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Abstract

Various empirical models have emphasized the dependence of sound absorption coe�cient on static

air�ow resistivity, and thus its measurement becomes essential. In this paper, the two-cavity and two-thickness

indirect acoustic methods are implemented based on a standard impedance tube for evaluating the static �ow

resistivity of foam. A comparison is made between the resistivity results obtained by the two-cavity and two-

thickness method, and later validated with results of an alternating air-�ow test setup which is developed as

per the ISO 9053 guidelines. Further, the empirical relations are utilized to estimate the absorption coe�cient

from measured values of �ow resistivity and are compared with measured absorption coe�cient in an impedance

tube. The results discussed in this study presents the feasibility and suitability of the indirect acoustic methods

for evaluating the �ow resistivity.

Keywords: Static �ow resistivity, Two-cavity, Two-thickness method, Impedance Tube, Absorption

Coe�cient.
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ñòàòè÷åñêîãî óäåëüíîãî ñîïðîòèâëåíèÿ ïðîäóâàíèþ äëÿ ïåíû ðåàëèçîâàíû êîñâåííûå àêóñòè÷åñêèå

ìåòîäû äâóõ ïîëîñòåé è äâóõ ñëîåâ. Ïðîâåäåíî ñðàâíåíèå ðåçóëüòàòîâ èçìåðåíèÿ óäåëüíîãî

ñîïðîòèâëåíèÿ, ïîëó÷åííûõ ìåòîäîì äâóõ ïîëîñòåé è äâóõ ñëîåâ, à çàòåì ïîäòâåðæäåííûõ ðåçóëüòàòàìè

ðàáîòû èñïûòàòåëüíîé óñòàíîâêè ïåðåìåííîãî âîçäóøíîãî ïîòîêà, ðàçðàáîòàííîé â ñîîòâåòñòâèè

ñ íîðìàìè ISO 9053. Äàëåå ýìïèðè÷åñêèå ñîîòíîøåíèÿ èñïîëüçóþòñÿ äëÿ îöåíêè êîýôôèöèåíòà

ïîãëîùåíèÿ ïî èçìåðåííûì çíà÷åíèÿì óäåëüíîãî ñîïðîòèâëåíèÿ ïðîäóâàíèþ è ñðàâíèâàþòñÿ ñ

èçìåðåííûì êîýôôèöèåíòîì ïîãëîùåíèÿ â èìïåäàíñíîé òðóáå. Ðåçóëüòàòû, ðàññìîòðåííûå â íàñòîÿùåì

èññëåäîâàíèè, ïîêàçûâàþò öåëåñîîáðàçíîñòü è ïðèãîäíîñòü êîñâåííûõ àêóñòè÷åñêèõ ìåòîäîâ äëÿ îöåíêè

óäåëüíîãî ñîïðîòèâëåíèÿ ïðîäóâàíèþ.

Êëþ÷åâûå ñëîâà: ñòàòè÷åñêîå ñîïðîòèâëåíèå ïðîäóâàíèþ, äâóõïîëîñòíîé ìåòîä, ìåòîä äâóõ

ñëîåâ, èìïåäàíñíàÿ òðóáà, êîýôôèöèåíò ïîãëîùåíèÿ.

Introduction

The empirical models [1, 2, 3, 4] have been extensively used for estimating the sound
absorption coe�cient of a homogenous sound absorbing material. These empirical relations
require the knowledge of the material's static �ow resistivity as a prerequisite which could be
readily determined by using various standards or methods. Delany and Bazley [2] recommended
the use of simple power law functions to represent the normalized characteristic impedance and
propagation constant as a function of the frequency parameter (ratio of frequency to �ow
resistivity) for �brous absorbent materials. It was observed that �bre size and bulk density are
the two important parameters in�uencing �ow resistivity of �brous materials. The power law
functions could be appropriately used for values of frequency parameter ranging from 0.01 to
1 m3/kg. The empirical relations recommended by Delany and Bazley could not be con�dently
used to determine the intrinsic properties for small values of the frequency parameter [1]. Hence,
Bies and Hansen [1] further extended the Delany and Bazley empirical relationships to approach
the correct limits for small, medium and large values of the frequency parameter. Dunn and
Davern [3] followed the Delany and Bazley approach and proposed new regression constants
for open-pore polyurethane foams. Thus, depending on the material and frequency considered
for the study, a suitable empirical equation could be utilized to estimate the sound absorption
coe�cient from the known value of static �ow resistivity. So, one of the required acoustic
material properties is static �ow resistivity for estimating sound absorption coe�cient using
empirical equations. The methods available for measuring the �ow resistivity can be categorized
as a direct or steady air�ow method [5, 6], the alternating air�ow method [6, 7], the comparative
method [8] and the acoustic method [9, 10, 11, 12, 13].

The direct air�ow method requires measurement of two parameters, i.e., the pressure
drop across the test specimen and the volume velocity of steady air�ow through the test
specimen. On the other hand, the alternating air�ow method requires only the measurement
of pressure drop across the test specimen for a known volume velocity. In case of the ISO
9053 alternating air �ow method, the pressure drop is measured at a low frequency of 2 Hz.
Dragonetti et al.[7] proposed an alternating method in which the �ow resistivity is estimated by
using imaginary part of transfer function between two microphones kept in two cavities coupled
by a speaker. This method eliminates the need for special instrumentation and calibration as
required in case of ASTM C522 and ISO 9053 standards. Thus, the pressure measurements
can be performed at frequencies greater than 2 Hz. Stinson and Daigle [8] developed the
comparative method based on an electronic system involving two resistive elements placed in
series for the measurement of �ow resistance. The two elements consist of one with calibrated
resistance and the other with unknown resistance. Since, the volumetric �ow of air across the
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elements is constant, the ratio of the pressure drops across each element is the same as the ratio
of the values of �ow resistance.

The acoustic methods for �ow resistance measurement is normally carried out in
impedance tubes which can be broadly classi�ed as indirect and inverse methods. The inverse
method [9] relies on a sound absorption coe�cient, while the indirect method [10, 11, 12, 13]
requires evaluation of two intrinsic acoustic properties such as e�ective density and e�ective
bulk modulus of the material. The indirect acoustic methods can further be classi�ed as
two-microphone and three-microphone methods. Ingard and Dear [11] proposed that at
low frequencies the ratio of the sound pressures on both sides of the specimen measured
in tube-like structure can be used to estimate normalized static �ow resistance of acoustic
material. Woodcock and Hodgson [13] adopted the two-cavity [14] and two-thickness [15]
methods for evaluating the characteristic impedance and propagation constant of �brous
materials and then utilized the Delany and Bazley inverse equations for calculating the
e�ective �ow resistivity. Tao et al. [12] proposed an acoustic method based on the impedance
transfer function for determination of the static air�ow resistivity using a standard impedance
tube used in ISO 10534.2 [16]. Doutras et al. proposed three-microphone impedance tube
method to evaluate non-acoustic properties like �ow resistivity, tortuosity, viscous and thermal
characteristic lengths by measuring material's e�ective density and bulk modulus [10].

The main aim of this research is to discuss the existing �ow resistivity measurement
methods and to �nd the feasibility of acoustic methods in measuring static �ow resistivity.
In this paper, the two-cavity method with arbitrary air-gap and the two-thickness method
are implemented for measuring the static �ow resistivity of foam samples. In addition, a
test setup has been developed as per the ISO 9053 alternating air�ow method guidelines for
validation of the obtained static �ow resistivity values. The performance of the implemented
methods is assessed based on the absorption coe�cient estimated from their respective static
�ow resistivity. The results and discussion presented in this study will help in the selection of
a suitable method for measuring the static �ow resistivity.

1. Methodology

The material's �ow resistivity can be basically categorized as dynamic and static.
The dynamic �ow resistivity varies with frequency. However, it tends to remain constant at
low frequencies and hence is termed as static �ow resistivity [17]. Panneton and Olny [18]
expressed the dynamic �ow resistivity as a function of the material's intrinsic properties, i.e.
the propagation constant (complex wave number) and characteristic impedance. The real part
of the low-frequency limit of the dynamic resistivity yields the static �ow resistivity (Ns/m4)
as follows [18],

σ = Re
[
lim
ω→0

(γYp)
]

(1)

σ = Re
[
lim
ω→0

(jkpYp)
]

(2)

Where, γ, kp and Yp are the propagation constant (m−1), complex wave number (m−1) and the
characteristic impedance (Pa·s/m) of acoustic material, respectively.

The intrinsic properties are evaluated using the indirect acoustic methods based on
standard impedance tube method, viz. the two-cavity method [14] and two-thickness method
[15]. The two-cavity method involves measurement of the surface impedances for the conditions
of the specimen when backed by rigid termination and an arbitrarily chosen back cavity of depth
L and the complex wave number and characteristic impedance of acoustic material are evaluated
as follows [12],
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kp =
1

2l
tan−1

(√
Z22

Z11

− Z12[Z22 + Z11]

[Z11]2

)
(3)

Yp = jZ11 tan 2kpl (4)

Where, Z11 and Z12 are the speci�c acoustic impedance (Pa·s/m) at the front surface of the
specimen of thickness l when the specimen is backed by rigid termination and arbitrarily chosen
back cavity. On the other hand, Z22 is the acoustic impedance at the back surface of the test
specimen when backed by the arbitrarily chosen back cavity and is written as [20],

Z22 = −jρc cot kL (5)

Where, ρ is the air density (kg/m3), c is the speed of sound (m/s), L is the arbitrarily chosen
back cavity depth (m) and k is the wave number de�ned as k = 2πf/c, where f is the frequency.

