñëó÷àå ôîðìóëà
(39) ïåðåõîäèò â (29), à èç âûðàæåíèÿ (37) ïðàêòè÷åñêè ñëåäóåò (31). Äåéñòâèòåëüíî,
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Ðèñ. 5. Ïðîâîäèìîñòè ïðÿìîóãîëüíîãî â ñå÷åíèè ðåçîíàòîðà:
<<< � ïîëíàÿ ïðîâîäèìîñòü Y (f) (37)

� � ïðîâîäèìîñòü íèçøåé ìîäû Y1(f) (m = n = 1)

åñëè ïðè ñóììèðîâàíèè ïî m îãðàíè÷èòüñÿ ëèøü ïåðâûì ÷ëåíîì ñ m = 1 è ó÷åñòü, ÷òî
∞∑
n=1

′ 1

n2
=
π2

8
[11, ñ. 16], òî ÷èñëîâîé ìíîæèòåëü â ïðàâîé ÷àñòè âûðàæåíèÿ (37) äëÿ Y (ω)

îêàæåòñÿ ðàâíûì
8

π4
=

1

12,18
, ÷òî ïî÷òè ñîâïàäàåò ñ ÷èñëîâûì ìíîæèòåëåì

1

12
â ôîðìóëå

(31).

Ó÷èòûâàÿ òàêæå, ÷òî
∞∑

m=1

′ 1

m4
=
π4

96
, [11 ñ. 17], èç âûðàæåíèÿ (38) íàéäåì âåëè÷èíó

ñðåäíåãî ïðîãèáà ïîëîñû:

U0 =
P0d

2

12µ(0)h
(ì).

Çàêëþ÷åíèå

Ïîëó÷åíû ïðèáëèæåííûå ôîðìóëû äëÿ ðàñ÷åòà ïðèâåäåííûõ êîìïëåêñíûõ
ïðîâîäèìîñòåé Y (ω) è ñîáñòâåííûõ ÷àñòîò ωp âÿçêîóïðóãèõ ðåçîíàòîðîâ. Ôîðìóëû
îñíîâàíû íà ïðåäïîëîæåíèÿõ:

� âûñîòà ïðîáêè ðåçîíàòîðà ñðàâíèìà èëè áîëüøå å¼ ïîïåðå÷íûõ ðàçìåðîâ, ÷òî
ïîçâîëÿåò ñ÷èòàòü ñìåùåíèÿ â íåé ïðåèìóùåñòâåííî àêñèàëüíûìè;

� ìàòåðèàë ïðîáêè ïðàêòè÷åñêè íåñæèìàåì, ò.å. õîðîøî âûïîëíÿåòñÿ
ñîîòíîøåíèå (2), è ïðîäîëüíûå ðåçîíàíñû â ïðîáêå èìåþò ìåñòî íà ÷àñòîòàõ, íàìíîãî
ïðåâûøàþùèõ ñäâèãîâóþ ñîáñòâåííóþ ÷àñòîòó ωp;

� â ðàçëîæåíèè ïîëó÷åííîãî â ýòèõ ïðåäïîëîæåíèÿõ "òî÷íîãî" ðåøåíèÿ
äîïóñòèìî îñòàâèòü òîëüêî äâà ñëàãàåìûõ, ÷òî ïðèâîäèò (ïåðåõîäîì òèïà (17) → (21)) ê



NOISE Theory and Practice 41

âû÷ëåíåíèþ íèçøåé ñäâèãîâîé ìîäû êîëåáàíèé â âèäå ðåçîíàíñíîãî âûðàæåíèÿ;
� ñîáñòâåííîé ÷àñòîòîé ωp ðåçîíàòîðà ñëåäóåò ñ÷èòàòü å¼ òî÷íîå çíà÷åíèå äëÿ

íèçøåé ìîäû.

Íàéäåí ïðîñòîé, íî î÷åíü òî÷íûé ñïîñîá îïðåäåëåíèÿ âòîðîãî ïðèáëèæåíèÿ äëÿ
ωp, îñíîâàííûé íà ïðèðàâíèâàíèè íóëþ ñóììû ïåðâûõ òð¼õ ñëàãàåìûõ â çíàìåíàòåëå
ôîðìóëû (17).

Íèçøàÿ ìîäà õîðîøî àïïðîêñèìèðóåò "òî÷íîå" çíà÷åíèå ïðîâîäèìîñòè íà
÷àñòîòàõ ω 6 ωp, à òàêæå ïðè ω > ωp, åñëè çíà÷åíèÿ η íå ñëèøêîì ìàëû, êîãäà ðîëüþ
ïîñëåäóþùèõ ñäâèãîâûõ ðåçîíàíñîâ â ïðîáêå ìîæíî ïðåíåáðå÷ü.

Ðàññìîòðåííûå çäåñü âÿçêîóïðóãèå ðåçîíàòîðû ìîãóò íàéòè ïðèìåíåíèå â ðàçíîãî
ðîäà çâóêî - è âèáðîãàñÿùèõ óñòðîéñòâàõ, à òàêæå ïðè èçìåðåíèè êîìïëåêñíûõ ìîäóëåé
ñäâèãà (è ìîäóëåé âñåñòîðîííåãî ñæàòèÿ) âÿçêîóïðóãèõ ìàòåðèàëîâ [12].
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Àííîòàöèÿ

Îäíî èç íàïðàâëåíèé ðàçâèòèÿ ìåòîäîâ àêóñòè÷åñêèõ èçìåðåíèé - ýòî ïåðåõîä ê èçìåðåíèþ

óðîâíåé øóìà íà òîì ðàññòîÿíèè îò îáúåêòà, ãäå ýòî óäîáíî èñõîäÿ èç ãåîìåòðèè è ñîîòíîøåíèÿ ñèãíàë-

øóì, ñ ïîñëåäóþùèì ðàñ÷åòîì óðîâíÿ ñèãíàëà íà èíòåðåñóþùåé äèñòàíöèè, ñ ïðèìåíåíèåì ìåòîäîâ

àêóñòè÷åñêîé ãîëîãðàôèè. Ïðè ýòîì àìïëèòóäà è ôàçà ñèãíàëà äîëæíà áûòü èçìåðåíà â äîñòàòî÷íîì

êîëè÷åñòâå òî÷åê. Áîëüøîé èíòåðåñ ïðåäñòàâëÿåò èçìåðåíèå õàðàêòåðèñòèê èñòî÷íèêîâ øèðîêîïîëîñíûõ

ñèãíàëîâ. Ïðè ðåøåíèè ïîäîáíîé çàäà÷è, åñëè ðå÷ü èäåò îá àêóñòèêå, íàèáîëåå âàæíûìè ÿâëÿþòñÿ

äâà ïàðàìåòðà: ôîðìà âðåìåííîé ðåàëèçàöèè è ñðåäíèé óðîâåíü ïîëÿ äàâëåíèÿ. Ôîðìó âðåìåííîé

ðåàëèçàöèè íàãëÿäíåå âñåãî èññëåäîâàòü íà ïðèìåðå èìïóëüñíûõ ñèãíàëîâ. Â íàñòîÿùåé ðàáîòå îïèñàí

ñîîòâåòñòâóþùèé ëàáîðàòîðíûé ýêñïåðèìåíò, ïðîâåäåííûé â áåçýõîâîé êàìåðå, ìåòîäèêà âîññòàíîâëåíèÿ

äàëüíåãî ïîëÿ, à òàê æå ðåçóëüòàòû ðàñ÷åòîâ è ñðàâíåíèå ñ ýêñïåðèìåíòàëüíûìè äàííûìè.

Êëþ÷åâûå ñëîâà: áëèæíåïîëüíàÿ àêóñòè÷åñêàÿ ãîëîãðàôèÿ, äàëüíåå ïîëå, èìïóëüñíûå

ñèãíàëû.

Restoring the distribution of pulse signal in space using methods of near-�eld

acoustic holography

Kosteev D.A.1, Salin M.B.2
1Assistant researcher, Institute of Applied Physics of the Russian Academy of Sciences,

Nizhny Novgorod, Russia
2Head of laboratory, Institute of Applied Physics of the Russian Academy of Sciences,

Nizhny Novgorod, Russia

Abstract

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

Key words: near�eld acoustic holography, far �eld, pulse signal.
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Ââåäåíèå

Ïðèìåíåíèå ìåòîäîâ áëèæíåïîëüíîé ãîëîãðàôèè îòêðûâàåò âîçìîæíîñòè äëÿ
èçìåðåíèÿ õàðàêòåðèñòèê èñòî÷íèêîâ ïðè ñëîæíîé âíåøíåé îáñòàíîâêå. Íàïðèìåð,
áëèæíåïîëüíûå ìåòîäû íàõîäÿò ïðèìåíåíèå, åñëè íåîáõîäèìî èçìåðèòü ïîëå èñòî÷íèêà
â äàëüíåé çîíå, à ýòî íå ïðåäñòàâëÿåòñÿ âîçìîæíûì, èç-çà îãðàíè÷åííûõ ðàçìåðîâ
ëàáîðàòîðíîé óñòàíîâêè, íà êîòîðîé ïðîâîäèòñÿ ýêñïåðèìåíò. Ãèäðîëîêàòîð ñ áîëüøîé
àïåðòóðîé ìîæíî ïîìåñòèòü â áåçýõîâîé áàññåéí, èçìåðèòü õàðàêòåðèñòèêè ãåíåðèðóåìîãî
èì ñèãíàëà â áëèæíåé çîíå è ðàññ÷èòàòü äèàãðàììó íàïðàâëåííîñòè â çîíå Ôðàóíãîôåðà
[1] ïðè òîì, ÷òî ðàçìåðû áàññåéíà íå áóäóò ïîçâîëÿòü ïðîâîäèòü ïðÿìûå èçìåðåíèÿ
äàëüíåãî ïîëÿ.

Â ïðåäøåñòâóþùåé ðàáîòå [4] áûë èçëîæåí ðÿä ìåòîäîâ ïåðåñ÷åòà ðåçóëüòàòîâ
áëèæíåïîëüíûõ èçìåðåíèé â äàëüíþþ çîíó. Â óêàçàííîé ðàáîòå ðàññìàòðèâàëèñü
íåïðåðûâíûå ñèãíàëû, íî èçëîæåííûå ìåòîäû äîïóñêàþò îáîáùåíèå íà ñëó÷àé
øèðîêîïîëîñíûõ ñèãíàëîâ, ÷òî è áóäåò ñäåëàíî â íàñòîÿùèé ðàáîòå. Ïðèìåíåíèå
áëèæíåïîëüíûõ ìåòîäîâ ê àíàëèçó èñòî÷íèêîâ øèðîêîïîëîñíûõ ñèãíàëîâ ïðåäñòàâëÿåò
îòäåëüíûé èíòåðåñ äëÿ èññëåäîâàòåëåé [2, 3] ââèäó áîëüøîé ïðàêòè÷åñêîé çíà÷èìîñòè
ýòîãî âîïðîñà.

Ïðè âîññòàíîâëåíèè ïîëÿ øèðîêîïîëîñíîãî èñòî÷íèêà â ïðîñòðàíñòâå ïðåäñòàâëÿþò
èíòåðåñ äâà àñïåêòà: ñðåäíèé óðîâåíü ñèãíàëà è åãî âðåìåííîå ðàçâèòèå. Âðåìåííîå
ðàçâèòèå íàãëÿäíåå âñåãî èññëåäîâàòü íà ïðèìåðå èìïóëüñíûõ ñèãíàëîâ. Â íàñòîÿùåé
ðàáîòå áûëà ïðîâåäåíà ýêñïåðèìåíòàëüíàÿ ïðîâåðêà ìåòîäîâ ðàñ÷åòà ïîëÿ â äàëüíåé çîíå
ïî ðåçóëüòàòàì áëèæíåïîëüíûõ èçìåðåíèé äëÿ èìïóëüñíûõ ñèãíàëîâ.

1. Ýêñïåðèìåíòàëüíàÿ óñòàíîâêà

Àíàëîãè÷íî ýêñïåðèìåíòó, îïèñàííîìó â [4], èçìåðåíèÿ, ïðåäñòàâëåííûå â
äàííîé ðàáîòå, ïðîâîäèëèñü â áåçýõîâîé êàìåðå. Ñõåìà óñòàíîâêè ïðèâåäåíà íà
Ðèñ. 1. Óñòàíîâêà ñîñòîÿëà èç ãðîìêîãîâîðèòåëÿ áåç êîðïóñà è ïðèåìíîãî ìèêðîôîíà.
Èçìåðåíèÿ ïðîâîäèëèñü â ïëîñêîñòè, ãäå áûëà íàòÿíóòà ñèñòåìà òîíêèõ ìåòàëëè÷åñêèõ
òðîñîâ, ïîçâîëÿþùèõ çàêðåïëÿòü ìèêðîôîí â óçëàõ ïðÿìîóãîëüíîé ñåòêè. Ìèêðîôîí,
ñ ñîõðàíåíèåì îðèåíòàöèè â ïðîñòðàíñòâå, ïîî÷åðåäíî óñòàíàâëèâàëñÿ â óçëû ñåòêè,
äèíàìèê îñòàâàëñÿ íåïîäâèæíûì. Çà íà÷àëî êîîðäèíàò (0, 0, 0) ïðèíÿòî ïîëîæåíèå
ãðîìêîãîâîðèòåëÿ. Â êàæäîé òî÷êå ïðîèçâîäèëîñü âîñïðîèçâåäåíèå îäíîé è òîé æå
ðåàëèçàöèè èìïóëüñíîãî ñèãíàëà, âðåìÿ íà÷àëà âîñïðîèçâåäåíèÿ è âðåìÿ íà÷àëà çàïèñè
áûëè ñèíõðîíèçîâàíû. Ïîñëå îáúåäèíåíèÿ âñåõ çàïèñåé, áûëà ïîëó÷åíà îáùàÿ êàðòèíà
ïîëÿ â äàííîé ïëîñêîñòè. Áûëè ñäåëàíû çàïèñè ïðè äâóõ çíà÷åíèÿõ âûñîòû çàêðåïëåíèÿ
ãðîìêîãîâîðèòåëÿ, êîòîðûå ñîîòâåòñòâîâàëè áëèæíåé è äàëüíåé çîíå. Â ïåðâîì ñëó÷àå
äèíàìèê ðàñïîëàãàëñÿ íà ðàññòîÿíèè znear = 18 ñì îò çîíû èçìåðåíèÿ íàä åå öåíòðîì
è èçëó÷àë ïîñëåäîâàòåëüíîñòü èìïóëüñîâ, êàæäûé èç êîòîðûõ èìåë ÷àñòîòó 1 êÃö,
äëèòåëüíîñòü 4 ìñ, âðåìÿ ìåæäó èìïóëüñàìè ñîñòàâëÿëî 5 ñ. Îöåíêà çíà÷åíèÿ ïàðàìåòðà
Ôðåíåëÿ Fr = λznear/D

2 ñîñòàâëÿåò: Fr = 1,53 (çäåñü: λ - äëèíà âîëíû (ì), D - ðàçìåð
àïåðòóðû ãðîìêîãîâîðèòåëÿ (ì)). Çîíà èçìåðåíèÿ ïðåäñòàâëÿëà ñîáîé ïðÿìîóãîëüíèê
ñî ñòîðîíàìè 192 ñì è 131 ñì. Ðàññòîÿíèå ìåæäó óçëàìè ïî îáåèì êîîðäèíàòàì áûëî
ïåðåìåííûì è â ñðåäíåì ñîñòàâëÿëî 12 ñì. Âî âòîðîì ñëó÷àå èñòî÷íèê ðàñïîëàãàëñÿ
íà ðàññòîÿíèè zfar = 215 ñì îò çîíû èçìåðåíèÿ, ÷òî ñîîòâåòñòâóåò çîíå Ôðàóíãîôåðà
(Fr = 18,27). Íà Ðèñ. 2 ïîñòðîåí âîëíîâîé ôðîíò ïî ëèíèè äàò÷èêîâ y = −84 ñì, z = znear.
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Ðèñ. 1. Ñõåìà óñòàíîâêè

Ðèñ. 2. Âðåìåííàÿ ðàçâåðòêà ñèãíàëà â íåñêîëüêèõ òî÷êàõ âäîëü ëèíèè íà ãðàíèöå
èçìåðèòåëüíîé çîíû

2. Àíàëèç ðåçóëüòàòîâ

2.1. Îáðàáîòêà ñèãíàëîâ ïëàíàðíîé àíòåííû

Äëÿ ðàñ÷åòà ïîëÿ âîñïîëüçóåìñÿ ðàññóæäåíèÿìè, ïðèâåäåííûìè â [4, 5].
Ïðèíèìàÿ âî âíèìàíèå òî, ÷òî ðàçìåð èçìåðèòåëüíîãî ó÷àñòêà ïëîñêîñòè â áëèæíåé çîíå
áûë âçÿò äîñòàòî÷íî áîëüøèì, ÷òîáû ïîëå èñòî÷íèêà ñïàäàëî ïî êðàÿì, è íà ó÷àñòêàõ
âíå åå íå âîçíèêàëî òî÷åê ñòàöèîíàðíîé ôàçû, è, èñïîëüçóÿ ôóíêöèþ Ãðèíà äëÿ ìÿãêîé
ãðàíèöû, çàïèøåì èíòåãðàë Êèðõãîôà-Ãåëüìãîëüöà [6]:
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p(R) = − 1

2π

∫∫
S

p(x,y)
∂

∂n

(
eikR

R

)
dS (1)

â äàííîé ôîðìóëå è äàëåå ïî òåêñòó: i - ìíèìàÿ åäèíèöà, p - êîìïëåêñíàÿ àìïëèòóäà
äàâëåíèÿ [îáû÷íî Ïà, íî â äàííîé ñòàòüå èñïîëüçóþòñÿ óñëîâíûå åäèíèöû - Â], çäåñü
ðàññìàòðèâàåòñÿ îäíà ÷àñòîòà, ïåðåõîä ê øèðîêîìó ñïåêòðó áóäåò ñäåëàí íèæå, k -
âîëíîâîé âåêòîð [ì−1], S - ïëîùàäêà â ïëîñêîñòè (z = znear), â êîòîðîé ïðîèçâîäèëèñü
èçìåðåíèÿ äàâëåíèÿ, R � íàáîð âåêòîðîâ èç óçëîâ â áëèæíåé çîíå (x, y, znear) äî
íåîáõîäèìîé òî÷êè íàáëþäåíèÿ [ì], n � íîðìàëü ê ïëîñêîñòè èçìåðåíèÿ. Ôîðìóëà (1)
òàêæå íàçûâàåòñÿ âòîðîé èíòåãðàëüíîé ôîðìóëîé Ãþéãåíñà. Îíà îïðåäåëÿåò çíà÷åíèå
çâóêîâîãî äàâëåíèÿ â ïîëóïðîñòðàíñòâå ïî èçâåñòíîé âåëè÷èíå çâóêîâîãî äàâëåíèÿ íà
ïëîñêîñòè.

Åñëè ðàññòîÿíèå äî òî÷êè íàáëþäåíèÿ ìíîãî áîëüøå äðóãèõ ëèíåéíûõ ðàçìåðîâ
çàäà÷è, òî ôîðìóëó (1) ìîæíî ïðåîáðàçîâàòü ñëåäóþùèì îáðàçîì:

p(R) ≈ −ik cos(α)

2πR

∫∫
S

p(x,y)eikRrdS (2)

ãäå r - íàáîð âåêòîðîâ èç íà÷àëà êîîðäèíàò â óçëû èçìåðèòåëüíîé çîíû
(x, y, znear) [ì], α - óãîë [ðàä] ìåæäó íîðìàëüþ ê ïëîñêîñòè èçìåðåíèÿ è R. Ââèäó
ñäåëàííîãî ïðèáëèæåíèÿ R � r òåïåðü ïîä R ìîæíî ïîíèìàòü ðàäèóñ-âåêòîð èç öåíòðà
ïëîñêîñòè äî íåîáõîäèìîé òî÷êè íàáëþäåíèÿ â äàëüíåé çîíå. Òàêîé ïîäõîä äëÿ ðàñ÷åòà
ïîëÿ â äàëüíåé çîíå áûë íàçâàí FPK (Far Plane Kirchho�).

Âûðàæåíèå (2) ìîæíî îáîáùèòü íà ñëó÷àé øèðîêîïîëîñíûõ ñèãíàëîâ, è â
÷àñòíîñòè äëÿ èìïóëüñíûõ ñèãíàëîâ, ïðîâåäÿ ñòàíäàðòíóþ ïðîöåäóðó ïåðåõîäà îò
ñïåêòðàëüíîãî ïðåäñòàâëåíèÿ ê âðåìåííîìó [7]. Òîãäà (2) ïðèíèìàåò âèä:

p(R,t)R =
∆s cosα

2πc
· ∂
∂t

∑
j

p

(
rj,t−

Rrj

Rc

)
(3)

ãäå c � ñêîðîñòü çâóêà [ì/ñ], ∆s - ïëîùàäü "ÿ÷åéêè" [ì2], rj - âåêòîð â j-óþ òî÷êó èçìåðåíèÿ
â áëèæíåé çîíå [ì].

Çíà÷åíèÿ, ïîëó÷åííûå ïî ôîðìóëå (3), ñðàâíèâàëèñü ñ ñèãíàëàìè, çàïèñàííûìè
â äàííîé òî÷êå â äàëüíåé çîíå. Íà Ðèñ. 3 ïðèâåäåíû ñèãíàëû: ðàññ÷èòàííûå íà îñíîâå
áëèæíåïîëüíûõ èçìåðåíèé (ñèíÿÿ êðèâàÿ) è êîíòðîëüíûå èçìåðåíèÿ (êðàñíàÿ).
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Ðèñ. 3. Ñðàâíåíèå ðåçóëüòàòîâ ïðÿìûõ èçìåðåíèé â äàëüíåé çîíå è ðàñ÷åòîâ íà îñíîâå
áëèæíåïîëüíûõ èçìåðåíèé. Ââåðõó - x = 0 ñì, y = 0 ñì, z = zfar = 215 ñì, âíèçó -
x = 24 ñì, y = 24 ñì, z = zfar Ìåòîä ¾FPK¿. Ïî îñè îðäèíàò îòëîæåíî àêóñòè÷åñêîå

äàâëåíèå â îòíîñèòåëüíûõ åäèíèöàõ

Ïîëó÷åííûå ðåçóëüòàòû äåìîíñòðèðóþò, ÷òî äàííàÿ ìåòîäèêà, ïðè ñâîåé
ïðîñòîòå, ïîçâîëÿåò ñ äîñòàòî÷íîé òî÷íîñòüþ âîññòàíàâëèâàòü ôîðìó ñèãíàëà è ôàçîâûé
öåíòð â äàëüíåé çîíå ïî áëèæíåïîëüíûì èçìåðåíèÿì, ÷òî ïîêàçàíî ïðè ñðàâíåíèè ñ
êîíòðîëüíûìè ñèãíàëàìè. Ðàñõîæäåíèå ïî àìïëèòóäå ñâÿçàíî ñ íåóñòîé÷èâîñòüþ ìåòîäà,
ò.ê. èíòåãðàë â ôîðìóëå (2) â îáùåì ñëó÷àå ìîæåò ðàñõîäèòüñÿ. ×òîáû ïîêàçàòü ýòî
ïðèìåì ó÷àñòîê S áåñêîíå÷íî áîëüøèì è ïîäñòàâèì â êà÷åñòâå p � ñôåðè÷åñêóþ âîëíó îò
òî÷å÷íîãî èñòî÷íèêà ñ êîîðäèíàòàìè (0, 0, z0). Äëÿ ñîêðàùåíèÿ âûêëàäîê ïóñòü α = 0,
ò.å. R ñîíàïðàâëåíî ñ îñüþ z. Ïîñëå ïðîèçâåäåííûõ ïîäñòàíîâîê è â ïðåäåëå r � z0
âûðàæåíèå (2) ìîæíî çàïèñàòü â ñëåäóþùåì âèäå:

p(R) ≈ −ik
R

 r∫
0

cos(2kr)dr + i

r∫
0

sin(2kr)dr


ãäå λ � äëèíà âîëíû [ì],

Ðàññìàòðèâàÿ çîíó èíòåãðèðîâàíèÿ êàê íàáîð êîëåö λ/4, ìîæíî çàìåòèòü, ÷òî îáà
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èíòåãðàëà ïðåâðàùàþòñÿ â çíàêîïåðåìåííûå ðÿäû, ÷ëåíû êîòîðûõ íå óáûâàþò ïî ìîäóëþ:

p(R) ≈ −ik cos(α)

R

 λ/8∫
0

cos(2kr)dr +
∑
n

3λ/8+nλ/4∫
λ/8+nλ/4

cos(2kr)dr + i
∑
n

λ/4+nλ/4∫
nλ/4

sin(2kr)dr


Ñëåäîâàòåëüíî, óðàâíåíèå (2) ñîäåðæèò ðàñõîäÿùèéñÿ èíòåãðàë.

Îäíàêî äëÿ èñòî÷íèêîâ ñ áîëåå âûñîêèì ïîðÿäêîì ìóëüòèïîëÿ èñïîëüçóåìûé
èíòåãðàë áóäåò ñõîäÿùèìñÿ. È âîçâðàùàÿñü ê ïðàêòè÷åñêîé çàäà÷å îáðàáîòêè ðåçóëüòàòîâ
èçìåðåíèÿ, çàìåòèì, ÷òî âû÷èñëåíèå ïî ôîðìóëå (3) áóäåò äàâàòü êîíå÷íûé ðåçóëüòàò
ââèäó êîíå÷íîãî ðàçìåðà S è ââåäåíèÿ àïîäèçèðóþùåãî ìíîæèòåëÿ, íî óâåëè÷åíèå
èçìåðèòåëüíîãî ó÷àñòêà ïëîñêîñòè ìîæåò íå ïðèâîäèòü ê îæèäàåìîìó ðåçóëüòàòó
ïîâûøåíèÿ òî÷íîñòè. Ïîýòîìó ìåòîä ÿâëÿåòñÿ ðàáîòîñïîñîáíûì, è â ðÿäå çàäà÷
ïðîäåìîíñòðèðîâàííàÿ òî÷íîñòü ñ÷èòàåòñÿ äîñòàòî÷íîé.

2.2. Îáðàáîòêà ñèãíàëîâ ëèíåéíîé àíòåííîé

Äàëåå ðàññìîòðèì ìåòîäèêó, îïèñàííóþ â [5], è îïðîáîâàííóþ â [4], ãäå îíà
ïîëó÷èëà íàçâàíèå Far Line Transfer (FLT). Äàííàÿ ìåòîäèêà ïîçâîëÿåò âîññòàíîâèòü
ïîëå â äàëüíåé çîíå, ïî ðåçóëüòàòàì èçìåðåíèÿ ëèíåéíîé àíòåííîé [7]. Çäåñü ýòî
èìèòèðóåòñÿ âûáîðêîé äëÿ îáðàáîòêè äàííûõ ñ äàò÷èêîâ, ðàñïîëîæåííûõ íà îäíîé
ïðÿìîé, ðàñïîëîæåííîé â ïëîñêîñòè èñòî÷íèêà è òî÷êè, â êîòîðîé âîññòàíàâëèâàåòñÿ
ïîëå, â äàííîì ñëó÷àå ïðÿìàÿ � y = 0, z = 0.

Ââåäåì öèëèíäðè÷åñêóþ ñèñòåìó êîîðäèíàò ñ îñüþ x, ϕ � óãîë ìåæäó îñüþ z è
îñüþ ïðèåìíîé àíòåííû [ðàä], ðàäèóñ ρ =

√
y2 + z2 [ì]. Àêóñòè÷åñêîå ïîëå ìîæåò áûòü

ðàçëîæåíî ïî öèëèíäðè÷åñêèì âîëíàì:

p(x,ϕ,ρ) =
∑
l

∑
m

[blmHl(κmρ) cos(lϕ) + clmHl(κmρ) sin(lϕ)] e(ikxmx) (4)

ãäå blm, clm - êîýôôèöèåíòû, Hl � ôóíêöèÿ Õàíêåëÿ l-ãî ïîðÿäêà, 1-ãî ðîäà (çàäàåò
ðàñõîäÿùóþñÿ âîëíó ïðè âðåìåííîé çàâèñèìîñòè e−iωt), âîëíîâîå ÷èñëî κm =
=
√
k2 − k2xm [ì−1], åñëè k2 > k2x, â ïðîòèâíîì ñëó÷àå κm = i

√
k2xm − k2 è Hl(κmρ)

çàòóõàåò ïðè óâåëè÷åíèè ρ.

Îñíîâíàÿ èäåÿ ïðåäëàãàåìîãî ìåòîäà çàêëþ÷àåòñÿ â óñòðàíåíèè ñóììèðîâàíèÿ ïî
l â ôîðìóëå (4). Äëÿ ýòîãî íåîáõîäèìî óêàçàòü ñëåäóþùåå îãðàíè÷åíèå ìåòîäà èçìåðåíèÿ.

1. èñòî÷íèê äîëæåí áûòü âûòÿíóòûì âäîëü îñè, ïàðàëëåëüíîé îñè ëèíåéíîé
àíòåííû, çäåñü � âäîëü îñè x,

2. äëèíà àíòåííû äîëæíà ïðåâîñõîäèòü äëèíó èñòî÷íèêà ïëþñ äâà ðàäèóñà 1-é
çîíû Ôðåíåëÿ,

3. òðåáóåòñÿ ðàññ÷èòàòü ïîëå â ïîëó ïëîñêîñòè, îáðàçîâàííîé îñüþ èñòî÷íèêà è
îñüþ àíòåííû, çäåñü � ïîëóïëîñêîñòü y = y0 = 0� z > 0(ϕ = 0).