In case of the two-thickness method, the acoustic impedances are measured at the
front surface of the specimen having two di�erent thicknesses, in which it is experimentally
convenient to make second specimen thickness twice of the other. The surface impedance of
the specimen is estimated from the measured pressures at two locations along the length of
impedance tube using standard impedance tube technique. In this method samples are backed
by rigid termination and the intrinsic properties are obtained as follows [15],

γ =
1

4l
ln

(
1 + a

1− a

)
(6)

Yp =
√
Z11(2Z12 − Z11) (7)

a =

√
2Z12 − Z11

Z11

(8)

Where, Z11 and Z12 are the speci�c acoustic impedance (Pa·s/m) at the front surface of the
specimen having thickness 2l and 4l, respectively.

Tao et al. [12] evaluated the speci�c acoustic impedances utilizing the transfer function
method [19, 20, 21] based on the ISO 10534.2 standard impedance tube. Another way of
evaluating impedance is to record the individual complex pressures at the two microphone
locations and then utilize the analytical formulation given below,

Z = ρc

[
A+B

A−B

]
(9)

Where, A and B are the complex pressure amplitudes of the incident and re�ected wave,
respectively. Figure 1 depicts a standard impedance tube design according to ISO 10534.2.
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Fig. 1. ISO 10534.2 standard impedance tube

To validate the static �ow resistivity results evaluated using the two-cavity and the two-
thickness method, a test setup has been developed in compliance with the ISO9053 alternating
air�ow method guidelines. A sinusoidal alternating air�ow is generated with the help of motor-
driven piston cylinder arrangement at a frequency of 2 Hz. The piston movement leads to
volume modulation which in turn results in pressure modulation in the vessel whose end is
closed by means of a sound absorbing material. The quantity of pressure modulation is directly
related to the air�ow resistivity. Figure 2 depicts the schematic diagram of ISO9053 alternating
air�ow setup.

Fig. 2. Schematic diagram of ISO 9053 alternating air�ow setup

Once the static �ow resistivity is evaluated and validated. Then, characteristic
impedance and propagation constant can be estimated using empirical equations given by
Delany and Bazley [2].

Yp = ρc

[
1 + 0,051

(
σ

f

)0,75
]
− 0,077jρc

(
σ

f

)0,73

(10)

Y = jkp = 0,175k

(
σ

f

)0,59

+ jk

[
1 + 0,086

(
σ

f

)0,70
]

(11)

The surface impedance, re�ection and absorption coe�cient could be deduced as
follows [22],

Z = −jYp cot 2kpl (12)
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R =

[
Z − ρc
Z + ρc

]
(13)

α = 1− |R|2 (14)

2. Results and discussion

Initially, the two-cavity method with arbitrary air-gap was implemented and the
individual pressure measurements were carried out for foam sample at the two microphone
locations. The speci�c acoustic impedance was analytically evaluated from the pressure
measurements. The frequency range considered is 100-500 Hz by setting the microphones at
wide spacing.

Fig. 3. Impedance tube foam test sample of 100 mm diameter with 22 mm thick

As per the impedance tube requirement, a 100 mm diameter foam sample is prepared
from a 22 mm thick sheet. The dynamic �ow resistivity for 22 mm thick foam sample subjected
to 50 mm back cavity depth is depicted in Fig. 4.

Fig. 4. Flow resistivity as a function of frequency for 22 mm thick foam subjected to 50 mm
back cavity depth in two-cavity method
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The value of static �ow resistivity is expected to be acceptable when the measurement
frequency is few hundreds of Hz or lower [12]. Due to poor signal to noise ratio below 200 Hz,
the static �ow resistivity was evaluated in the 200-300 Hz frequency range. The mean and
standard deviation (%) of �ow resistivity values for 22 mm thick foam in the 200-300 Hz range
are listed in Table 1. Mean value can be considered as the static �ow resistivity.

Table 1

Static �ow resistivity for 22 mm thick foam in two-cavity method

Static Flow Resistivity (Ns/m4) in 200-300 Hz frequency range
Acoustic Material Mean Standard Deviation (%)

Foam 12069 25,62

Thus, the static �ow resistivity results for 22 mm thick foam sample was measured
using the two-cavity method with 50 mm back cavity depth. The back cavity was arbitrarily
chosen and could be subject to changes depending on the availability and the experimenter's
rational. Thus, it becomes very much essential, to study the e�ect of a change in air-gap on
�ow resistivity. For the same reason, the 22 mm thick foam sample was subjected to varying
air-gaps; 50 mm, 100 mm and 125 mm and the �ow resistivity as a function of frequency is
evaluated as shown below.

Fig. 5. E�ect of change in air-gap on �ow resistivity for 22 mm thick foam

From Fig. 5, it could be seen that the change in �ow resistivity with respect to a
change in air-gap is insigni�cant and the larger air-gap leads to more stable results. The same
is depicted in tabular form (Table 2),

Similarly, the e�ect of a change in thickness of sample on measured �ow resistivity
is studied. Two foam samples are chosen with thickness of 22 mm and 44 mm and provided
an air-gap of 50 mm in the impedance tube. The measured �ow resistivity as a function of
frequency is shown in Fig. 6.
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Table 2

E�ect of change in air-gap on static �ow resistivity of foam in two-cavity method

Air Gap 50 mm 100 mm 125 mm
Static Flow Resistivity (Ns/m4) 12069 13043 12896

Standard Deviation (%) 25,62 8,23 8,58

Fig. 6. E�ect of change in thickness on �ow resistivity of foam subjected to 50 mm back
cavity depth in two-cavity method

From Fig. 6, it could be seen that the change in �ow resistivity with respect to a
change in thickness is insigni�cant and the larger thickness leads to more stable results. The
measured values of static air�ow resistivity for two di�erent thicknesses are shown in Table 3.
In addition, the e�ect of a change in air-gap and thickness on �ow resistivity is summarized
in Table 4.

Table 3

E�ect of change in thickness on static �ow resistivity and measured standard deviation of foam
in two-cavity method

Thickness 22 mm 44 mm
Static Flow Resistivity (Ns/m4) 12069 13051

Standard Deviation (%) 25,62 15,34

From Table 4, it could be seen that larger air-gap and thickness leads to improved �ow
resistivity results in case of foam. Also, change in either condition doesn't seem to signi�cantly
a�ect the mean static �ow resistivity values for the implemented two-cavity method.
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Table 4

E�ect of change in thickness on static �ow resistivity and measured standard deviation of foam
in two-cavity method

Air Gap 50 mm 125 mm
Thickness 22 mm 44 mm 22 mm 44 mm

Static Flow Resistivity (Ns/m4) 12069 13051 12896 13304
Standard Deviation (%) 25,62 15,34 8,58 6,44

Fig. 7. Flow resistivity as a function of frequency evaluated using two thickness method for
22 mm and 44 mm thick foam in the 100-500 Hz range

The two-thickness method was also implemented for 22 mm and 44 mm thick foam
samples in the 100-500 Hz frequency range. The complex impedance data was analytically
evaluated from the individual pressure measurements at the two microphone locations and the
dynamic �ow resistivity as a function of frequency is shown in Fig. 7. It is observed that �ow
resistivity values in the 100-500 Hz range are �uctuating more as compared to the two-cavity
method. The mean and the standard deviation (%) of the measured dynamic �ow resistivity in
the 200-300 Hz frequency range as chosen in the two-cavity method is listed in Table 5. Mean
values is considered as static �ow resistivity.

Table 5

Static �ow resistivity for foam evaluated using the two-thickness method

Static Flow Resistivity (Ns/m4) in 200-300 Hz frequency range
Acoustic Material Mean Standard Deviation (%)

Foam 11357 91,68

A comparison is made between the �ow resistivity values evaluated using the two-
cavity method with arbitrary air-gap and the two-thickness method for foam samples in the
200-300 Hz frequency range.
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Fig. 8. Comparison of �ow resistivity as a function of frequency evaluated using two-thickness
and two-cavity method (125 mm back cavity depth) for foam in the 200-300 Hz range

The mean and standard deviation of the �ow resistivity values in the 200-300 Hz
frequency range of two methods are compared in the Table 6.