4. èñòî÷íèê íå äîëæåí èìåòü ñëèøêîì ñëîæíóþ äèàãðàììó íàïðàâëåííîñòè â
ïëîñêîñòè y, z. Ðàçëîæåíèå (4) ïîëÿ èñòî÷íèêà ìîæíî îãðàíè÷èòü ïî àçèìóòàëüíûì
èíäåêñàì äî l 6 lmax, è âîññòàíîâëåííîì ðàñïðåäåëåíèè ïî x â äàëüíåé çîíå ìîæíî áóäåò
îãðàíè÷èòüñÿ ãàðìîíèêàìè kxm 6 kx,max =

√
k2 + κ2min, ãäå κminznear �

√
lmax + 1
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Ìåòîä FLT áûë îïèñàí â [5]. Ñîãëàñíî óêàçàííîé ðàáîòå ìîæíî ïðîèçâåñòè ðàñ÷åò
ïîëÿ â äàëüíåé çîíå â òî÷êå (R sinα, y0, R cosα) ñëåäóþùèì îáðàçîì:

p(α,R) =
bm∗N∆x

R

√
ωznear cosα

2πc
(5)

ãäå α � óãîë ìåæäó íàïðàâëåíèåì, ïåðïåíäèêóëÿðíûì îñè àíòåííû, è âåêòîðîì â òî÷êó â
äàëüíåé çîíå [ðàä], N � êîëè÷åñòâî èçìåðèòåëüíûõ òî÷åê, êîýôôèöèåíò bm∗ íàõîäèòñÿ ïî
ôîðìóëàì (6):

bm∗ =
∫
bme

ikωdω

bm =
1

N

N/2∑
n=−N/2

h1(xn)p(xn,y0,znear)e
(−ikxmxn)

(6)

ãäå m∗ (èíäåêñ êîýôôèöèåíòà bm∗) âûáèðàåòñÿ òàê, ÷òîáû kxm∗/k = sinα.

h1 � ôóíêöèÿ Õàííèíãà, îïðåäåëÿåìàÿ ñëåäóþùåé ôîðìóëîé (7):

h1(xn) =
1

W

(
1− cos

2π(xn − x1 + ∆x/2)

xN − x1 + ∆x

)
. (7)

W íàõîäèòñÿ èç óñëîâèÿ íîðìèðîâêè
N∑
n=1

h21(xn) = N .

Ñèãíàë, ðàññ÷èòàííûé ñ ïîìîùüþ óðàâíåíèÿ (5), ïðåäñòàâëåí íà Ðèñ. 4

Ðèñ. 4. Âîññòàíîâëåíèå ïîëÿ â òî÷êå (0,0,zfar) ñ èñïîëüçîâàíèåì ëèíåéíîé àíòåííû
ìåòîäîì ¾FLT¿. Ïî îñè îðäèíàò îòëîæåíî àêóñòè÷åñêîå äàâëåíèå â îòíîñèòåëüíûõ

åäèíèöàõ

Äàííûé ìåòîä ñ õîðîøåé òî÷íîñòüþ ïîçâîëÿåò ðàññ÷èòàòü ïîëå â äàëüíåé çîíå,
èñïîëüçóÿ îäíîêðàòíîå èçìåðåíèå ëèíåéíîé àíòåííîé.

Çàêëþ÷åíèå

Ïðîâåäåíî ñðàâíåíèå ìåòîäîâ áëèæíåïîëüíîé àêóñòè÷åñêîé ãîëîãðàôèè ïðè
èñïîëüçîâàíèè èìïóëüñíûõ ñèãíàëîâ. Âîññòàíîâëåíèå ïîëÿ â äàëüíåé çîíå ïî
ðåçóëüòàòàì èçìåðåíèé õîðîøî ñîâïàäàåò ñ êîíòðîëüíûìè èçìåðåíèÿìè ïî ôàçå è
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ôîðìå ñèãíàëà. Ïðè èñïîëüçîâàíèè ìåòîäà ¾ëèíåéíîé àíòåííû¿ òàêæå ñ âûñîêîé
òî÷íîñòüþ âîññòàíàâëèâàåòñÿ àìïëèòóäà. Ïðåäëîæåííûå ìåòîäû ïîçâîëÿþò, íàïðèìåð,
ïðîèçâîäèòü èçìåðåíèÿ èìïóëüñíîé ïåðåäàòî÷íîé ôóíêöèè àêóñòè÷åñêîé ñèñòåìû áåç
ïðèìåíåíèÿ áåçýõîâîé êàìåðû, ïðè óñëîâèè, ÷òî äëèòåëüíîñòü ãåíåðèðóåìîãî èìïóëüñà
ïîçâîëÿåò ïîäàâèòü îòðàæåíèå îò ñòåí ïîìåùåíèÿ ìåòîäîì ñòðîáèðîâàíèÿ.

Àâòîðû âûðàæàþò áëàãîäàðíîñòü ïðîôåññîðó Õóàíöàé Ëó (Huancai Lu) çà
ïîëåçíûå îáñóæäåíèÿ.
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Àííîòàöèÿ

Èçëó÷åíèå âèáðîàêóñòè÷åñêîé õàðàêòåðèñòèêè îáîðóäîâàíèÿ çàâèñèò îò îáðàáàòûâàåìîãî

ïèùåâîãî ïðîäóêòà. Ñêîðîñòü ðàñïðîñòðàíåíèÿ âîëí óïðóãèõ äåôîðìàöèé â ïèùåâûõ ïðîäóêòàõ

ÿâëÿåòñÿ îäíèì èç îñíîâíûì ïàðàìåòðîì ôîðìèðîâàíèÿ âèáðàêóñòè÷åñêîãî ïðîöåññà èçëó÷åíèÿ

çâóêîâûõ âîëí îáîðóäîâàíèåì.

Â ðàáîòå ðàññìîòðåíû îñîáåííîñòè ðàñïðîñòðàíåíèÿ âîëí óïðóãèõ äåôîðìàöèé â ïèùåâîì

ïðîäóêòå. Ïîëó÷åíû àïïðîêñèìèðóþùèå âûðàæåíèÿ äëÿ îïðåäåëåíèÿ âåëè÷èíû ñêîðîñòè è óñêîðåíèÿ

óäàðíûõ âîëí â ïèùåâîì ïðîäóêòå â çàâèñèìîñòè îò ðàññòîÿíèÿ, ôèçèêî-ìåõàíè÷åñêèõ ñâîéñòâ ïðîäóêòà

è îò ñêîðîñòè è óñêîðåíèÿ âõîäÿùåãî óäàðà ãðóçà ñ õîðîøåé ñòåïåíüþ ñòàòèñòè÷åñêîé ñâÿçè. Ïðîõîæäåíèå

âèáðàöèîííûõ âîëí ÷åðåç ïèùåâîé ïðîäóêò ñïåöèôè÷íû äëÿ êàæäîãî ïðîäóêòà. Ôèçèêî-ìåõàíè÷åñêèå

ñâîéñòâà ñóùåñòâåííî âëèÿþò íà ñêîðîñòü è óñêîðåíèå ïðîõîæäåíèÿ óäàðíîé âîëíû. Óâåëè÷åíèå ìîäóëÿ

óïðóãîñòè, óäåëüíîé ñèëû ðåçàíèÿ è ïëîòíîñòè ïðîäóêòà ïðèâîäèò ê ïîâûøåíèþ ñêîðîñòè è óñêîðåíèþ

ðàñïðîñòðàíåíèÿ óäàðíîé âîëíû.
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Abstract

Vibroacoustic characteristic of equipment depends on the processed food product. Elastic strain wave
velocity in food is one of the main parameters of the formation of the vibra-acoustic process equipment.
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waves in a food product depending on the distance, physical and mechanical properties of the product. Physical
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Ââåäåíèå

Ìåõàíè÷åñêàÿ îáðàáîòêà ïèùåâûõ ïðîäóêòîâ ïðîèñõîäèò ïîä äàâëåíèåì
ñòàòèñòè÷åñêèõ (ñæèìàþùèõ) è äèíàìè÷åñêèõ (óäàðíûõ) íàãðóçêàõ. Íî íàèáîëüøåå
êîëè÷åñòâî âçàèìîäåéñòâèé ïðîäóêòà è îáîðóäîâàíèÿ ïðîõîäèò ïîä äèíàìè÷åñêèìè
íàãðóçêàìè - ñîóäàðåíèå ñ ðàáî÷èìè îðãàíàìè è ò.ä.

Ïðè ëèòåðàòóðíîì ïîèñêå ïî âîïðîñó èçìåëü÷åíèÿ ïèùåâûõ ïðîäóêòîâ
ðàññìàòðèâàþòñÿ âîïðîñû: - êèíåìàòèêè è äèíàìèêè âçàèìîäåéñòâèÿ ðàáî÷èõ
îðãàíîâ ñ ïðîäóêòîì, - âëèÿíèÿ ôèçèêî-ìåõàíè÷åñêèõ ñâîéñòâ ïðîäóêòîâ, òðåíèÿ,
ýíåðãåòè÷åñêèå âîïðîñû è äð. Îäíàêî âîïðîñàìè ôîðìèðîâàíèÿ, âîçäåéñòâèÿ è èçëó÷åíèÿ
âèáðîàêóñòè÷åñêîé õàðàêòåðèñòèêè (ÂÀÕ), à èìåííî âèáðàöèîííîé õàðàêòåðèñòèêè
ïèùåâûõ ïðîäóêòîâ îñòàþòñÿ áåç âíèìàíèÿ.

Ïðè ïðîåêòèðîâàíèè îáîðóäîâàíèÿ ïèùåâûõ ïðîèçâîäñòâ è ìîäåëèðîâàíèè
ïðîöåññîâ îáðàáîòêè ïèùåâûõ ïðîäóêòîâ èñïîëüçóþòñÿ äàííûå îñíîâíîãî ïàðàìåòðà
- ìåõàíè÷åñêèå õàðàêòåðèñòèêè ïèùåâûõ ïðîäóêòîâ. Ñêîðîñòü ðàñïðîñòðàíåíèÿ âîëí
óïðóãèõ äåôîðìàöèé â ïèùåâûõ ïðîäóêòàõ ÿâëÿåòñÿ îäíèì èç îñíîâíûì ïàðàìåòðîì
ôîðìèðîâàíèÿ âèáðàêóñòè÷åñêîãî ïðîöåññà èçëó÷åíèÿ çâóêîâûõ âîëí îáîðóäîâàíèåì.

Ïðåäâàðèòåëüíûå èññëåäîâàíèÿ èçëó÷åíèÿ çâóêà ïðè ðåçàíèè ïèùåâûõ ïðîäóêòîâ
ïîêàçàëè [2, 3], ÷òî çíà÷åíèÿ óðîâíÿ çâóêà ïî øêàëå À èçìåíÿþòñÿ â ïðåäåëàõ îò 23 äî
40 äÁÀ, à óðîâíè çâóêîâîãî äàâëåíèÿ â îêòàâíûõ ïîëîñàõ ÷àñòîò 63-8000 Ãö â äèàïàçîíå
îò 15 äî 45 äÁ. Íà èçëó÷åíèå çâóêà ñóùåñòâåííî âëèÿåò òîëùèíà íîæà è ìîäóëü óïðóãîñòè
ïðîäóêòà [1, 2].

Ñ òî÷êè çðåíèÿ ñíèæåíèÿ óðîâíÿ øóìà, èçëó÷àåìîãî ðåæóùèì îáîðóäîâàíèåì
â ïðîèçâîäñòâåííûõ öåõàõ ïèùåâûõ ïðîèçâîäñòâ, îáùåñòâåííîãî ïèòàíèÿ ýòî ÿâëåíèå
çàñëóæèâàåò îñíîâàòåëüíîãî èññëåäîâàíèÿ êàê ñ òåõíè÷åñêîé, òàê è ñ ýêîëîãè÷åñêîé
ñòîðîíû.

Âèáðîàêóñòè÷åñêèå õàðàêòåðèñòèêè ðÿäà èçìåëü÷èòåëüíîãî (ðåæóùåãî)
îáîðóäîâàíèÿ ïèùåâûõ ïðîèçâîäñòâ íàïðÿìóþ âçàèìîñâÿçàíû, çàâèñÿò îò âèäà ïðîäóêòà
îáðàáîòêè.

Èññëåäîâàíèÿìè óñòàíîâëåíî, ÷òî óðîâåíü øóìà, èçëó÷àåìûé îáîðóäîâàíèåì,
çàâèñèò îò ôèçèêî-ìåõàíè÷åñêèõ ñâîéñòâ îáðàáàòûâàåìîãî ïðîäóêòà, åãî ìîäóëÿ
óïðóãîñòè, ñòðóêòóðû, ïëîòíîñòè, êîíñòðóêöèè ðàáî÷åãî îðãàíà è äð. [3, 4].

Â òàáëèöå 1 ïðèâåäåíû øóìîâàÿ õàðàêòåðèñòèêà (ØÕ) èçìåëü÷èòåëüíîãî
îáîðóäîâàíèÿ ïðåäïðèÿòèé ïèòàíèÿ òîëüêî ïî õàðàêòåðèñòèêå À [3]. Ýòî ïîäòâåðæäàåòñÿ
ðàñõîæäåíèåì ØÕ ïðè ðàáîòå èçìåëü÷èòåëüíîãî îáîðóäîâàíèÿ ïèùåâûõ ïðîèçâîäñòâ
ïðè îáðàáîòêå ïðîäóêòà è áåç íåãî. Âåëè÷èíà ðàñõîæäåíèÿ êîëåáëåòñÿ îò 2 äî 13 äÁÀ.
Òàêèå âåëè÷èíû ðàñõîæäåíèÿ ìîãóò îòðèöàòåëüíî âëèÿòü ïðè çàÿâëåíèè ØÕ çàâîäîì-
èçãîòîâèòåëåì ìàøèí è êîíòðîëåì èõ â ïðîöåññå ýêñïëóàòàöèè ñàíèòàðíûìè ñëóæáàìè.

Òàáëèöà 1

Øóìîâûå õàðàêòåðèñòèêè èçìåëü÷èòåëüíîãî îáîðóäîâàíèÿ

Íàèìåíîâàíèå îáîðóäîâàíèÿ, îáðàáàòûâàåìûé
ïðîäóêò, ñòðàíà-ïðîèçâîäèòåëü

Óðîâåíü çâóêîâîé ìîùíîñòè, äÁÀ
áåç

íàãðóçêè
ïîä

íàãðóçêîé
îòêëîíåíèå

Ìàøèíû èçìåëü÷åíèÿ ñûðûõ îâîùåé
ÌÐÎ 50-200 (ìîðêîâü, Áåëàðóñü) 70 78 +8
ÌÐÎ-350 (ìîðêîâü, Áåëàðóñü) 79 86 +7
"Ãàììà 5À" (êàïóñòà, Ðîññèÿ) 74 87 +13
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Íàèìåíîâàíèå îáîðóäîâàíèÿ, îáðàáàòûâàåìûé
ïðîäóêò, ñòðàíà-ïðîèçâîäèòåëü

Óðîâåíü çâóêîâîé ìîùíîñòè, äÁÀ
áåç

íàãðóçêè
ïîä

íàãðóçêîé
îòêëîíåíèå

ÌÐÎ 400-1000 (ñâåêëà, Áåëàðóñü) 84 89 +5
Robot Coupe CL-30(ìîðêîâü, Ôðàíöèÿ) 77 79 +2
ÓÊÌ (êàðòîôåëü, Ðîññèÿ) 77 83 +5
ÌÏÐ-350 (ìîðêîâü, Áåëàðóñü) 76 89 +13

Ïðîòèðî÷íûå ìàøèíû:
ÌÏ-800 (ìîðêîâü âàðåíàÿ, Áåëàðóñü) 74 76 +2
ÌÏ-1000 (ñâåêëà âàðåíàÿ, Áåëàðóñü) 71 78 +7

Â ñâÿçè ñ òåì, ÷òî ïðîöåññ ôîðìèðîâàíèÿ ØÕ ìàøèí ÿâëÿåòñÿ ìíîãîôàêòîðíûì,
è ïåðâîèñòî÷íèêîì øóìà â ìàøèíàõ ñëóæàò âèáðàöèîííûå ïðîöåññû, öåëüþ ðàáîòû
ÿâëÿåòñÿ óñòàíîâëåíèå çàâèñèìîñòåé óðîâíÿ âèáðîñêîðîñòè è âèáðîóñêîðåíèÿ îò ôèçèêî-
ìåõàíè÷åñêèõ ñâîéñòâ ïèùåâûõ ïðîäóêòîâ.

1. Ìåòîäèêà ïðîâåäåíèÿ èññëåäîâàíèÿ

Âñå ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ áûëè ïðîâåäåíû â ëàáîðàòîðèè âèáðî-
àêóñòèêè êàôåäðû îáîðóäîâàíèÿ ïèùåâûõ ïðîèçâîäñòâ ÃÎ ÂÏÎ "ÄîíÍÓÝÒ", â
ðåâåðáåðàöèîííîé êàìåðå, â ñîîòâåòñòâèè ñî ñòàíäàðòîì [5]. Ðåâåðáåðàöèîííàÿ êàìåðà
ñîîòâåòñòâóåò IV òèïó. Îáúåì ðåâåðáåðàöèîííîé êàìåðû 100 ì3.

Äëÿ èññëåäîâàíèé ïðîõîæäåíèå âîëí óïðóãèõ äåôîðìàöèé â ïèùåâîì ïðîäóêòå
(êàðòîôåëü, ñâåêëà, ìîðêîâü è ò.ä.) áûë ïðèìåíåí ìàÿòíèêîâûé êîïåð, êîòîðûé ïîçâîëÿåò
èññëåäîâàòü ñêîðîñòü è óñêîðåíèå ïðîõîæäåíèÿ óïðóãèõ âîëí äåôîðìàöèè â ïèùåâîì
ïðîäóêòå. Îñü ïîäâåñà ìàÿòíèêà ïîñàæåíà íà ïîäøèïíèêè ñêîëüæåíèÿ. Íà ïàëåö íàäåòà
ñòðåëêà, ïîçâîëÿþùàÿ îòñ÷èòûâàòü ïî øêàëå óãîë ïîäúåìà ìàÿòíèêà. Íà ýòîì æå ïàëüöå
èìååòñÿ ïðèñïîñîáëåíèå, êîòîðîå äàåò âîçìîæíîñòü óñòàíàâëèâàòü ìàÿòíèê ñ îòêëîíåíèåì
ïîä óãëàìè 30, 45 è 90 ãðàäóñîâ îò âåðòèêàëè.

Ñêîðîñòü ìàÿòíèêà â ìîìåíò óäàðà:

V
âõ

=
√

2gh, ì/ñ (1)

ãäå g - óñêîðåíèå ñâîáîäíîãî ïàäåíèÿ, ì/ñ2; h - âûñîòà öåíòðà ìàññû ìàÿòíèêà, ì.

Çàêîí ñîõðàíåíèÿ èìïóëüñà:

M · V
âõ

= m · u→ u =
M · V

âõ

m
=
M
√

2gh

m
(2)

ãäå m - ìàññà òåëà, êã, M - ìàññà ãðóçà, êã, V
âõ

- ñêîðîñòü ìàÿòíèêà, ì/ñ, u - ñêîðîñòü
òåëà, ì/ñ.

Ñêîðîñòü óäàðà, â çàâèñèìîñòè îò óãëà îòêëîíåíèÿ ìàÿòíèêà, êîëåáëåòñÿ â
ïðåäåëàõ îò 1,15 äî 3,13 ì/ñ è îïðåäåëÿåòñÿ ïî ôîðìóëå:

V
âõ

=
√

2gl(1− cos γ), ì/ñ, (3)

ãäå γ - óãîë îòêëîíåíèÿ ãðóçà, ãðàäóñû.

Öåíòðîñòðåìèòåëüíîå óñêîðåíèå ìàÿòíèêà: a = V 2/l, ì/ñ2. Òåîðåòè÷åñêèå
çíà÷åíèÿ êèíåìàòè÷åñêèõ ïàðàìåòðîâ óñòàíîâêè ïðèâåäåíû â òàáëèöå 2.
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Òàáëèöà 2

Êèíåìàòè÷åñêèå ïàðàìåòðû ìàÿòíèêà

� Äëèíà l, ì Ìàññà Q, êã
Óãîë îòêëîíåíèÿ

γ, ãðàä
Ñêîðîñòü

ãðóçà V , ì/ñ
Óñêîðåíèå
ãðóçà , ì/ñ2

1 0,5 0,1 30 1,15 2,63
2 0,5 0,1 45 1,7 5,75
3 0,5 0,1 90 3,13 19,6

Èñõîäíûìè ïèùåâûìè ïðîäóêòàìè áûëè âûáðàíû ñâåæèå ñâåêëà (E = 8,0 ìÏà),
êàðòîôåëü (E = 7,1 ìÏà), ìîðêîâü (E = 5,8), êàáà÷îê (E = 3,4) è îãóðåö (E = 2,7)
(òàáë. 3). Ìàêñèìàëüíîå çíà÷åíèå óäåëüíîãî óñèëèÿ ðåçàíèÿ èìååò ñâåêëà q = 880 Í/ì,
à ìèíèìàëüíîå çíà÷åíèå îãóðåö q = 270 Í/ì. Ðàññòîÿíèå îò ìåñòà êðåïëåíèÿ
âèáðîïðåîáðàçîâàòåëÿ ÀÐ38 â ïðîäóêòå (äëèíà ïðîäóêòà) äî ïîâåðõíîñòè âõîäÿùåé
óäàðíîé âîëíû áûëî Lmin = 0,03 ì è Lmax = 0,21 ì (òàáë. 1, 2). Ïðîäóêò ôèêñèðîâàëñÿ â
çàæèìíîì óñòðîéñòâå ÷åðåç âèáðîäåìïôèðóþùóþ èçîëÿöèþ.

Òàáëèöà 3

Ìåõàíè÷åñêèå ñâîéñòâà èññëåäóåìûõ ïðîäóêòîâ

� Ïðîäóêò
Ìîäóëü óïðóãîñòè
ïðîäóêòà, E, ìÏà

Óäåëüíàÿ ñèëà
ðåçàíèÿ, q, Í/ì

Ïëîòíîñòü
ïðîäóêòà, ρ, êã/ì3

1 îãóðåö 2,7 270 350
2 êàáà÷îê 3,4 350 580
3 ìîðêîâü 5,8 590 600
4 êàðòîôåëü 7,1 740 700
5 ñâåêëà 8,0 880 800

Â êà÷åñòâå öåëåâîé ôóíêöèè, õàðàêòåðèçèðóþùåé âîçäåéñòâèå âèáðàöèîííîé
âîëíû íà ïðîäóêò, ïðèíèìàåòñÿ óðîâåíü âèáðîñêîðîñòè V

âûõ
è âèáðîóñêîðåíèÿ a

âûõ
.

2. Ýêñïåðèìåíòàëüíàÿ ÷àñòü

Çàïèñü çíà÷åíèé ïðîèçâîäèëàñü íà øóìîìåðå "Àññèñòåíò" 1-ãî êëàññà òî÷íîñòè.
Îïðåäåëåíèå çíà÷åíèÿ êîððåêòèðîâàííîãî óðîâíÿ âèáðîóñêîðåíèÿ a

âûõ
ïî êîððåêöèè

Wh ïðîèçâîäèëîñü ïî îñè Oz. Ðåçóëüòàòû ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé èçìåíåíèÿ
âèáðàöèîííûõ õàðàêòåðèñòèê (ÂÕ) ïðè ðåçàíèè ïèùåâûõ ïðîäóêòîâ ïðåäñòàâëåíû â
òàáëèöàõ 4 è 5.

Óâåëè÷åíèå ìîäóëÿ óïðóãîñòè ïèùåâîãî ïðîäóêòà (îâîùåé) ïðèâîäèò ê
ïîâûøåíèþ ñêîðîñòè è óñêîðåíèþ ðàñïðîñòðàíåíèÿ óäàðíîé âîëíû. Ñêîðîñòü âîëíû
âîçðàñòàòåò ñ V

âõ
= 0,1 ì/ñ äî V

âûõ
= 0,16 ì/ñ, óñêîðåíèå âîëíû ñ a

âõ
= 2,07 ì/ñ2

äî a
âûõ

= 3,19 ì/ñ2. Ðàçíèöà ñêîðîñòè âîëíû íà âõîäå â ïðîäóêò óìåíüøàåòüñÿ ñ
óâåëè÷åíèåì ìîäóëÿ óïðóãîñòè ïðîäóêòà. Îòêëîíåíèå ñêîðîñòè âîëíû ïðè ìîäóëå
óïðóãîñòè E = 2,7 ìÏà ðàâíî ∆V = 1,6 ì/ñ, à ïðè E = 8,0 ìÏà ðàçíèöà ñêîðîñòåé
∆V = 1,54 ì/ñ. Íà åäèíöó äëèíû ïðîäóêòà (L = 1 ñì) ñêîðîñòü âîëíû âîçðàñòàåò âìåñòå
ñ ìîäóëåì óïðóãîñòè. Ñêîðîñòü íà åäèíèöó äëèíû ïðîäóêòà ñ ∆V/L = 7,56 (ì/ñ)/ì
äî ∆V/L = 17,1 (ì/ñ)/ì. Íà åäèíöó äëèíû ïðîäóêòà (L = 1 ñì) óñêîðåíèå âîëíû
âîçðàñòàåò âìåñòå ñ ìîäóëåì óïðóãîñòè. Óñêîðåíèå íà åäèíèöó äëèíû ïðîäóêòà ñ
∆a/L = 0,16 (ì/ñ2)/ì äî ∆/L = 0,28 (ì/ñ2)/ì.
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Òàáëèöà 4

Çíà÷åíèÿ ñêîðîñòè óäàðíîé âîëíû â ïèùåâûõ ïðîäóêòàõ

�

Ìîäóëü
óïðóãîñòè
ïðîäóêòà,
E, ìÏà

Äëèíà
ïðîäóêòà,
L, ì

Ñêîðîñòü
íà âõîäå â
ïðîäóêò,
V
âõ
, ì/ñ

Ñêîðîñòü
íà âûõîäå
èç ïðîäóêòà,
V
âûõ

, ì/ñ

Îòêëîíåíèå
ñêîðîñòè
âîëíû,

∆V , ì/ñ

Ñêîðîñòü íà
åäèíèöó

äëèíû ïðîäóêòà,
∆V/L, (ì/ñ)/ì

1 2,7 0,11 1,7 0,103 1,597 14,52

2 3,4
0,21

1,7
0,113 1,587 7,56

0,05 0,095 1,605 32,1

3 5,8
0,16

1,7
0,149 1,551 9,7

0,035 0,136 1,564 44,7

4 7,1
0,16

1,7
0,133 1,567 9,8

0,06 0,087 1,613 26,9

5 8,0
0,09

1,7
0,16 1,54 17,1

0,03 0,091 1,609 53,6

Ãðàôè÷åñêàÿ èíòåðïðåòàöèÿ ðåçóëüòàòîâ ïðîâåäåííûõ ýêñïåðèìåíòîâ ïðåäñòàâëåíà
íà ðèñóíêàõ 1-2.

Ðèñ. 1. Ãðàôèêè çàâèñèìîñòåé ñêîðîñòè óäàðíûõ âîëí: à) îò ôèçèêî-ìåõàíè÷åñêèõ
ñâîéñòâ ïèùåâûõ ïðîäóêòîâ; á) óìåíüøåíèå ñêîðîñòè âîëíû; â) óäåëüíîå ñîïðîòèâëåíèå

óäàðíîé âîëíû íà åäèíèöó äëèíû ïðîäóêòà
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Òàáëèöà 5

Çíà÷åíèÿ óñêîðåíèÿ óäàðíîé âîëíû â ïèùåâûõ ïðîäóêòàõ

�

Ìîäóëü
óïðóãîñòè
ïðîäóêòà,
E, ìÏà

Äëèíà
ïðîäóêòà,
L, ì

Óñêîðåíèå
íà âõîäå â
ïðîäóêò,
a
âõ
, ì/ñ2

Óñêîðåíèå
íà âûõîäå èç
ïðîäóêòà,
a
âûõ

, ì/ñ2

Îòêëîíåíèå
óñêîðåíèÿ
âîëíû, ∆a,

ì/ñ2

Óñêîðåíèå
âîëíû íà

åäèíèöó äëèíû
ïðîäóêòà,

∆/L, (ì/ñ2)/ì
1 2,7 0,11 5,7 2,065 3,635 0,33

2 3,4
0,21

5,7
2,265 3,435 0,16

0,05 1,905 3,795 0,76

3 5,8
0,16

5,7
2,985 2,715 0,17

0,035 2,723 2,977 0,85

4 7,1
0,16

5,7
2,661 3,039 0,19

0,06 1,738 3,962 0,66

5 8,0
0,09

5,7
3,19 2,51 0,28

0,03 1,82 3,88 1,29

Ðèñ. 2. Ãðàôèêè çàâèñèìîñòè óñêîðåíèÿ óäàðíîé âîëíû à) îò ôèçèêî-ìåõàíè÷åñêèõ
ñâîéñòâ ïèùåâûõ ïðîäóêòîâ; á) óìåíüøåíèå ñêîðîñòè âîëíû; â) óäåëüíîå ñîïðîòèâëåíèå

óäàðíîé âîëíû íà åäèíèöó äëèíû ïðîäóêòà

Çàêëþ÷åíèå

Çàêîíîìåðíîñòè ïðîõîæäåíèÿ âèáðàöèîííûõ âîëí ÷åðåç ïèùåâîé ïðîäóêò
ñïåöèôè÷íû äëÿ êàæäîãî ïðîäóêòà, ÷òî ñîçäàåò ïðåäïîñûëêè äëÿ äèàãíîñòèêè ïðîäóêòîâ.

Â ðàáîòå ïîëó÷åíû àïïðîêñèìèðóþùèå âûðàæåíèÿ äëÿ îïðåäåëåíèÿ âåëè÷èíû
ñêîðîñòè è óñêîðåíèÿ óäàðíûõ âîëí â ïèùåâîì ïðîäóêòå â çàâèñèìîñòè îò ðàññòîÿíèÿ,
ôèçèêî-ìåõàíè÷åñêèõ ñâîéñòâ ïðîäóêòà è îò ñêîðîñòè è óñêîðåíèÿ âõîäÿùåãî óäàðà ãðóçà
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ñ õîðîøåé ñòåïåíüþ ñòàòèñòè÷åñêîé ñâÿçè.