Table 6

Comparison of static �ow resistivity for foam in the 200-300 Hz frequency range

Indirect Acoustic Method Two-Thickness Two-Cavity (125 mm air-gap)
22 mm thick 44 mm thick

Static Flow Resistivity (Ns/m4) 11357 12896 13304
Standard Deviation (%) 91,68 8,58 6,44

From Table 6, the static �ow resistivity evaluated using the two-thickness and the
two-cavity method seems to be in good agreement. Though the mean values appear close,
from Fig. 8, it could be seen that the variation in �ow resistivity with respect to the frequency
obtained from the two-thickness method is large as compared to the �ow resistivity evaluated
using the two-cavity method with arbitrary air-gap. Thus, for the foam samples (in the 200-
300 Hz frequency range), it could be summarized that the implementation of the two-cavity
method with arbitrary air-gap leads to a more stable trend in �ow resistivity than the two-
thickness method.

The static �ow resistivity evaluated using the two-cavity and the two-thickness method
is validated by means of the developed test setup as per the ISO 9053 alternating air�ow method
guidelines. The 44 mm thick foam specimen was tested using the developed setup and the
air�ow resistivity was measured as 10608 Ns/m4. A comparison is made between the static
�ow resistivity results obtained using the two-cavity method, two-thickness method, and the
developed alternating air�ow test setup and shown in Table 7.
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Table 7

Validation of static �ow resistivity results for foam

Measurement Method Two-Cavity Two-Thickness Alternating Air�ow Setup
(125 mm air-gap)

Static Flow Resistivity (Ns/m4) 13304 11357 10608

From Table 7, it could be seen that the maximum di�erence between the static �ow
resistivity results obtained ranges around 25%. The acceptability of this variation could be
determined based on the variation in the estimated absorption coe�cient values.

Fig. 9. Comparison of absorption coe�cients estimated from �ow resistivity values of 13304
Ns/m4 (two-cavity method) and 10608 Ns/m4 (alternating air�ow method)

Fig. 10. Comparison of measured and estimated absorption coe�cients as a function of
frequency for 44 mm thick foam
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The Delany and Bazley empirical relations are used to estimate the absorption
coe�cients from the �ow resistivity values given in Table 7, and are shown as a function of
frequency in Fig. 9. It could be seen that the estimated absorption coe�cients are in good
agreement despite the 25% variation in the static �ow resistivity values. This indicates that
the 25% variation may be reasonable for estimation of absorption coe�cient. The absorption
coe�cients for the 44 mm thick foam sample are also directly measured using the impedance
tube and the results are compared with the estimated absorption coe�cients. The measured
and estimated absorption coe�cients seem to be in good agreement from Fig.10.

Conclusions

The two-cavity method with arbitrary air-gap and the two-thickness method were
implemented for evaluation of characteristic impedance and propagation constant and hence
�ow resistivity for foam samples in the 100-500 Hz frequency range. The �ow resistivity was
found to be constant, i.e. static in the 200-300 Hz range and hence the post-analysis was carried
out considering this frequency range. In case of a two-cavity method with arbitrary air-gap,
the e�ect of a change in air-gap and thickness on mean static �ow resistivity was insigni�cant.
Larger air-gaps and thicknesses resulted in a more stable trend in �ow resistivity plot as a
function of frequency. The static �ow resistivity values evaluated using the two-cavity and
the two-thickness method for foam in the 200-300 Hz range was found to be in reasonable
agreement. Though the mean values appear close for the two methods, the variation in �ow
resistivity with respect to frequency for the two-thickness method was signi�cantly large as
compared to the two-cavity method. The �ow resistivity results were validated using a test
setup developed based on ISO 9053 alternating air�ow method guidelines and the maximum
variation was in the range of 25%. This variation was found to be acceptable due to a close
agreement between the absorption coe�cients estimated from the �ow resistivity values using
the Delany and Bazley empirical relations. In addition, the estimated absorption coe�cients
for foam samples were found to be in good agreement with the absorption coe�cients directly
measured using the impedance tube, thus indicating good suitability and feasibility of the
considered static �ow resistivity measurement methods.

Acknowledgment

Authors would like to express a deep sense of gratitude to the Acoustic Lab of IIT
Hyderabad for providing the experimental setup, infrastructure, and other facilities which were
required to ful�ll this work.

References

1. Bies, D., Hansen, C. (1980) ¾Flow resistance information for acoustical design¿,
Applied Acoustics, Vol. 13 (5), pp. 357�391.

2. Delany, M., Bazley, E. (1970) ¾Acoustical properties of �brous absorbent materials¿,
Applied Acoustics, Vol. 3 (2), pp. 105�116.

3. Dunn, I.P., Davern, W.A. (1986) ¾Calculation of acoustic impedance of multi-layer
absorbers¿, Applied Acoustics, Vol. 19, pp. 321� 334.

4. Miki, Y. (1990) ¾Acoustical properties of porous materials � Modi�cations of
Delany-Bazley models¿, Journal of Acoustical Society of Japan, Vol. 11 (1), pp. 19�24.

5. ASTM (2009), C522�03:2009. Standard test method for air�ow resistance of
acoustical materials, American Society for Testing and Materials.



NOISE Theory and Practice 19

6. ISO (1991), 9053:1991. Acoustics - Materials for acoustical applications.
Determination of air�ow resistance, International Organization for Standardization, Geneva.

7. Dragonetti, R., Ianniello, C., Romano, R.A. (2011) ¾Measurement of the resistivity
of porous materials with an alternating air-�ow method¿, Journal of Acoustical Society of
America, Vol. 129 (2), pp. 753�764.

8. Stinson, M.R., Daigle, G.A. (1988) ¾Electronic system for the measurement of �ow
resistance¿, Journal of Acoustical Society of America, Vol. 83 (6), pp. 2422-2428.

9. Atalla, Y., Panneton, R. (2005) ¾Inverse acoustical characterization of open cell
porous media using impedance tube measurements¿, Canadian Acoustics, Vol. 33 (1), pp. 3�10.

10. Doutres, O., Salissou, Y., Atalla, N., Panneton, R. (2010) ¾Evaluation of the
acoustic and non-acoustic properties of sound absorbing materials using a three-microphone
impedance tube¿, Applied Acoustics, Vol. 71 (6), pp. 506-509.

11. Ingard, K.U., Dear, T.A. (1985) ¾Measurement of acoustic �ow resistance¿, Journal
of Sound and Vibration, Vol. 103 (4), pp. 567�572.

12. Tao, J., Wang, P., Qiu, X., Pan, J. (2015) ¾Static �ow resistivity measurements
based on the ISO 10534.2 standard impedance tube¿, Building and Environment, Vol. 94 (2),
pp. 853�858.

13. Woodcock, R., Hodgson, M. (1992) ¾Acoustic methods for determining the e�ective
�ow resistivity of �brous materials¿, Journal of Sound and Vibration, Vol. 153 (1), pp. 186�191.

14. Yaniv, S.L. (1973) ¾Impedance tube measurement of propagation constant and
characteristic impedance of porous materials¿, Journal of Acoustical Society of America,
Vol. 54 (5), pp. 1138�1142.

15. Smith, C.D., Parott, T.L. (1983) ¾Comparison of three methods for measuring
acoustic properties of bulk materials¿, Journal of Acoustical Society of America, Vol. 74 (5),
pp. 1577�1582.

16. ISO (1998), 10534-2:1998. Acoustics � Determination of sound absorption
coe�cient and impedance in impedance tubes � Transfer function method, International
Organization for Standardization, Geneva.

17. Ren, M., Jacobsen, F. (1993) ¾A method of measuring the dynamic �ow resistance
and reactance of porous materials¿, Applied Acoustics, Vol. 39 (4), pp. 265-276.

18. Panneton, R., Olny, X. (2006) ¾Acoustical determination of the parameters
governing viscous dissipation in porous media¿, Journal of Acoustical Society of America,
Vol. 119 (4), pp. 2027�2040.

19. Chung, J.Y., Blaser, D.A. (1980) ¾Transfer-function method of measuring in-duct
acoustic properties. I. Theory. II. Experiment¿, Journal of Acoustical Society of America,
Vol. 68 (3), pp. 907�921.

20. Munjal, M.L. Acoustics of ducts and mu�ers, 2nded., John Wiley & Sons, UK, 2014.
21. Utsuno, H., Tanaka, T., Fujikawa, T., Seybert, A.F. (1989) ¾Transfer function

method for measuring characteristic impedance and propagation constant of porous materials¿,
Journal of Acoustical Society of America, Vol. 86 (2), pp. 637�643.