Àíàëèç ïîëó÷åííûõ ðåçóëüòàòîâ ïîêàçûâàåò, ÷òî ñêîðîñòü è óñêîðåíèå
ïðîõîæäåíèÿ óïðóãèõ âîëí ÷åðåç ïðîäóêò âîçðàñòàåò â áîëåå óïðóãèõ ïðîäóêòàõ.
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Àííîòàöèÿ

Ðàçðàáîòàíà ìîäåëü ïîòåíöèàëà ñêîðîñòè ìàëûõ ïåðåìåùåíèé â âîçäóøíûõ ïîòîêàõ

ïðèìåíèòåëüíî ê ïíåâìîêîíâåéåðàì. Â êà÷åñòâå âîçäóøíûõ ïîòîêîâ ðàññìîòðåíî òå÷åíèå âîçäóõà

â óçêîì çàçîðå ìåæäó ïàðàëëåëüíûìè ïëîñêîñòÿìè. Íà îñíîâàíèè ïîòåíöèàëà ñêîðîñòè ìàëûõ

ïåðåìåùåíèé ïîëó÷åíà èíæåíåðíàÿ ôîðìóëà äëÿ âû÷èñëåíèÿ óðîâíÿ øóìà, âîçíèêàþùåãî â âîçäóøíîé

ïðîñëîéêå. Â ðàáîòå ðàññìîòðåí ôðàãìåíò ïíåâìîêîíåéåðà, èñïîëüçóþùåãî ùåëåâûå îòâåðñòèÿ äëÿ

ïèòàíèÿ âîçäóøíîé ïðîñëîéêè.

Êëþ÷åâûå ñëîâà: øóì àýðîäèíàìè÷åñêîãî ïðîèñõîæäåíèÿ, âîçäóøíàÿ ïðîñëîéêà, âîëíîâîå

óðàâíåíèå, òóðáóëåíòíîñòü, òóðáóëåíòíàÿ âÿçêîñòü, ãèäðîäèíàìè÷åñêîå ìîäåëèðîâàíèå.

Generation of aerodynamic noise by airbag

Murzinov V.L.1∗, Murzinov P.V.2, Murinov Yu.V.3
1Doctor of technical Sciences, Professor of Technosphere and �re safety Department

2Candidate of technical Sciences, head of the laboratory "Research of acoustic processes¿
3Candidate of technical Sciences, leading engineer of the laboratory "Research of acoustic processes¿

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

Abstract

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

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

hydrodynamic modeling.

Ââåäåíèå

Ñîâðåìåííûå ïðîèçâîäñòâà â êà÷åñòâå òðàíñïîðòíûõ ñðåäñòâ èñïîëüçóþò
ïíåâìîêîíâåéåðû, êîòîðûå òðàíñïîðòèðóþò èçäåëèÿ íà âîçäóøíîé ïðîñëîéêå.
Èñïîëüçîâàíèå âîçäóøíîé ïðîñëîéêè ïîçâîëÿåò ñîâìåùàòü òðàíñïîðòíûå îïåðàöèè
ñ òåõíîëîãè÷åñêèìè îïåðàöèÿìè ñóøêè, íàãðåâà, îõëàæäåíèÿ è ò.ä. Â íåêîòîðûõ
ïðîèçâîäñòâàõ ïíåâìîêîíâåéåðû ñòàíîâÿòñÿ íåçàìåíèìûìè. Îäíàêî, âîçäóøíàÿ

*E-mail: dr.murzinov@yandex.ru (Ìóðçèíîâ Â.Ë.)
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ïðîñëîéêà ÿâëÿåòñÿ èñòî÷íèêîì ïîâûøåííîãî øóìà àýðîäèíàìè÷åñêîãî ïðîèñõîæäåíèÿ,
ïîðîæäàåìîãî òóðáóëåíòíîñòüþ [1, 2].

Ñ ïîçèöèè çàùèòû îò øóìà ñóùåñòâóþò ðàçëè÷íûå ïîäõîäû è ìåòîäèêè äëÿ
çàùèòû îò àýðîäèíàìè÷åñêîãî øóìà [3-6]. Èñòî÷íèêîì ïîâûøåííîãî àýðîäèíàìè÷åñêîãî
øóìà â ïíåâìîêîíâåéåðàõ ÿâëÿåòñÿ òóðáóëåíòíîñòü, êîòîðàÿ íîñèò ñëó÷àéíûé õàðàêòåð.
Îäíàêî, äëÿ ñòàáèëüíûõ ïàðàìåòðîâ ðàáîòû ïíåâìîêîíâåéåðà øóì, òàê æå áóäåò èìåòü
ñòàáèëüíûé óðîâåíü. Ýòî ïîëîæåíèå îáúÿñíÿåòñÿ ýðãîäè÷åñêîé ãèïîòåçîé [7], ÷òî â
âîçäóøíîé ïðîñëîéêå ïîÿâëÿþòñÿ êâàçèñòàöèîíàðíûå ïðîöåññû òóðáóëåíòíîñòè, îò
êîòîðûõ ðàñïðîñòðàíÿþòñÿ êâàçèñòàöèîíàðíûå àýðîäèíàìè÷åñêèå çâóêîâûå ïîòîêè.

Çâóêîâûå ïîòîêè â âîçäóøíîé ïðîñëîéêå âçàèìîäåéñòâóþò ñ òóðáóëåíòíîñòüþ,
âëèÿþò íà íå¼, è ñîçäàåòñÿ ìíîãîãðàííàÿ êàðòèíà, õàðàêòåðèçóþùàÿ ôèçè÷åñêèé
ïðîöåññ. Ïðè ýòîì íåîáõîäèìî ó÷èòûâàòü òàêèå ïîêàçàòåëè, êàê ñòåïåíü òóðáóëåíòíîñòè,
àêóñòè÷åñêèå õàðàêòåðèñòèêè ïàðàëëåëüíûõ ïëîñêîñòåé, äèíàìè÷åñêèå ïàðàìåòðû
ñòðóéíîãî òå÷åíèÿ, ãåîìåòðè÷åñêèå õàðàêòåðèñòèêè ñîïåë è íåñóùåé ïîâåðõíîñòè
ïíåâìîêîíâåéåðà. Òóðáóëåíòíîñòü ñòðóéíîãî òå÷åíèÿ â âîçäóøíîé ïðîñëîéêå ïîðîæäàåò
àêóñòè÷åñêèå êîëåáàíèÿ, âîçíèêàåò øóì àýðîäèíàìè÷åñêîãî ïðîèñõîæäåíèÿ, êîòîðûé
íàïðàâëåí íà áîêîâûå ãðàíè âîçäóøíîé ïðîñëîéêè. Èíòåíñèâíîñòü çâóêîâîãî ïîòîêà,
îïðåäåëÿþùåãî óðîâåíü àýðîäèíàìè÷åñêîãî øóìà, íàõîäèòñÿ â êîððåëÿöèîííîé
ñâÿçè ñ àêóñòè÷åñêèìè ïîêàçàòåëÿìè âîçäóøíîãî ïîòîêà. Èçìåíåíèå ïàðàìåòðîâ
ïíåâìîêîíâåéåðà ïðèâîäèò ê èçìåíåíèþ àêóñòè÷åñêèõ ïîêàçàòåëåé âîçäóøíîé ïðîñëîéêè.
Òóðáóëåíòíûå ïîòîêè õàðàêòåðèçóþòñÿ òàêèìè ïîêàçàòåëÿìè, êàê òóðáóëåíòíàÿ
âÿçêîñòü è ¾ïóòü ïåðåìåøèâàíèÿ¿, ÿâëÿþùèéñÿ ãåîìåòðè÷åñêîé õàðàêòåðèñòèêîé
òóðáóëåíòíîñòè [8].

Çíà÷åíèå óðîâíÿ àýðîäèíàìè÷åñêîãî øóìà ìîæíî îïðåäåëèòü, îïèðàÿñü íà ýòè
ïîêàçàòåëè, íî ïðè ýòîì íåîáõîäèìî ó÷èòûâàòü äèíàìè÷åñêèå õàðàêòåðèñòèêè ñòðóéíîãî
òå÷åíèÿ â âîçäóøíîé ïðîñëîéêå. Áëîõèíöåâûì áûëî ïîëó÷åíî íåîäíîðîäíîå âîëíîâîå
óðàâíåíèÿ, âõîäÿùåå â òåîðåòè÷åñêèé ðàçäåë êëàññè÷åñêîé àêóñòèêè, ïðèìåíèòåëüíî
ê ïîòåíöèàëüíîìó ïîòîêó çâóêîïðîâîäÿùåé ñðåäû [9-11]. Ïîýòîìó âîçíèêàåò çàäà÷à
ïîñòðîåíèÿ óðàâíåíèÿ, íî ñ ó÷åòîì äâèæåíèÿ âîçäóõà íà îñíîâå êëàññè÷åñêèõ óðàâíåíèé
ìåõàíèêè æèäêîñòè [8]. Ïðè ýòîì ìîæíî ñâÿçàòü èñòî÷íèêè çâóêà ñ îñíîâíûìè
ïàðàìåòðàìè, îïðåäåëÿþùèìè ïîòîê â âîçäóøíîé ïðîñëîéêå è ïîëó÷èòü óðàâíåíèÿ
ïîòåíöèàëà ñêîðîñòè ìàëûõ ïåðåìåùåíèé, èñõîäÿ èç îáùèõ óðàâíåíèé ìåõàíèêè [10-13].
Ïîñòðîåíèå óðîâíÿ àýðîäèíàìè÷åñêîãî øóìà âûïîëíÿåòñÿ ñ ó÷åòîì äîïóùåíèÿ, ÷òî
âëèÿíèå âÿçêîñòè è òåïëîïðîâîäíîñòè îòñóòñòâóåò. Îäíàêî íåîáõîäèìî ó÷åñòü íàëè÷èå
òóðáóëåíòíîé âÿçêîñòè è å¼ âëèÿíèÿ íà ãåíåðèðîâàíèå, è ðàñïðîñòðàíåíèå çâóêîâîãî
ïîòîêà.

1. Ïîñòàíîâêà çàäà÷è

Äàíû ïðîñòðàíñòâåííûå êîîðäèíàòû èçäåëèÿ íà âîçäóøíîé ïðîñëîéêå, êîòîðàÿ
ÿâëÿåòñÿ èñòî÷íèêîì àýðîäèíàìè÷åñêîãî øóìà. Ðàññìàòðèâàåòñÿ ïëîñêàÿ çàäà÷à.

Íà ðèñ. 1 ïîêàçàíà ñõåìà ñ èçîáðàæåíèåì âçàèìíîãî ðàñïîëîæåíèÿ èñòî÷íèêà
àýðîäèíàìè÷åñêîãî øóìà è èçäåëèÿ.

Òðåáóåòñÿ ïîñòðîèòü àíàëèòè÷åñêóþ çàâèñèìîñòü, ñâÿçûâàþùóþ óðîâåíü
àýðîäèíàìè÷åñêîãî øóìà âîçäóøíîé ïðîñëîéêè è ïàðàìåòðîâ ñèñòåìû "âîçäóøíàÿ
ïðîñëîéêà � èçäåëèå". Çàäà÷åé ÿâëÿåòñÿ îïðåäåëåíèå ñ ïîìîùüþ àíàëèòè÷åñêèõ
ìåòîäîâ ïîòåíöèàëà ñêîðîñòè ìàëûõ ïåðåìåùåíèé â âîçäóøíîé ïðîñëîéêå ñ ó÷åòîì å¼
õàðàêòåðèñòèê. Íà îñíîâàíèè ýòîãî ïîòåíöèàëà ñòðîèòñÿ óðàâíåíèå äëÿ îïðåäåëåíèÿ
óðîâíÿ àýðîäèíàìè÷åñêîãî øóìà. Îðèãèíàëüíîñòü çàäà÷è çàêëþ÷åíà â òîì, ÷òî
ðàññìàòðèâàåòñÿ â êà÷åñòâå èñòî÷íèêà øóìà ñòðóéíîå òå÷åíèå âîçäóõà â çàçîðå ìåæäó
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ïàðàëëåëüíûìè ïëîñêîñòÿìè.

2. Âûâîä îñíîâíûõ ñîîòíîøåíèé

Ðàññìîòðèì ôðàãìåíò ïíåâìîêîíâåéåðà, ñîäåðæàùåãî ùåëåâîå îòâåðñòèå
è èçäåëèå íà âîçäóøíîé ïðîñëîéêå. Ñòðóéíîå òå÷åíèå â âîçäóøíîé ïðîñëîéêå
îãðàíè÷èâàåòñÿ ïàðàëëåëüíûìè ïëîñêîñòÿìè, ìåæäó êîòîðûìè ñîçäàåòñÿ ñëîèñòîå
òå÷åíèå. Ýòî òå÷åíèå ïðåäñòàâëÿåò ñîáîé ñäâèãîâûé ïîòîê. Îñðåäíåííàÿ ñêîðîñòü â
ñòðóéíîì ïîòîêå îïðåäåëÿåòñÿ ïîïåðå÷íîé êîîðäèíàòîé. Êðîìå òîãî ñòðóéíîå òå÷åíèå
ìîæíî ðàññìàòðèâàòü êàê òå÷åíèå â êàíàëå.

Ðèñ. 1. Ñõåìà ðàñïîëîæåíèÿ èçäåëèÿ íà âîçäóøíîé ïîäóøêå ñ óêàçàíèåì õàðàêòåðíûõ
ðàçìåðîâ è ïîëîæåíèÿ îñåé êîîðäèíàò: à) � àêñîíîìåòðè÷åñêîå èçîáðàæåíèå ñõåìû,

á) � ïðîäîëüíîå ñå÷åíèå ñõåìû. 1 � èçäåëèå, 2 � ùåëåâîå ñîïëî, 3 � âîçäóøíàÿ ïîäóøêà,
4 � ïíåâìîêàìåðà. G � âåñ èçäåëèÿ, Í; P � èçáûòî÷íîå äàâëåíèÿ â âîçäóøíîé

ïðîñëîéêå, Ïà; U � ñêîðîñòü âîçäóõà â ïðîñëîéêå ïîä èçäåëèåì, ì/ñ; Py∂ � ñðåäíåå
äàâëåíèå â âîçäóøíîé ïðîñëîéêå, Ïà; Pk � äàâëåíèå â ïíåâìàòè÷åñêîé êàìåðå, Ïà;

h � òîëùèíà âîçäóøíîé ïðîñëîéêè, ì.

Ñèñòåìà óðàâíåíèé äëÿ îïðåäåëåíèÿ ïîòåíöèàëà ñêîðîñòè ìàëûõ ïåðåìåùåíèé
ïðèìåíèòåëüíî ê òå÷åíèþ âîçäóõà â ïðîñëîéêå áûëà ïîñòðîåíà ñ ó÷åòîì ìåòîäèêè,
ïðåäëîæåííîé Áëîõèíöåâûì Ä.È. [7] â ðàáîòàõ [1, 10] è èìååò âèä:

∂

∂t

(
U2
ok

∂2Φ

∂xk∂x1

)
− ∂Uo1

∂xk

∂2Φ

∂t2
+ c2

∂Uo1

∂xk

∂2Φ

∂x2k
= c2

∂Uok

∂xk

∂Uo1

∂xk

∂

∂t

(
U2
ok

∂2Φ

∂xk∂x2

)
− ∂Uo2

∂xk

∂2Φ

∂t2
+ c2

∂Uo2

∂xk

∂2Φ

∂x2k
= c2

∂Uok

∂xk

∂Uo2

∂xk

∂

∂t

(
U2
ok

∂2Φ

∂xk∂x3

)
− ∂Uo3

∂xk

∂2Φ

∂t2
+ c2

∂Uo3

∂xk

∂2Φ

∂x2k
= c2

∂Uok

∂xk

∂Uo3

∂xk


. (1)

Â óðàâíåíèè (1) èñïîëüçóåòñÿ èíäåêñ k = 1,2,3 , ïî êîòîðîìó îñóùåñòâëÿåòñÿ
ñóììèðîâàíèå; c � ñêîðîñòü çâóêà, ì/ñ.

Âåëè÷èíû, âõîäÿùèå â óðàâíåíèå (1) îïðåäåëÿþò ñêîðîñòü äâèæåíèÿ âîçäóõà â
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ïðîñëîéêå, à ïîòåíöèàë ñêîðîñòè ìàëûõ ïåðåìåùåíèé èìååò âèä:

Φ =
1

ρo

t∫
0

pdτ

ãäå ρo � ïëîòíîñòü âîçäóõà, êã/ì
3; p � äàâëåíèå, Ïà; t è τ � âðåìÿ, ñ.

Ñèñòåìà óðàâíåíèé (1) ïðåäíàçíà÷åíà äëÿ îïðåäåëåíèÿ ïîòåíöèàëà ñêîðîñòè
ìàëûõ ïåðåìåùåíèé â ïðîöåññå ãåíåðèðîâàíèÿ àýðîäèíàìè÷åñêîãî øóìà òóðáóëåíòíûì
âîçäóøíûì ïîòîêîì. Äëÿ ðåøåíèÿ ýòîé ñèñòåìû íåîáõîäèìû ãðàíè÷íûå è íà÷àëüíûå
óñëîâèÿ, à òàê æå äîëæíû áûòü çàäàíû îñðåäíåííûå ñêîðîñòè âîçäóøíîãî òå÷åíèÿ.
Ïîýòîìó ïðè ðàññìîòðåíèè êîíêðåòíîé ôèçè÷åñêîé çàäà÷è óðàâíåíèå (1) áóäåò óïðîùåíî
è âîçìîæíî áóäåò ïîëó÷èòü àíàëèòè÷åñêîå ðåøåíèå. Ïðèìåíèòåëüíî ê ðàññìàòðèâàåìîé
çàäà÷å óðàâíåíèå (1) óïðîñòèòñÿ, òàê êàê ðàññìàòðèâàåòñÿ ïëîñêàÿ çàäà÷à òå÷åíèÿ
ñòðóéíîãî ïîòîêà ìåæäó ïàðàëëåëüíûìè ïëîñêîñòÿìè ïðè íàëè÷èè èñòî÷íèêà ïèòàíèÿ
� ùåëåâîãî îòâåðñòèÿ. Ðàñ÷åòíàÿ ñõåìà äëÿ ïîñòàâëåííîé çàäà÷è ïîêàçàíà íà ðèñ. 1.
Íà ñõåìå îáîçíà÷åíû äèíàìè÷åñêèå è ãåîìåòðè÷åñêèå ðàçìåðû îñíîâíûõ ýëåìåíòîâ,
èçîáðàæåíû íàïðàâëåíèÿ ñòðóéíîãî òå÷åíèÿ. Ïðèìåíåíèå óðàâíåíèé íåðàçðûâíîñòè è
óðàâíåíèé Íàâüå-Ñòîêñà ïîçâîëèëè ïîëó÷èòü àýðîäèíàìè÷åñêèå õàðàêòåðèñòèêè òå÷åíèÿ,
êîòîðûå ïîêàçàíû â òàáë. [1]

Òàáëèöà 1

Ðåçóëüòàòû ðåøåíèÿ àýðîäèíàìè÷åñêîé çàäà÷è äëÿ òå÷åíèÿ â âîçäóøíîé ïðîñëîéêå

1.
∂P

∂x
= −Py∂

2

D
3. U =

1

µD
Py∂(h− z)z 5. h =

[
12
√

2µδD√
ρoPy∂

√
(Pk − Py∂)

Py∂

]1/3
2. Py∂ =

G

B(δ +D)
4.

∂U

∂z
=

1

µD
Py∂(h− 2z)

Äëÿ óäîáñòâà äàëüíåéøèõ âûêëàäîê ñäåëàåì çàìåíó:

Uo1 ≡ U

Uo2 ≡ V

Uo3 ≡ W

x1 ≡ x

x2 ≡ y

x3 ≡ z

 ,

ó÷èòûâàÿ ðåàëüíóþ êàðòèíó ôèçè÷åñêîãî ïðîöåññà òå÷åíèÿ ïîëó÷èì

V = 0

W = 0

∂Φ

∂x2
=
∂Φ

∂y
= 0

∂Uo1

∂x1
=
∂U

∂x
= 0

∂Uo1

∂x2
=
∂U

∂y
= 0


. (2)

Ñèñòåìà (1) ñ ó÷¼òîì (2) ïðèìåò âèä:
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∂

∂t

(
U2∂

2Φ

∂x2

)
− ∂U

∂z

∂2Φ

∂t2
+ c2

∂U

∂z

(
∂2Φ

∂x2
+
∂2Φ

∂z2

)
= 0

∂

∂t

(
U2 ∂

2Φ

∂x∂z

)
= 0

 . (3)

Îêîí÷àòåëüíî ïîëó÷èì óðàâíåíèå äëÿ îïðåäåëåíèÿ ïîòåíöèàëà ñêîðîñòè ìàëûõ
ïåðåìåùåíèé ïðèìåíèòåëüíî ê ðàññìàòðèâàåìîé çàäà÷å

∂

∂t

(
U2∂

2Φ

∂x2

)
− ∂U

∂z

∂2Φ

∂t2
+ c2

∂U

∂z

∂2Φ

∂x2
= 0, (4)

óäîâëåòâîðÿþùåå ñëåäóþùèì ãðàíè÷íûì è íà÷àëüíûì óñëîâèÿì:

Φ(0,z,t) = Φ(L,z,t) = 0, (5)

Φ(x,z,0) = E sin
(πx
L

)
sin
(πz
h

)
, (6)

∂Φ(x,z,0)

∂t
= 0, (7)

ãäå E =
(π
k

)6 Py∂h
4

ρoL3c
àìïëèòóäà ïóëüñàöèé òóðáóëåíòíûõ ôëþêòóàöèé â âîçäóøíîé

ïðîñëîéêå, ïðè ýòîì ó÷òåí ýêñïåðèìåíòàëüíûé êîýôôèöèåíò k= 0.46. Óìíîæàÿ îáå
÷àñòè óðàâíåíèÿ (4) íà exp(−pt) è èíòåãðèðóÿ ïî t â èíòåðâàëå îò 0 äî ∞ è ââîäÿ çàìåíó
∞∫
0

Φ(x,z,t)exp(−pt)dt = F (x,z,p), ïîëó÷àåì óðàâíåíèå

∂2F

∂x2

(
U2p+ c2

∂U

∂z

)
− ∂U

∂z
p2F +

(
∂U

∂z
p+ U2 π

2

L2

)
E sin

(πx
L

)
sin
(πz
h

)
= 0. (8)

Ðåøåíèåì óðàâíåíèÿ (8) áóäåò âûðàæåíèå

F = E sin
(πz
h

)
sin
(πx
L

)


p

p2 +
π2

L2

U2

∂U
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L2
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+

π2
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U2

∂U
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L2

U2

∂U

∂z

p+
π2

L2
c2

 (9)

Âûïîëíèâ îáðàòíîå ïðåîáðàçîâàíèå Ëàïëàñà Φ(x,z,t) =
1

2πi

s+i∞∫
s−i∞

F (x,z,p)eptdp äëÿ

óðàâíåíèÿ (9) ïîëó÷èì ïîòåíöèàë ñêîðîñòè ìàëûõ ïåðåìåùåíèé äëÿ ðàññìàòðèâàåìîé
çàäà÷è

Φ = E sin
(πz
h

)
sin
(πx
L

)
exp(−A1t)

[
cos(tA1A2) +

1

A2

sin(tA1A2)

]
(10)

ãäå A1 =
π2

2L2

U2

∂U

∂z

, A2 =

√
4c2L2

π2U4

(
∂U

∂z

)2

− 1.

Â óðàâíåíèå (10) âõîäÿò âåëè÷èíû U è
∂U

∂z
, çíà÷åíèÿ êîòîðûõ âû÷èñëåíû â ðàáîòå [1] è

ïîêàçàíû â òàáëèöå, îòêóäà U =
1

µL
Pg(h− z)z è

∂U

∂z
=

1

µL
Pg(h− 2z).
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Âÿçêîñòü µ, âõîäÿùàÿ â ýòè óðàâíåíèÿ âåëè÷èíà ïîñòîÿííàÿ è íå ñâÿçàííàÿ ñ
èíòåíñèâíîñòüþ òóðáóëåíòíîñòè è ïîýòîìó íå ñâÿçàííàÿ ñ óðîâíåì àýðîäèíàìè÷åñêîãî
øóìà. Îäíàêî ìîæíî ñäåëàòü çàìåíó: èñïîëüçîâàòü âìåñòî îáû÷íîé âÿçêîñòè -
òóðáóëåíòíóþ, ïðèíèìàÿ âî âíèìàíèå äîïóùåíèå, ÷òî ïîðÿäîê âåëè÷èí ýòèõ âÿçêîñòåé
îäèíàêîâ. Òîãäà ìîæíî ïðèìåíèòü äëÿ ìîäåëèðîâàíèÿ õàðàêòåðèñòèê òóðáóëåíòíûõ
òå÷åíèé ïîíÿòèå ¾ïóòü ïåðåìåøèâàíèÿ¿, ïðåäëîæåííûé Ïðàíäòëåì[8]. Äëèíà ¾ïóòè
ïåðåìåøèâàíèÿ¿ ÿâëÿåòñÿ ôóíêöèåé êîîðäèíàòû z, ò.å. l = k·z, ãäå k - ýêñïåðèìåíòàëüíûé
êîýôôèöèåíò. Ñëåäîâàòåëüíî, ìîæíî îïðåäåëèòü òóðáóëåíòíóþ âÿçêîñòü êàê ôóíêöèþ
õàðàêòåðèñòèê ñèñòåìû ¾ïíåâìîêîíâåéåð � èçäåëèå¿ è çàïèñàòü [4]

µ2
T = ρok

2Py∂L
−1z2(h− 2z). (11)

Èñïîëüçóÿ ñîîòíîøåíèÿ äëÿ àýðîäèíàìè÷åñêèõ õàðàêòåðèñòèê âîçäóøíîãî ïîòîêà â
ïðîñëîéêå èç òàáëèöû ìîæíî ïðåîáðàçîâàòü óðàâíåíèå (10) ê âèäó

Φ = E sin
(πz
h

)
sin
(πx
L

)
exp

(
−
π2
√
LPy∂h3

2L3k
√
ρo

t

)[
cos
(πc
L
t
)

+
π
√
Py∂h3

2kc
√
ρoL3

sin
(πc
L
t
)]

(12)

Óðîâåíü øóìà íà ðàññòîÿíèè îò èñòî÷íèêà îïðåäåëÿåòñÿ óðàâíåíèåì

Lz = 10lg

(
Pw

I04πR2

)
, (13)

ãäå Pw � çâóêîâàÿ ìîùíîñòü, èçëó÷àåìàÿ âîçäóøíîé ïðîñëîéêîé, Âò; Io � èñõîäíîå
ïîðîãîâîå çíà÷åíèå èíòåíñèâíîñòè çâóêà, Âò/ì2. Ìîùíîñòü çâóêîâîãî ïîòîêà,
ñôîðìèðîâàííîãî âîçäóøíîé ïðîñëîéêîé áóäåò

Pw =

∫ h

0

∫ L

0

I1dxdz, I1 =
p2(x,z)

ρoc
(14)

ãäå I1 � èíòåíñèâíîñòü çâóêîâîãî ïîòîêà âîçäóøíîé ïðîñëîéêè, Âò/ì2; h � òîëùèíà
âîçäóøíîé ïðîñëîéêè, ì; L � ëèíåéíûé ðàçìåð âîçäóøíîé ïðîñëîéêè, ì; p2 �
ñðåäíåêâàäðàòè÷åñêîå îòêëîíåíèå äàâëåíèÿ îò ñðåäíåé âåëè÷èíû, (Í/ì2)2.

p2(x,z) =
1

T

∫ T

0

p̃2dt, p̃ = ρo
∂Φ

∂t
(15)

Òåîðåòè÷åñêîå çíà÷åíèå óðîâíÿ øóìà âîçäóøíîé ïðîñëîéêè îïðåäåëèòñÿ èç óðàâíåíèÿ
(13) ïðè ïîäñòàíîâêå â íåãî âûðàæåíèé (14) è (15).

Lz = 10 lg

[
ρo

Io4πcR2

∫ h

0

∫ L

0

(
1

T

∫ T

0

(
∂Φ

∂t

)2

dt

)
dxdz

]
(16)

Â óðàâíåíèè (16) íå îïðåäåë¼í âðåìåííîé ïîêàçàòåëü, êîòîðûé ìîæíî îöåíèòü, êàê âðåìÿ
ïðîõîæäåíèÿ çâóêîâîé âîëíû âäîëü ïðîòÿæåííîñòè âîçäóøíîé ïðîñëîéêè â âèäå T = L/c
è ïîëó÷èì óðàâíåíèå (16) â ôîðìå

Lz = 10 lg

[
ρoE

2πc

64IoR2L
h

(
π2Py∂

ρoL3k2c2
h3 + 2

)]
(17)

Â óðàâíåíèè (17) ïðèñóòñòâóåò êîìïëåêñ âåëè÷èí, êîòîðûé èìååò ðàçìåðíîñòü åäèíèöà

è åãî âåëè÷èíà çíà÷èòåëüíî ìåíüøå åäèíèöû
π2Py∂

ρoL3k2c2
h3 ≈ 10−6 << 1 è òîãäà óðàâíåíèå
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(17), îïðåäåëÿþùåå óðîâåíü øóìà âîçäóøíîé ïðîñëîéêè, áóäåò èìåòü âèä

Lz = 10 lg

[
π

32

(π
k

)12(h
L

)7

(Py∂)2
h2

ρoc2IoR2

]
(18)

ãäå Io � ïîðîãîâàÿ èíòåíñèâíîñòü çâóêîâîãî ïîòîêà, Âò/ì
2.