NOISE Theory and Practice 20

ÓÄÊ: 534.771

OECD: 01.03.AA

Âëèÿíèå âíóòðèêàíàëüíûõ íàóøíèêîâ íà çâóêîâîñïðèÿòèå ó ëèö

ìîëîäîãî âîçðàñòà

Ëåâèíà Å.À.1, Ëåâèí Ñ.Â.2, Ïåòðîâ Ñ.Ê.3, Õðàìîâ À.Â.4*
1 ê.ì.í., ñò. íàó÷í. ñîòð., Ñàíêò-Ïåòåðáóðãñêèé íàó÷íî-èññëåäîâàòåëüñêèé èíñòèòóò óõà,

ãîðëà, íîñà è ðå÷è Ìèíçäðàâà ÐÔ
2 ê.ì.í., ñò. íàó÷í. ñîòð., Ñàíêò-Ïåòåðáóðãñêèé íàó÷íî-èññëåäîâàòåëüñêèé èíñòèòóò óõà,

ãîðëà, íîñà è ðå÷è Ìèíçäðàâà ÐÔ
3 ê.ò.í., ïðîôåññîð, Áàëòèéñêèé Ãîñóäàðñòâåííûé Òåõíè÷åñêèé Óíèâåðñèòåò

"ÂÎÅÍÌÅÕ" èìåíè Ä.Ô. Óñòèíîâà
4 ä.ì.í., ïðîôåññîð, Áàëòèéñêèé Ãîñóäàðñòâåííûé Òåõíè÷åñêèé Óíèâåðñèòåò

"ÂÎÅÍÌÅÕ" èìåíè Ä.Ô. Óñòèíîâà

Àííîòàöèÿ

Öåëüþ ðàáîòû ÿâëÿåòñÿ âëèÿíèå âíóòðèêàíàëüíûõ íàóøíèêîâ íà çâóêîâîñïðèÿòèå ó ëèö

ìîëîäîãî âîçðàñòà, ïóòåé ïðîôèëàêòèêè âûÿâëåííûõ íàðóøåíèé. Èññëåäîâàíèÿ áûëè ïðîâåäåíû ó 38

äîáðîâîëüöåâ (16 ìóæ÷èí, 22 æåíùèí) â âîçðàñòå îò 18 äî 25 ëåò (ñòóäåíòîâ). Âñåì ïðîâîäèëîñü ËÎÐ

îáñëåäîâàíèå, âêëþ÷àþùåå èìïåäàíñîìåòðèþ è ðåãèñòðàöèþ çàäåðæàííîé âûçâàííîé îòîàêóñòè÷åñêîé

ýìèññèè. Ðåçóëüòàòû ïîêàçàëè, ÷òî äëèòåëüíîå íîøåíèå âíóòðèêàíàëüíûõ íàóøíèêîâ îêàçûâàåò

íåãàòèâíîå âîçäåéñòâèå íà ôóíêöèè êàê ïåðèôåðè÷åñêîãî, òàê è öåíòðàëüíîãî îòäåëîâ ñëóõîâîãî

àíàëèçàòîðà. Ðåêîìåíäîâàíî âíåäðåíèå ãëîáàëüíîãî ñòàíäàðòà ÂÎÇ-ÌÑÝ äëÿ ïåðñîíàëüíûõ àóäèîñèñòåì

è óñòðîéñòâ(WHO/NMH/NVI/19.4).

Êëþ÷åâûå ñëîâà: íàóøíèêè, àóäèîïëååð, ðèñê, çâóêîïðîâåäåíèå, çâóêîâîñïðèÿòèå.
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Abstract

The aim of the work is the in�uence of in-ear headphones on sound perception in young people, ways

of preventing detected violations. Studies were conducted in 38 volunteers (16 men, 22 women) aged 18 to

25 years (students). An ENT examination was conducted for all, including impedancemetry and registration

of delayed evoked otoacoustic emission. The results showed that prolonged wearing of in-ear headphones has

a negative e�ect on the functions of both the peripheral and central departments of the auditory analyzer.
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Implementation of the WHO-ITU global standard for personal audio systems and devices (WHO / NMH / NVI

/ 19.4) is recommended.

Keywords: headphones, audio player, risk, sound perception.

Ââåäåíèå

Ïî äàííûì Âñåìèðíîé îðãàíèçàöèè çäðàâîîõðàíåíèÿ (ÂÎÇ), îêîëî 1,1 ìèëëèàðäà
ìîëîäûõ ëþäåé âî âñåì ìèðå ïîäâåðæåíû ðèñêó ïîòåðè ñëóõà èç-çà âîçäåéñòâèÿ,
âûçâàííîãî íåáåçîïàñíûì èñïîëüçîâàíèåì ëè÷íûõ àóäèîóñòðîéñòâ. Ãóëÿÿ ñåãîäíÿ
ïî óëèöàì ëþáîãî ãîðîäà ìîæíî çàìåòèòü, ÷òî ïîäàâëÿþùåå ÷èñëî ïðåäñòàâèòåëåé
ìîëîäîãî ïîêîëåíèÿ õîäÿò ïî ãîðîäó â íàóøíèêàõ. Ïðè÷åì èõ ñ êàæäûì ãîäîì
ñòàíîâèòüñÿ âñå áîëüøå. Ïî÷òè ïîëîâèíà âñåõ ïîäðîñòêîâ è ìîëîäûõ ëþäåé (12-35
ëåò) â ñòðàíàõ ñî ñðåäíèì è âûñîêèì óðîâíåì äîõîäà ïîäâåðæåíû íåáåçîïàñíîìó
óðîâíþ çâóêà ïðè èñïîëüçîâàíèè ïåðñîíàëüíûõ àóäèîóñòðîéñòâ, è îêîëî 40% èç íèõ
ïîäâåðæåíû ïîòåíöèàëüíî âðåäíûì óðîâíÿì øóìà â êëóáàõ, äèñêîòåêàõ è áàðàõ [1].
Îïðîñ ó÷àùèõñÿ â Äàíèè (1689 ÷åëîâåê â âîçðàñòå 12-19 ëåò) ïîêàçàë, ÷òî 90% èç íèõ
ñëóøàëè ìóçûêó ÷åðåç íàóøíèêè íà MP3-ïëååðàõ; 32,8% áûëè ÷àñòûìè ïîëüçîâàòåëÿìè,
48,0% èñïîëüçîâàëè âûñîêèå íàñòðîéêè ãðîìêîñòè, è òîëüêî 6,8% âñåãäà èëè ïî÷òè âñåãäà
èñïîëüçîâàëè îãðàíè÷èòåëü øóìà. ×àñòûå ïîëüçîâàòåëè â 4 ðàçà ÷àùå ñëóøàëè ìóçûêó
ñ âûñîêîé ãðîìêîñòüþ[2]. Â áîëüøèíñòâå ñëó÷àåâ èñïîëüçóþòñÿ íàóøíèêè-âêëàäûøè [3].
Íåáëàãîïðèÿòíîìó øóìîâîìó âîçäåéñòâèþ íàóøíèêîâ ïîäâåðãàþòñÿ òàêæå äèñïåò÷åðû,
çâóêîîïåðàòîðû, ðàáîòíèêè ñâÿçè è äðóãèå ïðîôåññèîíàëüíûå ãðóïïû [4, 5]. Îöåíêà
âîçäåéñòâèÿ øóìà è ïîðîãîâûõ óðîâíåé ñëóõà ó 78 îïåðàòîðîâ call-öåíòðà ïîêàçàëà,
÷òî ó áîëüøèíñòâà (92,3%) ó÷àñòíèêîâ èññëåäîâàíèÿ áûë íîðìàëüíûé ñëóõ íà îáà óõà.
Òåì íå ìåíåå, èõ ïîêàçàòåëè â äèàïàçîíå ÷àñòîò îò 0,25 äî 8 êÃö áûëè õóæå, ÷åì â
êîíòðîëå, òîãäà êàê âûøå 8 êÃö áûëè ñîïîñòàâèìû [6]. Îõðàíà òðóäà ïðîôåññèîíàëüíûõ
êîíòèíãåíòîâ, ðàáîòàþùèõ â íàóøíèêàõ è ïðàâèëüíûé ïîäáîð ïîñëåäíèõ � àêòóàëüíàÿ
çàäà÷à äëÿ ñïåöèàëèñòîâ â îáëàñòè îõðàíû òðóäà â ðÿäå îáëàñòåé ïðîìûøëåííîñòè. Î
ïðàâîìåðíîñòè èñïîëüçîâàíèÿ ðàáî÷èìè àóäèîïëååðîâ ñ íàóøíèêàìè âî âðåìÿ ðàáîòû ñ
òî÷êè çðåíèÿ òåõíèêè áåçîïàñíîñòè íåìàëî ñïîðÿò ñïåöèàëèñòû. Âñå çàâèñèò îò õàðàêòåðà
òðóäà ðàáîòíèêà. Íàïðèìåð, ðàçðàáîò÷èêàì ïðîãðàììíîãî îáåñïå÷åíèÿ, êîòîðûì íàäî
ñîñðåäîòî÷èòüñÿ, ýòî èíîãäà ïîìîãàåò â ðàáîòå, ïîâûøàÿ èõ ïðîèçâîäèòåëüíîñòü. Íî
â öåõå ìàøèíîñòðîèòåëüíîãî ïðåäïðèÿòèÿ � îáúåêòà ïîâûøåííîé îïàñíîñòè, íóæíî
áûòü âñå âðåìÿ âíèìàòåëüíûì è áûòü ãîòîâûì óñëûøàòü ïðåäóïðåæäàþùèå ãîëîñîâûå
êîìàíäû, ñèãíàëû ìàøèí, êðèêè äðóãèõ ðàáî÷èõ. Â ýòîì ñëó÷àå èñïîëüçîâàíèÿ ðàáî÷èìè
àóäèîïëååðîâ ñ íàóøíèêàìè âî âðåìÿ ðàáîòû äîëæíî áûòü çàïðåùåíî.

Âñòàâíûå íàóøíèêè (âêëàäûøè) âñòàâëÿþòñÿ íåïîñðåäñòâåííî â íàðóæíûé
ñëóõîâîé ïðîõîä è ÿâëÿþòñÿ îäíèìè èç ñàìûõ ðàñïðîñòðàíåííûõ. Îáùåïðèíÿòûé
ñòàíäàðò áûë ðàçðàáîòàí åùå â 1991 ãîäó èíæåíåðàìè êîìïàíèè Etymotic Research,
à ïðàðîäèòåëÿìè âñòàâíûõ íàóøíèêîâ ñòàëè èñïîëüçóåìûå â íàó÷íûõ öåíòðàõ
àóäèîëîãè÷åñêèå íàóøíèêè. Ðåêîìåíäîâàíî ñóáúåêòèâíî âû÷èñëÿòü àêóñòè÷åñêî-
÷àñòîòíûå õàðàêòåðèñòèêè íàóøíèêîâ â ÃÎÑÒ 28728-89 (ìåòîä ïðÿìîãî èçìåðåíèÿ
� ñðàâíèòåëüíàÿ ÷àñòîòíàÿ õàðàêòåðèñòèêà íàóøíèêîâ â ñâîáîäíîì ïîëå). Ñòîèò
îáðàòèòü âíèìàíèå íà òî, ÷òî æåñòêîãî ñòàíäàðòà íå ñóùåñòâóåò, è ýòî äàåò âîçìîæíîñòü
ïðîèçâîäèòåëÿì óêàçûâàòü äàííûå èç ìàðêåòèíãîâûõ ñîîáðàæåíèé. Ìîæíî óêàçàòü
áîëüøóþ ÷óâñòâèòåëüíîñòü äëÿ ëó÷øèõ ïðîäàæ îïðåäåëåííîé ìîäåëè, êàê áîëåå
÷óâñòâèòåëüíîé, à ìîæíî çàíèçèòü çíà÷åíèå, äëÿ ñîîòâåòñòâèÿ ïîêàçàòåëåé ñàíèòàðíûì
íîðìàì. Òàêæå íåêîòîðûå ïðîèçâîäèòåëè ìîãóò ïðèâîäèòü ÷óâñòâèòåëüíîñòü íàóøíèêîâ
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èñõîäÿ èç ÷óâñòâèòåëüíîñòè êàïñþëÿ, íå ó÷èòûâàÿ, ÷òî èòîãîâàÿ ÷óâñòâèòåëüíîñòü
íàóøíèêà â ñáîðå áóäåò îòëè÷àòüñÿ.

Íåãàòèâíûå ïîñëåäñòâèÿ îò èõ ïðèìåíåíèÿ çàâèñÿò îò àíàòîìè÷åñêèõ îñîáåííîñòåé
÷åëîâåêà (ôîðìû ñëóõîâîãî ïðîõîäà). Ïîðîãè â ýòèõ ñëó÷àÿõ ñìåùåíû ïðèìåðíî äî 20 äÁ
HL ïðè 4 êÃö [7]. Åæåäíåâíîå âðåìÿ ïðîñëóøèâàíèÿ òàêæå âëèÿëî íà ïîðîãè ñëóõà.
Áûëî îáíàðóæåíî, ÷òî äëÿ ïîëüçîâàòåëåé âíóòðèêàíàëüíûõ íàóøíèêîâ ñðåäíåå âðåìÿ
ìóçûêàëüíîãî âîçäåéñòâèÿ â òå÷åíèå òðåõ ÷àñîâ ïðèâîäèò ê ïîòåðå ñëóõà íà 10�15 äÁ HL
íà áîëåå âûñîêèõ ÷àñòîòàõ. Èñïîëüçîâàíèå êàê îòêðûòûõ, òàê è ïîëóîòêðûòûõ
íàóøíèêîâ, ïî ìíåíèþ àâòîðîâ, íå âëèÿåò íà íàðóøåíèÿ ñëóõà. Íàèáîëüøèå ïîòåðè
ñëóõà íàáëþäàëèñü ó ëþäåé, êîòîðûå ðàáîòàþò èíæåíåðàìè ïî óñèëåíèþ çâóêà, è, êðîìå
òîãî, äëÿ íèõ íå áûëî îáíàðóæåíî âëèÿíèÿ òèïîâ íàóøíèêîâ.

1. Îáúåêòèâíàÿ îöåíêà âëèÿíèÿ âíóòðèêàíàëüíûõ íàóøíèêîâ íà

ïîêàçàòåëè çâóêîïðîâåäåíèÿ è çâóêîâîñïðèÿòèÿ ó ëèö ìîëîäîãî

âîçðàñòà

Öåëüþ äàííîé ðàáîòû ÿâëÿåòñÿ èññëåäîâàíèå âëèÿíèÿ âíóòðèêàíàëüíûõ
íàóøíèêîâ íà çâóêîâîñïðèÿòèå ó ëèö ìîëîäîãî âîçðàñòà, ïóòåé ïðîôèëàêòèêè
âûÿâëåííûõ íàðóøåíèé.

Èññëåäîâàíèÿ áûëè ïðîâåäåíû ó 38 äîáðîâîëüöåâ (16 ìóæ÷èí, 22 æåíùèí) â
âîçðàñòå îò 18 äî 25 ëåò (ñòóäåíòîâ). Â ýòó ãðóïïó íå âêëþ÷àëèñü ëèöà ñ æàëîáàìè
íà ïàòîëîãèþ îðãàíîâ ñëóõà, ñåðäå÷íî-ñîñóäèñòîé è íåðâíîé ñèñòåì. Â ñîñòàâ 1-é ãðóïïû
áûëè âêëþ÷åíû 20 ñòóäåíòîâ, ïðîñëóøèâàþùèõ àóäèîïëååð áîëåå 3-õ ÷àñîâ â äåíü íà
ïðîòÿæåíèè ïîñëåäíèõ 3 ëåò (â 7 ñëó÷àÿõ � íå ìåíåå 6 ÷àñîâ â äåíü). Âî 2-þ ãðóïïó
âîøëè ñòóäåíòû, íå èñïîëüçóþùèå àóäèîïëååð èëè ïðîñëóøèâàþùèå åãî ìåíåå 1 ÷àñà â
äåíü. Â èññëåäóåìûå ãðóïïû íå âêëþ÷àëèñü ëèöà, èñïîëüçóþùèå àóäèîïëååð îò 1 äî
3-õ ÷àñîâ åæåäíåâíî.

Âîñïðèÿòèå çâóêà ìîæåò áûòü íàðóøåíî âñëåäñòâèå íåñêîëüêèõ ïðè÷èí. Íàèáîëåå
ðàñïðîñòðàíåíû � íàðóøåíèÿ çâóêîïðîâåäåíèÿ. Ê íàðóøåíèÿì çâóêîïðîâåäåíèÿ
îòíîñÿòñÿ çàáîëåâàíèÿ íàðóæíîãî è ñðåäíåãî óõà: èíîðîäíûå òåëà â ñëóõîâîì ïðîõîäå,
îñòðûå è õðîíè÷åñêèå îòèòû, òðàâìû ñðåäíåãî óõà, à òàêæå îòäàëåííûå ïîñëåäñòâèÿ ýòèõ
çàáîëåâàíèé. Äëÿ âûÿâëåíèÿ òàêèõ ÿâëåíèé (â ò.÷. â íà÷àëüíîé ñòàäèè) âñåì îáñëåäóåìûì
ïðîâîäèëñÿ îñìîòð ËÎÐ-ñïåöèàëèñòà, âêëþ÷àþùèé îòîñêîïèþ, èìïåäàíñîìåòðèþ.

Äðóãàÿ ïðè÷èíà íàðóøåíèé ñëóõà � íàðóøåíèÿ çâóêîâîñïðèÿòèÿ ñâÿçàíû ñ
ïàòîëîãèåé âíóòðåííåãî óõà. Ñàìûì ðàííèì ïðèçíàêîì ñëåäóåò ñ÷èòàòü ïîðàæåíèå
çâóêîâîñïðèÿòèÿ íà óðîâíå íàðóæíûõ âîëîñêîâûõ êëåòîê óëèòêè[8, 9] . Äëÿ âûÿâëåíèÿ
ïàòîëîãèè âíóòðåííåãî óõà (â ò.÷. â íà÷àëüíîé ñòàäèè) ïðîâîäèëñÿ îñìîòð ËÎÐ-
ñïåöèàëèñòà, ðåãèñòðàöèÿ çàäåðæàííîé âûçâàííîé îòîàêóñòè÷åñêîé ýìèññèè (ÇÂÎÀÝ).