Çàêëþ÷åíèå

Óðàâíåíèå (18) ìîæíî èñïîëüçîâàòü â èíæåíåðíûõ ðàñ÷åòàõ äëÿ âû÷èñëåíèÿ
óðîâíÿ øóìà ïíåâìîêîíâåéåðà íà ýòàïå åãî ïðîåêòèðîâàíèÿ. Ýòî óðàâíåíèå ñîäåðæèò
ïàðàìåòðû, êîòîðûå ëåãêî ïîääàþòñÿ îïðåäåëåíèþ. Â ïðîöåññå ïðîåêòèðîâàíèÿ
òðàíñïîðòíûõ ñèñòåì íà âîçäóøíîé ïðîñëîéêå âîçíèêàåò íåîáõîäèìîñòü îïðåäåëåíèÿ
òåîðåòè÷åñêîãî óðîâíÿ àýðîäèíàìè÷åñêîãî øóìà, êîòîðûé áóäåò èçäàâàòü ïðîåêòèðóåìàÿ
êîíñòðóêöèÿ. Ôîðìóëà (18) ïîçâîëÿåò îöåíèòü îðèåíòèðîâî÷íî ïîðÿäîê âåëè÷èíû ýòîãî
øóìà. Äëÿ ïðîâåðêè àäåêâàòíîñòè ôîðìóëû (18) áûëè ïðîâåäåíû ýêñïåðèìåíòàëüíûå
èññëåäîâàíèÿ, êîòîðûå ïîêàçàëè óäîâëåòâîðèòåëüíóþ ñõîäèìîñòü ýêñïåðèìåíòàëüíûõ è
òåîðåòè÷åñêèõ çíà÷åíèé.
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íà øóìíûõ ïðîèçâîäñòâàõ
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Àííîòàöèÿ

Ïðîâåäåí àíàëèç ëèòåðàòóðíûõ èñòî÷íèêîâ, âûÿâëåíà ïðîáëåìà èíäèâèäóàëüíîãî âîñïðèÿòèÿ

è âëèÿíèÿ çâóêà ðàçëè÷íûõ ÷àñòîò íà îðãàíèçì ÷åëîâåêà. Îïðåäåë¼í ìåõàíèçì âîçäåéñòâèÿ øóìà

íà îðãàíû ñëóõà è öåíòðàëüíóþ íåðâíóþ ñèñòåìó, âûÿâëåíû íåñïåöèôè÷åñêèå âîçäåéñòâèÿ çâóêà

íà îðãàíèçì ÷åëîâåêà. Ñôîðìèðîâàíà íåîáõîäèìîñòü èññëåäîâàíèé âîçäåéñòâèÿ çâóêîâîãî ñèãíàëà

íà ÷åëîâåêà è ðåàêöèè åãî âíóòðåííèõ ñèñòåì îðãàíèçìà. Äàíà îöåíêà âëèÿíèÿ øóìà íà ÷åëîâåêà,

íà åãî ñàìî÷óâñòâèå, íàñòðîåíèå, âîñïðèÿòèå îêðóæàþùåé ñðåäû, à òàê æå, âûÿâëåíà ñêðûòàÿ

ðåàêöèÿ îðãàíèçìà, ôèêñèðóåìàÿ ïðèáîðàìè. Ñäåëàí âûâîä î âàæíîñòè îñîáîãî âíèìàíèÿ ê íèçêî- è

âûñîêî÷àñòîòíîìó øóìó, òàê êàê îíè ïðèäàþò çâóêó èíòåíñèâíîñòè ïðè îöåíêå âîñïðèÿòèÿ ôèçè÷åñêîãî

ôàêòîðà ÷åëîâåêîì. Ïðåäëàãàåòñÿ, â äàëüíåéøåì, ðåçóëüòàòû èññëåäîâàíèé âëèÿíèÿ âûñîêî- è

íèçêî÷àñòîòíîãî øóìà íà îðãàíèçì ÷åëîâåêà âíåäðÿòü â ìåòîäèêè ïðîôîòáîðà.

Êëþ÷åâûå ñëîâà: íèçêî÷àñòîòíûé çâóê, âûñîêî÷àñòîòíûé çâóê, ñíèæåíèå ñëóõà, îõðàíà

òðóäà, ïðîôîòáîðû, ïðîôçàáîëåâàíèÿ.

The necessity for identifying people with hypersensitivity in noisy industries

Ksenofontova V.K..1, Vasilyev V.A.2
1Graduate student, Baltic State Technical University ¾VOENMEH¿ them. D.F. Ustinova,

Russia, St. Petersburg
2Applicant, Baltic State Technical University ¾VOENMEH¿ them. D.F. Ustinova,

Russia, St. Petersburg

Abstract

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

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

professional selection, occupational diseases.
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Ââåäåíèå

Ïðîèçâîäñòâåííûé øóì ñóùåñòâåííî ñíèæàåò ïðîèçâîäèòåëüíîñòü òðóäà è
ïðèâîäèò ê ïîâûøåíèþ óðîâíÿ ïðîèçâîäñòâåííîãî òðàâìàòèçìà [1]. Øóì íåãàòèâíî
âëèÿåò íà ÷åëîâåêà, äàæå ïðè ïðåäåëüíî äîïóñòèìûõ çíà÷åíèÿõ (60-70 äÁÀ), îðãàíèçì
èñïûòûâàåò ñòðåññ è çàïóñêàåò çàùèòíûå ìåõàíèçìû. ×åëîâåê ìîæåò âïàäàòü â
ñîñòîÿíèå àôôåêòà, èëè èñïûòûâàòü ãîëîâíûå áîëè, áûòü ðàçäðàæèòåëüíûì è
íåñîáðàííûì. Âñ¼ ýòî ìîæåò ñòàòü ïðè÷èíîé ïîâûøåííîé îïàñíîñòè òðàâìàòèçìà,
ê ïðèìåðó, íà ïðîèçâîäñòâå èëè ïðè óïðàâëåíèè òðàíñïîðòíûì ñðåäñòâîì. Òàêæå
âîçäåéñòâèå ìîæåò áûòü äîëãîñðî÷íûì è íåîáðàòèìûì, ê ïðèìåðó, ïîñòîÿííàÿ íàãðóçêà
íà îðãàíû ñëóõà, âåãåòàòèâíóþ íåðâíóþ è ñåðäå÷íî-ñîñóäèñòóþ ñèñòåìó, âåäåò ê
ïðîôåññèîíàëüíûì çàáîëåâàíèÿì, òàêèì êàê íåéðî-ñåíñîðíàÿ òóãîóõîñòü, ìèãðåíü,
äåïðåññèâíûå ðàññòðîéñòâà, âåãåòî-ñîñóäèñòàÿ äèñòîíèÿ è äàæå àñôèêñèÿ ìîçãà.

Âàæíî ðåøèòü ïðîáëåìó ÷åëîâå÷åñêîé ðåàêöèè íà àêóñòè÷åñêîå çàãðÿçíåíèå
îêðóæàþùåé ñðåäû, íåãàòèâíî âëèÿþùåé íà åãî çäîðîâüå è æèçíü, è îöåíèòü ðèñê
âîçäåéñòâèÿ íà íàñåëåíèå çâóêà ðàçëè÷íûõ ÷àñòîò.

1. Âîñïðèèì÷èâîñòü øóìà � èíäèâèäóàëüíà

Äëÿ îõðàíû òðóäà âàæíî íàó÷èòüñÿ âû÷èñëÿòü ëþäåé ñ èíäèâèäóàëüíîé
âîñïðèèì÷èâîñòüþ ê òàêîìó ðàçäðàæèòåëþ, êàê øóì. Îäèí ÷åëîâåê ìîæåò ñïîêîéíî
ðåàãèðîâàòü íà ïîâûøåííûé øóìîâîé ôîí, à ó äðóãîãî ðàçâèâàþòñÿ ïñèõè÷åñêèå
àôôåêòû.

Òàêîé ýôôåêò ìîæåò íàáëþäàòüñÿ ïðè ñëàáîì øóìîâîì âîçäåéñòâèè (60-
70äÁ). Ãèïåðàêóçèÿ ïðåäñòàâëÿåò ñîáîé ñîñòîÿíèå ñëóõîâîãî àíàëèçàòîðà, ïðè
êîòîðîì ëþäè îöåíèâàþò ñëàáûå è ñðåäíåé èíòåíñèâíîñòè çâóêè êàê ñâåðõãðîìêèå.
Äàííûé ñèíäðîì ñâÿçûâàþò ñ íàðóøåíèåì öåíòðàëüíûõ ïðîöåññîâ îáðàáîòêè çâóêîâîé
èíôîðìàöèè, êîãäà çâóê ìîæåò èìåòü ìàëóþ ñèëó, íî îãðîìíîå ñèãíàëüíîå çíà÷åíèå.
Èäèîïàòè÷åñêóþ (âûçâàííóþ íåóñòàíîâëåííîé ïðè÷èíîé) ãèïåðàêóçèþ ðàññìàòðèâàþò
êàê ñàìîñòîÿòåëüíîå çàáîëåâàíèå, ñîîòâåòñòâóþùåå ïîíÿòèþ ÎÎÍ (1996) ¾èäèîïàòè÷åñêàÿ
íåïåðåíîñèìîñòü îêðóæàþùåé ñðåäû¿ (IEI) ïðèìåíèòåëüíî ê øóìîâûì âîçäåéñòâèÿì. [2]

2. ¾Øèðîêîå ïðèìåíåíèå¿ âûñîêèõ è íèçêèõ ÷àñòîò

Âûñîêî- è íèçêî÷àñòîòíûé çâóêè êàæóòñÿ ãðîì÷å èëè òèøå, ÷åì ñðåäíå÷àñòîòíûé
øóì ñ òàêîé æå èíòåíñèâíîñòüþ. ×åëîâåê, ñèëüíî ðåàãèðóþùèé íà âûñîêî- è
íèçêî÷àñòîòíûå ñèãíàëû, äîëæåí áûòü êàê ìîæíî ìåíüøå âîâëå÷åí â ðàáîòó â øóìíûõ
ïðîöåññàõ è ïðîèçâîäñòâàõ.

Øóì ñ ïðåîáëàäàíèåì íèçêèõ ÷àñòîò îêàçûâàåò áîëüøåå ðàçäðàæàþùåå
âîçäåéñòâèå, ÷åì øóì àíàëîãè÷íîé èíòåíñèâíîñòè, íî øèðîêîïîëîñíîãî õàðàêòåðà.
Èñòî÷íèêàìè íèçêî÷àñòîòíîãî øóìà ÿâëÿþòñÿ, íàïðèìåð, âåðòîëåòû, âèáðàöèîííûå
ìîñòîâûå êîíñòðóêöèè, ïîåçäà ìåòðîïîëèòåíà, øòàìïîâî÷íûå óñòàíîâêè, ïíåâìàòè÷åñêîå
îáîðóäîâàíèå è ò. ä.

Òàêæå, èñòî÷íèêàìè èíôðàçâóêà ÿâëÿþòñÿ ðàáîòàþùèå ìåõàíèçìû, òàì, ãäå
÷àñòîòà âðàùåíèÿ ÷àñòåé ïîïàäàåò â èíôðàçâóêîâîé äèàïàçîí, òðàíñïîðò âñåõ òèïîâ, çâóê
âûñòðåëà èëè âçðûâà. Îäíèì èç ðàñïðîñòðàíåííûõ èñòî÷íèêîâ èíôðàçâóêà ÿâëÿåòñÿ
óñòðîéñòâî èëè êîíñòðóêöèè, ñâÿçàííîå ñ äâèæåíèåì âîçäóõà: âåíòèëÿòîðû, ñèñòåìû
âåíòèëÿöèè, âûòÿæêè, íàñîñû, ãðàäèðíè íà ÒÝÖ, ðàçëè÷íûå òîííåëè. Ïðèðîäíûå
èñòî÷íèêè íèçêî÷àñòîòíîãî øóìà � óðàãàíû, ãðîçû, âóëêàíû, çåìëåòðÿñåíèÿ èëè ïðîñòî
òóðáóëåíòíûå ïîòîêè âîçäóõà.

Êîëëåãàìè èç èñïûòàòåëüíîé ëàáîðàòîðèè ÎÎÎ ¾Èíñòèòóò àêóñòè÷åñêèõ
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êîíñòðóêöèé¿ áûëè ïðîèçâåäåíû èçìåðåíèÿ øóìà íà òåððèòîðèè îäíîãî èç àýðîïîðòîâ
ÐÔ. Ñïåêòð øóìà èçìåðåííûõ çíà÷åíèé, ïîëó÷åííûé â ðåçóëüòàòå îáðàáîòêè â
ïðîãðàììíîì êîìïëåêñå ÀÐÌ ¾Àêóñòèêà¿, ïðåäñòàâëåí íà ðèñóíêå 1. Íàáëþäàåòñÿ
ïðåîáëàäàíèå íèçêî÷àñòîòíîãî çâóêà.

Ðèñ. 1. Ñïåêòð øóìà òåõíîëîãè÷åñêîãî è âåíòèëÿöèîííîãî îáîðóäîâàíèÿ,
ðàñïîëîæåííîãî íà òåððèòîðèè àýðîïîðòà

Îñíîâíûìè èñòî÷íèêàìè âûñîêî÷àñòîòíîãî øóìà ÿâëÿþòñÿ òåëåöåíòðû,
ðàäèîëîêàòîðû, ïðîêàòíûå ñòàíêè, òàêæå ïðè ïðîöåññå óëüòðàçâóêîâîé îáðàáîòêè
ìåòàëëîâ, ïðè âûñîêèõ ñêîðîñòÿõ îáîðîòîâ âðàùàþùèõñÿ êîíñòðóêöèé, èëè æå ïðè
èñïîëüçîâàíèè â ðàáîòå ñòàðîãî èëè ïîâðåæäåííîãî ìàòåðèàëà.

Òàê æå, êîëëåãàìè èç èñïûòàòåëüíîé ëàáîðàòîðèè ÎÎÎ ¾Èíñòèòóò àêóñòè÷åñêèõ
êîíñòðóêöèé¿ áûëè ïðîèçâåäåíû èçìåðåíèÿ øóìà íà òåððèòîðèè îäíîãî èç ïðåäïðèÿòèé,
ðàñïîëîæåííîãî â Ðîññèè. Ñïåêòð øóìà èçìåðåííûõ çíà÷åíèé ñ ñîäåðæàíèåì
âûñîêî÷àñòîòíîãî çâóêà, ïîëó÷åííûé â ðåçóëüòàòå îáðàáîòêè â ïðîãðàììíîì êîìïëåêñå
ÀÐÌ ¾Àêóñòèêà¿, ïðåäñòàâëåí íà ðèñóíêå 2.

Ðèñ. 2. Ñïåêòð øóìà äâèãàòåëÿ êîíâåéåðíîé ëèíèè

Óëüòðàçâóê ÷ðåçâû÷àéíî ðàçíîîáðàçåí, îí øèðîêî èñïîëüçóåòñÿ â òåõíèêå, à
òàêæå â ðàçëè÷íûõ îòðàñëÿõ êëèíè÷åñêîé ìåäèöèíû, íàïðèìåð, óëüòðàçâóêîâûå ìåòîäû
âîçäåéñòâèÿ íà òêàíè è ìàòåðèàëû. Ñïîñîáíîñòü óëüòðàçâóêà ïðîíèêàòü â ìÿãêèå òêàíè
îðãàíèçìà è îòðàæàòüñÿ îò àêóñòè÷åñêèõ íåîäíîðîäíîñòåé, ïðàêòè÷åñêè áåç ïîãëîùåíèÿ,
ïðèìåíÿåòñÿ â èññëåäîâàíèè âíóòðåííèõ îðãàíîâ. Ìåòîäû äèàãíîñòèêè ñ ïîìîùüþ
óëüòðàçâóêà, â íåêîòîðûõ ñëó÷àÿõ, ïîçâîëÿþò âûñîêîòî÷íî ðàçëè÷àòü ñòðóêòóðó òêàíè,
â îòëè÷èå îò ðåíòãåíîâñêèõ ëó÷åé. Â ìåäèöèíñêèõ ëàáîðàòîðèÿõ èëè ïðîìûøëåííîñòè,
óëüòðàçâóêîâûå âàííû èñïîëüçóþòñÿ äëÿ î÷èñòêè ëàáîðàòîðíîé ïîñóäû, èíñòðóìåíòîâ, à
òàêæå ðàçëè÷íûõ äåòàëåé îò ìåëêèõ ÷àñòèö. Íåêîòîðûå ñòèðàëüíûå ìàøèíû èñïîëüçóþò
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óëüòðàçâóê äëÿ ñòèðêè îäåæäû. Ðàññìîòðèì, ê ïðèìåðó, òåõíîëîãèþ óëüòðàçâóêîâîé
îáðàáîòêè ìåòàëëà. Óëüòðàçâóêîâûå êîëåáàíèÿ ïðèìåíÿþòñÿ â îäíîì èç íàïðàâëåíèé
ïðîöåññîâ ðåçàíèÿ ìàòåðèàëîâ ñ òðóäíîîáðàáàòûâàåìîé ïîâåðõíîñòüþ. Äàâíî èçâåñòíî,
÷òî ïðèìåíåíèå óëüòðàçâóêà ïðè ìåõàíè÷åñêîé îáðàáîòêå ìîæåò óëó÷øàòü êà÷åñòâî
ïîâåðõíîñòíîãî ñëîÿ ìàòåðèàëà, à òàêæå, ïîâûøàòü ïðîèçâîäèòåëüíîñòü. Êà÷åñòâî
óëüòðàçâóêîâîé î÷èñòêè íåñðàâíèìî ñ äðóãèìè ñïîñîáàìè. Íàïðèìåð, ïðè îïîëàñêèâàíèè
äåòàëåé íà èõ ïîâåðõíîñòè îñòàåòñÿ äî 80% çàãðÿçíåíèé, ïðè âèáðàöèîííîé î÷èñòêå �
îêîëî 55%, ïðè ðó÷íîé � îêîëî 20%, à ïðè óëüòðàçâóêîâîé � íå áîëåå 0,5%. (Ðèñ. 3)

Ðèñ. 3. Ìåòàëëè÷åñêèå èçäåëèÿ äî è ïîñëå î÷èñòêè â ÓÇ âàííå [13]

Îñîáîå æå ïðåèìóùåñòâî óëüòðàçâóêîâîé î÷èñòêè çàêëþ÷àåòñÿ â åå âûñîêîé
ïðîèçâîäèòåëüíîñòè ïðè ìàëîé çàòðàòå ôèçè÷åñêîãî òðóäà, âîçìîæíîñòè çàìåíû
îãíåîïàñíûõ èëè äîðîãîñòîÿùèõ îðãàíè÷åñêèõ ðàñòâîðèòåëåé áåçîïàñíûìè è äåøåâûìè
âîäíûìè ðàñòâîðàìè ùåëî÷íûõ ñîëåé, æèäêèì ôðåîíîì è äð. [3]

Èç âñåõ ïðèâåäåííûõ àðãóìåíòîâ â ïîëüçó âûñîêî÷àñòîòíîãî çâóêà, ìîæíî ñìåëî
ñäåëàòü âûâîä, ÷òî óëüòðàçâóê ïîëåçåí äëÿ ïðîèçâîäñòâåííûõ ïðîöåññîâ. Íî òàêæå
âàæíî îöåíèòü, êàêîé âðåä îí íàíîñèò íà çäîðîâüå ÷åëîâåêà, ðàáîòàþùåãî â óñëîâèÿõ ñ
ïðåîáëàäàþùèì âûñîêî÷àñòîòíûì øóìîì.

2.1. Èíäèâèäóàëüíîå âëèÿíèå øóìà íà ÷åëîâåêà

Èç îáùåé âðà÷åáíîé ïðàêòèêè ìîæíî ñäåëàòü âûâîä, ÷òî øóì âîçäåéñòâóåò íà
÷åëîâåêà ñëåäóþùèì îáðàçîì:

� ñîçäàåò íàãðóçêó íà îðãàí ñëóõà;
� âîçäåéñòâóåò íà öåíòðàëüíóþ íåðâíóþ ñèñòåìó (äàëåå � ÖÍÑ), âîñïðèíèìàþùóþ

èíôîðìàöèþ èç âíåøíåãî ìèðà.

Ïðè îöåíêå ñìåùåíèÿ âîñïðèÿòèÿ çâóêà (â ÷àñòíîñòè ïîðîãîâ âîñïðèÿòèÿ åãî
òîíîâ) ìîæíî ñäåëàòü âûâîä î íàãðóçêå íà ñëóõîâîé àïïàðàò.

Íåñïåöèôè÷åñêèì âëèÿíèåì çâóêà íà ÷åëîâåêà ìîæíî íàçâàòü âîçäåéñòâèå íà
ÖÍÑ, êîòîðîå îöåíèâàåòñÿ ïî èçìåíåíèþ ôèçèîëîãè÷åñêèõ ïîêàçàòåëåé.

Êàê ïîêàçàëè èññëåäîâàíèÿ Àíäðååâîé � Ãàëàíèíîé [4], íàèáîëåå ðàííèå
íàðóøåíèÿ ïîä âîçäåéñòâèåì øóìà ðàçâèâàþòñÿ èìåííî ñî ñòîðîíû öåíòðàëüíîé íåðâíîé
ñèñòåìû, îñîáåííî åå âûñøèõ îòäåëîâ. Øóì, ÿâëÿÿñü èíôîðìàöèîííîé ïîìåõîé äëÿ
âûñøåé íåðâíîé äåÿòåëüíîñòè â öåëîì, îêàçûâàåò íåáëàãîïðèÿòíîå âëèÿíèå íà ïðîòåêàíèå
íåðâíûõ ïðîöåññîâ è ñïîñîáñòâóåò ðàçâèòèþ óòîìëåíèÿ.

Íàðàñòàþùåå çàãðÿçíåíèå îêðóæàþùåé ñðåäû ÿâëÿåòñÿ ïðè÷èíîé ýâîëþöèè
ìíîãèõ çàáîëåâàíèé, ÷òî âåñüìà íàãëÿäíî îöåíèâàåòñÿ, íàïðèìåð, ïðè ñðàâíåíèè
ñâåäåíèé èç ó÷åáíèêà ïî âíóòðåííèì áîëåçíÿì 80-ëåòíåé äàâíîñòè è ïîêàçàòåëåé â
íàñòîÿùåì âðåìåíè [5]. Ïî ðåçóëüòàòó øóìîâîãî âîçäåéñòâèÿ ìîæíî ñóäèòü, ê êàêèì
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õðîíè÷åñêèì çàáîëåâàíèÿì îíî ìîæåò ïðèâåñòè â ïîñëåäñòâèè. Ïî äàííûì Âñåìèðíîé
îðãàíèçàöèè çäðàâîîõðàíåíèÿ äî 25 % âñåõ áîëåçíåé, â íàñòîÿùåå âðåìÿ, ðàçâèâàåòñÿ â
ðåçóëüòàòå âîçäåéñòâèÿ íà ÷åëîâåêà îêðóæàþùåé ñðåäû. Ïî ðåçóëüòàòàì èññëåäîâàíèé,
ïðîâåäåííûõ ñïåöèàëèñòàìè Âñåñîþçíîãî êàðäèîëîãè÷åñêîãî íàó÷íîãî öåíòðà ÐÀÌÍ [6],
çà ïîñëåäíèå 10 ëåò â 2-3 ðàçà óâåëè÷èëñÿ ðîñò çàáîëåâàíèé ñåðäå÷íî-ñîñóäèñòîé ñèñòåìû,
à òàêæå ãèïåðòîíèè, è ñ áîëüøîé óâåðåííîñòüþ ìîæíî ñêàçàòü, ÷òî øóì ÿâëÿåòñÿ îäíèì
èç îñíîâíûõ ôàêòîðîâ, ñïîñîáñòâóþùèõ ýòîìó.

Çàêëþ÷åíèå

Âñå áîëüøå ñïåöèàëèñòîâ â ìèðå, èññëåäóþùèõ íåãàòèâíîå âîçäåéñòâèå øóìà íà
÷åëîâåêà, ïðåäïîëàãàþò, ÷òî øóì îêàçûâàåò îáùåå ñòðåññîðíîå âëèÿíèå íà îðãàíèçì â
îáùåì, íî íå âñå èññëåäîâàíèÿ ïîäòâåðæäàþò ýòî. Ðàçëè÷íûå òåîðèè è âåðñèè, ñâÿçàííûå
ñ ìåõàíèçìîì âîçäåéñòâèÿ øóìà, ðàñõîæäåíèÿ â âîïðîñàõ î òåõ èëè èíûõ çàáîëåâàíèÿõ
ãîâîðÿò ëèøü î òîì, ÷òî ó êàæäîãî ÷åëîâåêà ýòî ïðîÿâëÿåòñÿ èíäèâèäóàëüíî è ïî-ñâîåìó.

Øóì âîçäåéñòâóåò íà ÷åëîâåêà ñëåäóþùèì îáðàçîì: ñîçäàåò íàãðóçêó íà îðãàí
ñëóõà è âîçäåéñòâóåò íà öåíòðàëüíóþ íåðâíóþ ñèñòåìó, âîñïðèíèìàþùóþ èíôîðìàöèþ
èç âíåøíåãî ìèðà. Íåñïåöèôè÷åñêèì âîçäåéñòâèåì çâóêà íà ÷åëîâåêà ìîæíî íàçâàòü
ðåàêöèþ ñåðäå÷íî-ñîñóäèñòîé è öåíòðàëüíîé íåðâíîé ñèñòåìû.

Íàñêîëüêî ëþäè ìîãóò àäàïòèðîâàòüñÿ ê øóìó è ïî÷åìó èõ ðåàêöèè òàê ñèëüíî
îòëè÷àþòñÿ? Ïðåäïîëîæåíèÿ î òîì, ÷òî ñóùåñòâóþò èíäèâèäóàëüíûå ðàçëè÷èÿ â
÷óâñòâèòåëüíîñòè ê øóìó, ñîãëàñîâàííûå â ðàçíûõ ñèòóàöèÿõ, è î òîì, ÷òî ñóùåñòâóþò
ðàçëè÷íûå ñõåìû êîððåêòèðîâêè, íèêîãäà íå ïîäâåðãàëèñü ñåðüåçíûì èñïûòàíèÿì â
ïîëåâûõ èññëåäîâàíèÿõ. (Ëàáîðàòîðíûå èññëåäîâàíèÿ èíäèâèäóàëüíûõ ðàçëè÷èé ñì.
Anderson, 1971 [7]; Elliott, 1971 [8]; Hockey, 1972 [9]) Â îáùåñòâåííûå èññëåäîâàíèÿ øóìà
èíîãäà âêëþ÷àþòñÿ íåêîòîðûå âîïðîñû â ãðóáîé ïîïûòêå èçìåðèòü îáùóþ òåíäåíöèþ
ê ÷óâñòâèòåëüíîñòè øóìà. Êîððåëÿöèè ìåæäó òàêèìè ìåðàìè è ðàçäðàæåíèåì â
ñâÿçè ñ êîíêðåòíîé ïðîáëåìîé øóìà ÷àñòî áûâàþò íåçíà÷èòåëüíûìè (Broadbent, 1972
[10]; McKennell, 1963 [11]). Äàæå êîãäà îáíàðóæèâàåòñÿ ñâÿçü (íàïðèìåð, Langdon,
1976 [12]), òðóäíîñòè, ñâÿçàííûå ñ ïîëó÷åíèåì ïðè÷èííî-ñëåäñòâåííûõ ñâÿçåé íà
îñíîâå ýòèõ êîððåëÿöèîííûõ äàííûõ, çàñòàâëÿþò çàäóìàòüñÿ î òîì, äåéñòâèòåëüíî ëè
îöåíêà ÷óâñòâèòåëüíîñòè ê øóìó ìîæåò èñïîëüçîâàòüñÿ â ïåðñïåêòèâíîì èññëåäîâàíèè
äëÿ ïðîãíîçèðîâàíèÿ ðåàêöèé íà øóì. Ïî-âèäèìîìó, òàêîãî èññëåäîâàíèÿ åùå íå
ïðîâîäèëîñü. Èíôîðìàöèÿ î ñòåïåíè àäàïòàöèè ëþäåé ê øóìó òàêæå íåÿñíà.

Íåîáõîäèìî èññëåäîâàòü çàâèñèìîñòü âîçäåéñòâèÿ çâóêîâîãî ñèãíàëà íà ÷åëîâåêà
è ðåàêöèè åãî âíóòðåííèõ ñèñòåì îðãàíèçìà. Òî åñòü äàòü îöåíêó âëèÿíèÿ øóìà íà
÷åëîâåêà, íà åãî ñàìî÷óâñòâèå, íàñòðîåíèå, âîñïðèÿòèå îêðóæàþùåé ñðåäû, à òàê æå,
âûÿâèòü ñêðûòûå ðåàêöèÿ îðãàíèçìà, ôèêñèðóåìûå ïðèáîðàìè. Âàæíî óäåëèòü îñîáîå
âíèìàíèå íèçêî- è âûñîêî÷àñòîòíîìó øóìó, òàê êàê îíè ïðèäàþò çâóêó èíòåíñèâíîñòè
ïðè îöåíêå âîñïðèÿòèÿ ôèçè÷åñêîãî ôàêòîðà ÷åëîâåêîì.

Òàê êàê âîñïðèÿòèå øóìà èìååò èíäèâèäóàëüíûé õàðàêòåð äëÿ êàæäîãî
÷åëîâåêà, íåîáõîäèìî ñîçäàâàòü ìåòîäèêè èññëåäîâàíèÿ ðåàêöèè îðãàíèçìà. Âàæíî
ðàçðàáîòàòü äëÿ êàæäîãî ïðåäïðèÿòèÿ, ãäå øóì èìååò çíà÷åíèÿ âûøå íîðìû, ñâîé ìåòîä
ïðîôåññèîíàëüíîãî îòáîðà, äëÿ èñêëþ÷åíèÿ ñîöèàëüíî-ýêîíîìè÷åñêèõ ïîòåðü.

Àâòîðû âûðàæàþò áëàãîäàðíîñòü íà÷àëüíèêó èñïûòàòåëüíîé ëàáîðàòîðèè

ÎÎÎ ¾Èíñòèòóò àêóñòè÷åñêèõ êîíñòðóêöèé¿ Ôèåâó Ê.Ï. çà ïðåäîñòàâëåííûå

ìàòåðèàëû.
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