Ðåçóëüòàòû èññëåäîâàíèÿ ïðèâåäåíû â òàáëèöå 1.
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Òàáëèöà 1

×àñòîòà íàðóøåíèÿ çâóêîïðîâåäåíèÿ, çâóêîâîñïðèÿòèÿ è öåíòðàëüíûõ íàðóøåíèé ñëóõà
ó ëèö ñ èäèîïàòè÷åñêîé ãèïåðàêóçèåé

Íàðóøåíèÿ ñëóõà 1 ãðóïïà 2 ãðóïïà
n=20 n=18

Íàðóøåíèå çâóêîïðîâåäåíèÿ 4 èç 20 (26,7%) 3 èç 18 (16,7%)
Íàðóøåíèå çâóêîâîñïðèÿòèÿ 5 èç 20 (25,0%) 2 èç 18 (11,1%)
Âñåãî 7 èç 20 (35,0%) 3 èç 18 (16,7%)

Ð<0,05

Ðåçóëüòàòû èññëåäîâàíèÿ ïîêàçàëè, ÷òî ðàçëè÷íûå íàðóøåíèÿ çâóêîïðîâåäåíèÿ
ó èññëåäóåìûõ 1-é ãðóïïû áûëè âûÿâëåíû íåñêîëüêî ÷àùå, ÷åì ó ëèö, íå èñïîëüçóþùèõ
âíóòðèêàíàëüíûå íàóøíèêè. Â îñíîâíîì èçìåíåíèÿ áûëè ïðåäñòàâëåíû àäãåçèâíûìè
èçìåíåíèÿìè ñòðóêòóð ñðåäíåãî óõà, âñëåäñòâèå ðàíåå ïåðåíåñåííûõ âîñïàëèòåëüíûõ
çàáîëåâàíèé ñðåäíåãî óõà. Ñõîäíûå ðåçóëüòàòû áûëè ïîëó÷åíû ïðè èçó÷åíèè
çâóêîâîñïðèÿòèÿ ó ýòîãî êîíòèíãåíòà: íà÷àëüíûå ïðèçíàêè ñåíñîíåâðàëüíîé òóãîóõîñòè
áûëè âûÿâëåíû ó 25% ëèö èñïîëüçóþùèõ íàóøíèêè áîëåå 3-õ ÷àñîâ â äåíü è ó 2 èç 18 ëèö
êîíòðîëüíîé ãðóïïû (11,1%). Â öåëîì, ðåçóëüòàòû âîçäåéñòâèÿ äëèòåëüíîãî íîøåíèÿ
âíóòðèêàíàëüíûõ íàóøíèêîâ íà çâóêîâîñïðèíèìàþùóþ ôóíêöèþ ñëóõîâîãî àíàëèçàòîðà
óêàçûâàþò íà ïîâûøåííóþ ÷àñòîòó òàêîãî ðîäà íàðóøåíèé (Ð<0,05). Ïîëó÷åííûå
äàííûå ñâèäåòåëüñòâóþò î íåäîïóñòèìîñòè äëèòåëüíîãî èñïîëüçîâàíèÿ âíóòðèêàíàëüíûõ
íàóøíèêîâ. Îíè ìîãóò áûòü ðåêîìåíäîâàíû òîëüêî äëÿ ýïèçîäè÷åñêîãî èñïîëüçîâàíèÿ
(íàïðèìåð, ïðè àâèàïåðåëåòàõ), íî íå äëÿ ðåãóëÿðíîãî ïðèìåíåíèÿ, êàê â îòäåëüíûõ
ïðîôåññèîíàëüíûõ ãðóïïàõ, òàê è ñ öåëüþ ðåêðåàöèè. Îäíàêî ïîëó÷åííûå äàííûå íåëüçÿ
ðàññìàòðèâàòü êàê ñâèäåòåëüñòâî î áåçîïàñíîñòè êàê îòêðûòûõ, òàê è ïîëóîòêðûòûõ
íàóøíèêîâ.

2. Ðåêîìåíäàöèè Âñåìèðíîé îðãàíèçàöèè çäðàâîîõðàíåíèÿ ÎÎÍ ïî

ñíèæåíèþ ðèñêà ðàçâèòèÿ ïîòåðè ñëóõà â ðåçóëüòàòå ïðèìåíåíèÿ

íàóøíèêîâ

Â 2019 ãîäó ÎÎÍ (ÂÎÇ) ðåêîìåíäîâàëà áîëåå áåçîïàñíûå íàóøíèêè êàê äëÿ
öåëåé ðåêðåàöèè, òàê è äëÿ ðàáîòíèêîâ ñîîòâåòñòâóþùèõ ïðîôåññèé (çâóêîîïåðàòîðû,
äèñïåò÷åðû, ðàáîòíèêè êîëë-öåíòðîâ è ò.ä.).

ÂÎÇ ðåêîìåíäóåò ââåäåíèå â äåéñòâèå è ïðîäâèæåíèå ãëîáàëüíîãî ñòàíäàðòà
ÂÎÇ-ÌÑÝ äëÿ ïåðñîíàëüíûõ àóäèîñèñòåì è óñòðîéñòâ(WHO/NMH/NVI/19.4), à òàêæå
ñîäåéñòâèå áåçîïàñíîìó ïðîñëóøèâàíèþ äëÿ ñíèæåíèÿ ðèñêà ðàçâèòèÿ ïîòåðè ñëóõà â
ðåçóëüòàòå âîçäåéñòâèÿ ðåêðåàöèîííîãî øóìà â ðàìêàõ èíèöèàòèâû ÂÎÇ ¾Íå ïîäâåðãàéòå
ñâîé ñëóõ îïàñíîñòè¿. Ïåðñîíàëüíûå àóäèîóñòðîéñòâà äîëæíû áûòü îñíàùåíû
ïðîãðàììíûì îáåñïå÷åíèåì, îòñëåæèâàþùèì óðîâåíü øóìà è ïðîäîëæèòåëüíîñòü
åãî âîçäåéñòâèÿ íà ïîëüçîâàòåëÿ â ïðîöåíòàõ îò ñòàíäàðòíîãî çíà÷åíèÿ, èçâåñòíîãî êàê
¾äîïóñòèìîå âîçäåéñòâèå øóìà¿. Ïîëüçîâàòåëü ñìîæåò âûáðàòü îäèí èç äâóõ ðåæèìîâ,
îïðåäåëÿþùèõ îáùóþ äîçó øóìà, íå ïðåäñòàâëÿþùóþ îïàñíîñòè äëÿ ñëóõà.

Ðåæèì 1 äëÿ âçðîñëûõ: 80 äÁ â òå÷åíèå 40 ÷àñîâ â íåäåëþ.

Ðåæèì 2 äëÿ äåòåé: 75 äÁ â òå÷åíèå 40 ÷àñîâ â íåäåëþ Ïåðñîíàëèçèðîâàííàÿ
èíôîðìàöèÿ. Ó ïåðñîíàëüíîãî àóäèîóñòðîéñòâà äîëæíà áûòü ôóíêöèÿ ñîçäàíèÿ
èíäèâèäóàëüíîãî ïðîôèëÿ ïðîñëóøèâàíèÿ íà îñíîâàíèè èñòîðèè èñïîëüçîâàíèÿ
óñòðîéñòâà êîíêðåòíûì ïîëüçîâàòåëåì.
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Ïî ñâîåìó ïðîôèëþ ïîëüçîâàòåëü ñìîæåò ñóäèòü î òîì, íàñêîëüêî áåçîïàñíûì
(èëè îïàñíûì) äëÿ íåãî áûëî ïðîñëóøèâàíèå çâóêîâûõ ìàòåðèàëîâ ÷åðåç èñïîëüçóåìîå
óñòðîéñòâî. Ïðåäíàçíà÷åííîå äëÿ ýòîãî ïðîãðàììíîå îáåñïå÷åíèå ñóììèðóåò äàííûå ïî
øóìîâîé íàãðóçêå â ïðîöåíòàõ îò äîïóñòèìîãî óðîâíÿ âîçäåéñòâèÿ è íà îñíîâàíèè ýòîé
èíôîðìàöèè óâåäîìëÿåò ïîëüçîâàòåëÿ î íåîáõîäèìîñòè ïðèíÿòèÿ ìåð.

Ôóíêöèè îãðàíè÷åíèÿ ãðîìêîñòè. Ïåðñîíàëüíîå àóäèîóñòðîéñòâî äîëæíî
îáëàäàòü ôóíêöèÿìè, ïîçâîëÿþùèìè ïîëüçîâàòåëþ îãðàíè÷èâàòü ìàêñèìàëüíûé óðîâåíü
ãðîìêîñòè, íàïðèìåð: o ôóíêöèåé àâòîìàòè÷åñêîãî ñíèæåíèÿ ãðîìêîñòè, êîòîðàÿ
óìåíüøàåò óðîâåíü çâóêà íà îñíîâàíèè èíôîðìàöèè, óêàçàííîé â ïðîôèëå ïîëüçîâàòåëÿ.
Åñëè ïîëüçîâàòåëü ñëèøêîì äîëãî ïðîñëóøèâàåò çâóêîâûå ìàòåðèàëû ïðè âûñîêîì óðîâíå
ãðîìêîñòè, óñòðîéñòâî àâòîìàòè÷åñêè ñíèæàåò ãðîìêîñòü; o ôóíêöèåé ðîäèòåëüñêîãî
êîíòðîëÿ, ñ ïîìîùüþ êîòîðîé ðîäèòåëè ìîãóò óñòàíàâëèâàòü ãðîìêîñòü íà îïðåäåëåííîì
óðîâíå. Âûáðàííàÿ íàñòðîéêà áóäåò çàùèùåíà ïàðîëåì [10, 11].

Â ñòàíäàðòå ÂÎÇ�ÌÑÝ ¾Áåçîïàñíûå äëÿ ñëóõà óñòðîéñòâà è ñèñòåìû¿
ðåêîìåíäóåòñÿ îñíàñòèòü ïåðñîíàëüíûå àóäèîóñòðîéñòâà ñëåäóþùèìè ôóíêöèÿìè:

• ôóíêöèÿ ¾äîïóñòèìîå âîçäåéñòâèå øóìà¿: ïðîãðàììíîå îáåñïå÷åíèå,
îòñëåæèâàþùåå óðîâåíü øóìà è ïðîäîëæèòåëüíîñòü åãî âîçäåéñòâèÿ íà ïîëüçîâàòåëÿ â
ïðîöåíòàõ îò ñòàíäàðòíîãî çíà÷åíèÿ;

• ïåðñîíàëèçèðîâàííûé ïðîôèëü: èíäèâèäóàëüíûé ïðîôèëü ïðîñëóøèâàíèÿ,
îñíîâàííûé íà èñòîðèè èñïîëüçîâàíèÿ óñòðîéñòâà êîíêðåòíûì ïîëüçîâàòåëåì, ïî
êîòîðîìó ïîëüçîâàòåëü ñìîæåò ñóäèòü î òîì, íàñêîëüêî áåçîïàñíûì (èëè îïàñíûì)
áûëî äëÿ íåãî ïðîñëóøèâàíèå, è ïîëó÷èòü ïðàêòè÷åñêèå ðåêîìåíäàöèè íà îñíîâå ýòîé
èíôîðìàöèè;

• ôóíêöèè îãðàíè÷åíèÿ ãðîìêîñòè: âîçìîæíîñòè äëÿ îãðàíè÷åíèÿ ìàêñèìàëüíîãî
óðîâíÿ ãðîìêîñòè, âêëþ÷àÿ àâòîìàòè÷åñêîå ñíèæåíèå ãðîìêîñòè è ðîäèòåëüñêèé
êîíòðîëü;

• ïðåäîñòàâëåíèå îáùåé èíôîðìàöèè: âûäà÷à ïîëüçîâàòåëþ èíôîðìàöèè è
óêàçàíèé ïî âûáîðó áåçîïàñíûõ âàðèàíòîâ ïðîñëóøèâàíèÿ, êàê ÷åðåç ïåðñîíàëüíûå
àóäèîóñòðîéñòâà, òàê è âî âðåìÿ ðàçëè÷íûõ äîñóãîâûõ ìåðîïðèÿòèé.

Çàêëþ÷åíèå

Ïî äàííûì ÂÎÇ, ñåãîäíÿ ïðàêòè÷åñêè êàæäûé ïÿòûé ãîðîäñêîé æèòåëü íà
ïëàíåòå èìååò ïðîáëåìû ñî ñëóõîì. Ïðè òóãîóõîñòè íà÷èíàåò ñòðàäàòü è èíòåëëåêò.
Ìàññîâîå èñïîëüçîâàíèå ìîëîäåæüþ âíóòðèêàíàëüíûõ íàóøíèêîâ âûçâàëî òðåâîãó
ñóðäîëîãîâ. Áîëüøàÿ ÷àñòü ðàáîò îñíîâûâàëàñü íà æàëîáàõ ïîëüçîâàòåëåé íàóøíèêîâ,
îäíàêî â ïîñëåäíèå ãîäû ïîÿâèëèñü èññëåäîâàíèÿ, îñíîâàííûå íà îáúåêòèâíûõ êðèòåðèÿõ
îöåíêè çâóêîâîñïðèÿòèÿ. Â íàøåì èññëåäîâàíèè èñïîëüçîâàëàñü èìïåäàíñîìåòðèÿ è
ðåãèñòðàöèÿ çàäåðæàííîé âûçâàííîé îòîàêóñòè÷åñêîé ýìèññèè (ÇÂÎÀÝ). Ðåçóëüòàòû
ïîêàçàëè, ÷òî íîøåíèå âíóòðèêàíàëüíûõ íàóøíèêîâ óâåëè÷èâàåò ÷àñòîòó òàêîãî ðîäà
íàðóøåíèé, ÷òî ñâèäåòåëüñòâóåò î íåäîïóñòèìîñòè äëèòåëüíîãî èõ èñïîëüçîâàíèÿ.
Â 2019 ãîäó ÎÎÍ (ÂÎÇ) ðåêîìåíäîâàëà áîëåå áåçîïàñíûå íàóøíèêè êàê äëÿ öåëåé
ðåêðåàöèè, òàê è äëÿ ðàáîòíèêîâ ñîîòâåòñòâóþùèõ ïðîôåññèé (çâóêîîïåðàòîðû,
äèñïåò÷åðû, ðàáîòíèêè êîëë-öåíòðîâ è ò.ä.). Âñå âûøåèçëîæåííîå îáîñíîâûâàåò
íåîáõîäèìîñòü ëó÷øå îçíàêîìèòü íàñåëåíèå ñ ðåêîìåíäàöèÿìè ÂÎÇ. Ðàáîòíèêè,
ïîñòîÿííî èñïîëüçóþùèå íàóøíèêè (íàïðèìåð, äèñïåò÷åðû) äîëæíû áûòü îáåñïå÷åíû
èçäåëèÿìè, ñîîòâåòñòâóþùèìè óêàçàííûì ðåêîìåíäàöèÿì. Ýòî äîëæíî áûòü îòðàæåíî â
ñîîòâåòñòâóþùèõ íîðìàòèâíûõ äîêóìåíòàõ â îáëàñòè îõðàíû òðóäà.
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Âûâîäû:

1. Äëèòåëüíîå íîøåíèå âíóòðèêàíàëüíûõ íàóøíèêîâ îêàçûâàåò íåãàòèâíîå
âîçäåéñòâèå íà ôóíêöèè êàê ïåðèôåðè÷åñêîãî, òàê è öåíòðàëüíîãî îòäåëîâ ñëóõîâîãî
àíàëèçàòîðà.

2. Âíóòðèêàíàëüíûå íàóøíèêè ìîãóò áûòü ðåêîìåíäîâàíû òîëüêî äëÿ
ýïèçîäè÷åñêîãî èñïîëüçîâàíèÿ (íàïðèìåð, ïðè àâèàïåðåëåòàõ), íî íå äëÿ äëèòåëüíîãî
ïðèìåíåíèÿ.

3. Íà ïðîèçâîäñòâå è â áûòó íóæíî ñîäåéñòâîâàòü èñïîëüçîâàíèþ íàóøíèêîâ,
ñîîòâåòñòâóþùèõ ãëîáàëüíîìó ñòàíäàðòó ÂÎÇ-ÌÑÝ äëÿ ïåðñîíàëüíûõ àóäèîñèñòåì è
óñòðîéñòâ (WHO/NMH/NVI/19.4), à òàêæå èíèöèàòèâå ÂÎÇ ¾Íå ïîäâåðãàéòå ñâîé ñëóõ
îïàñíîñòè¿.
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ß÷åå÷íûå ìîäåëè ñóñïåíçèé ñôåðè÷åñêèõ ÷àñòèö ïðè ðàçíûõ

ãðàíè÷íûõ óñëîâèÿõ

Êàçàêîâ Ë.È.1*
1 Ê.ô.-ì.í., âåäóùèé íàó÷íûé ñîòðóäíèê, Òèõîîêåàíñêèé îêåàíîëîãè÷åñêèé èíñòèòóò èì.

Â.È. Èëüè÷¼âà ÄÂÎ ÐÀÍ, ã. Âëàäèâîñòîê

Àííîòàöèÿ

Ïðèâåäåíû àêóñòè÷åñêèå õàðàêòåðèñòèêè ÿ÷åå÷íûõ ìîäåëåé ìîíîäèñïåðñíûõ ñóñïåíçèé

ñôåðè÷åñêèõ ÷àñòèö ïðîèçâîëüíûõ êîíöåíòðàöèé äëÿ ÷åòûðåõ ÷àùå âñåãî èñïîëüçóåìûõ ãðàíè÷íûõ

óñëîâèé íà ïîâåðõíîñòè ÿ÷åéêè. Ñðàâíåíèå ðàñ÷åòíûõ è èçâåñòíûõ ýêñïåðèìåíòàëüíûõ äàííûõ ïîêàçàëî,

÷òî íàèëó÷øåå èõ ñîâïàäåíèå âî âñåõ ñëó÷àÿõ íàáëþäàåòñÿ ïðè îêðóæåíèè ÿ÷åéêè òîíêîé íåâåñîìîé

æåñòêîé îáîëî÷êîé. Òàêîå ãðàíè÷íîå óñëîâèå îáåñïå÷èâàåò ìèíèìóì âÿçêîé äèññèïàöèè çâóêîâîé

ýíåðãèè ïðè ìàëûõ è óìåðåííûõ çíà÷åíèÿõ îòíîøåíèÿ äèàìåòðà ÷àñòèö ê ãëóáèíå ïðîíèêíîâåíèÿ âÿçêîé

âîëíû â æèäêîñòü. Ïðè áîëüøèõ çíà÷åíèÿõ ýòîãî ïàðàìåòðà âÿçêèå ïîòåðè ìèíèìàëüíû ïðè ãðàíè÷íîì

óñëîâèè Õàïïåëÿ è ìàêñèìàëüíû ïðè æåñòêèõ îáîëî÷êàõ.

Êëþ÷åâûå ñëîâà: ÿ÷åå÷íûå ìîäåëè ñóñïåíçèé, ñôåðè÷åñêèå ÷àñòèöû, ãðàíè÷íûå óñëîâèÿ,

âÿçêèå ïîòåðè, ìèíèìóì äèññèïàöèè ýíåðãèè.

Cellular models of spherical particle suspensions under di�erent boundary

conditions

Kazakov L.I.1*
1 K. F.-M. N., leading researcher, Paci�c Oceanological Institute named after V. I. Il'ichev FEB RAS,

Vladivostok 9

Abstract

Acoustic characteristics of cell models of monodisperse suspensions of spherical particles of arbitrary

concentrations for the four most commonly used boundary conditions on the cell surface are presented.

Comparison of calculated and known experimental data showed that the best coincidence in all cases is

observed when the cell is surrounded by a thin weightless rigid shell. This boundary condition provides a

minimum viscous dissipation of sound energy at small and moderate values of the ratio of the particle diameter

to the depth of penetration of the viscous wave into the liquid. At high values of this parameter, viscous losses

are minimal under the Happel boundary condition and maximal under rigid shells.

Keywords: cellular models of suspensions, spherical particles, boundary conditions, viscous losses,

the minimum energy dissipation.

*E-mail: lev-kazakov@rambler.ru (Êàçàêîâ Ë.È.)
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Ââåäåíèå

Äîñòîèíñòâî ÿ÷åå÷íûõ ìîäåëåé � âîçìîæíîñòü èõ ïðèìåíåíèÿ äëÿ èññëåäîâàíèÿ
ñâîéñòâ äèñïåðñíûõ ñðåä ïðîèçâîëüíûõ êîíöåíòðàöèé. Íî îíè èìåþò òðè ñóùåñòâåííûõ
íåäîñòàòêà: 1) ïðèìåíèìîñòü ëèøü ê ìîíîäèñïåðñíûì ñðåäàì, êîãäà âñå âêëþ÷åíèÿ
îäèíàêîâû ïî ðàçìåðàì (ðàäèóñà R), ôîðìå è ñâîéñòâàì; 2) óïîðÿäî÷åííîñòü ñòðóêòóðû,
ïðèâîäÿùàÿ èíîãäà ê ïîÿâëåíèþ íåæåëàòåëüíûõ ðåçîíàíñîâ âíóòðè ÿ÷åéêè ïðè
ãàðìîíè÷åñêèõ êîëåáàíèÿõ; 3) íåîïðåäåëåííîñòü òðåáóåìûõ óñëîâèé íà ãðàíèöå ÿ÷åéêè,
ïîñêîëüêó ìåõàíèçì ãèäðîäèíàìè÷åñêîãî âçàèìîäåéñòâèÿ âêëþ÷åíèé íå âïîëíå ÿñåí è
íåèçâåñòíî êàê çàäàòü ýòè óñëîâèÿ.

Â ëèòåðàòóðå èñïîëüçîâàëèñü ðàçíûå ãðàíè÷íûå óñëîâèÿ íà ïîâåðõíîñòè ÿ÷åéêè,
îñíîâàííûå íà ýâðèñòè÷åñêèõ ñîîáðàæåíèÿõ (êàæäîìó óñëîâèþ íèæå ïðèñâîåí íîìåð n):

1. n = 0: æåñòêàÿ îáîëî÷êà ÿ÷åéêè, áåñêîíå÷íî òîíêàÿ è ëåãêàÿ [1, ñ. 152, 518];
2. n = 1: óñëîâèå Êâàøíèíà ∂VΘ/∂r = 0, ò.å. ìèíèìóì òàíãåíöèàëüíîé ñêîðîñòè

ïî ðàäèàëüíîé êîîðäèíàòå [2, ñ.154]; ïî-âèäèìîìó, ýòî óñëîâèå âûïîëíÿåòñÿ, ïî êðàéíåé
ìåðå, â 12 òî÷êàõ ñôåðè÷åñêîé ïîâåðõíîñòè ÿ÷åéêè � òàì, ãäå îíà ñîïðèêàñàåòñÿ ñ
áëèæàéøèìè ñîñåäíèìè ÿ÷åéêàìè (ïðè ãåêñàãîíàëüíîé ïëîòíåéøåé óïàêîâêå ïîñëåäíèõ);

3. n = 2: óñëîâèå Õàïïåëÿ, ñîñòîÿùåå â òðåáîâàíèè, ÷òîáû íà ãðàíèöå ÿ÷åéêè
îáðàùàëèñü â íóëü êàñàòåëüíûå íàïðÿæåíèÿ σΘr(R1,Θ) = 0 [1, ñ. 447], [3], ãäå R1 � ðàäèóñ
ÿ÷åéêè;

4. n = 3: óñëîâèå Êóâàáàðû ïîñòóëèðóåò îòñóòñòâèå çàâèõðåííîñòè òå÷åíèÿ íà
ãðàíèöå ÿ÷åéêè rotV(R1,Θ) = 0 [1, ñ. 450], [4].

1. Àêóñòè÷åñêèå õàðàêòåðèñòèêè ñóñïåíçèé

ß÷åå÷íûå ìîäåëè ýìóëüñèé ñôåðè÷åñêèõ è öèëèíäðè÷åñêèõ êàïåëü äëÿ
ãàðìîíè÷åñêèõ êîëåáàíèé ïðè ÷åòûðåõ âàðèàíòàõ óêàçàííûõ ãðàíè÷íûõ óñëîâèé íà
ïîâåðõíîñòè ÿ÷åéêè èçó÷åíû â ðàáîòàõ [5] è [6]. Íî òàì ïîëó÷åíû ëèøü íèçêî-
è âûñîêî÷àñòîòíûå ïðèáëèæåíèÿ. Â ðàáîòå [7] ïðåäñòàâëåíû ïîëíûå âûðàæåíèÿ
àêóñòè÷åñêèõ õàðàêòåðèñòèê ÿ÷åå÷íîé ìîäåëè ýìóëüñèè ñ æåñòêèìè îáîëî÷êàìè ÿ÷ååê
(n = 0). Â äàííîé ñòàòüå ïðèâåäåíû ïîëíûå âûðàæåíèÿ äëÿ åùå òðåõ âàðèàíòîâ
ñóñïåíçèé (n = 1, 2, 3).

Åñëè äëèíà çâóêîâîé âîëíû â ÿ÷åå÷íîé äèñïåðñíîé ñðåäå íàìíîãî ïðåâûøàåò
ðàçìåð ÿ÷åéêè, òî òàêóþ ñðåäó ñ÷èòàþò ¾ìèêðîíåîäíîðîäíîé¿ ñ ýôôåêòèâíûìè
ïàðàìåòðàìè � ïëîòíîñòüþ ρ̃ (êã/ì3), ñæèìàåìîñòüþ k̃ (Ïà−1), ñêîðîñòüþ çâóêà
c̃ (ì/ñ) è äðóãèìè [8, ñ. 56,57]. Ïîñêîëüêó ïðè ðàñïðîñòðàíåíèè çâóêà â äèñïåðñíîé
ñðåäå íåèçáåæíû âÿçêèå è òåïëîâûå ïîòåðè, òî å¼ ïàðàìåòðû ñóòü êîìïëåêñíûå
÷àñòîòíîçàâèñèìûå âåëè÷èíû:

ρ̃(ω) = ρ̃1(ω) + iρ̃2(ω), (1)

k̃(ω) = k̃1(ω) + ik̃2(ω), (2)

ïðè÷åì èõ äåéñòâèòåëüíûå è ìíèìûå ÷àñòè îäíîçíà÷íî ñâÿçàíû äèñïåðñèîííûìè
ñîîòíîøåíèÿìè òèïà Êðàìåðñà-Êðîíèãà, âûðàæàþùèìè ïðèíöèï ïðè÷èííîñòè [6,

ñ. 65], [9]. Êîìïëåêñíàÿ ñêîðîñòü çâóêà â ñðåäå [8, ñ. 28] c̃ =
1√
k̃ρ̃
, (ì/ñ), âîëíîâîå

÷èñëî ãàðìîíè÷åñêîé çâóêîâîé âîëíû k̃ =
ω

c̃
= ω

√
k̃ρ̃), (ì−1), ãäå ω � êðóãîâàÿ ÷àñòîòà

êîëåáàíèé. Çàâèñèìîñòü ïåðåìåííûõ îò âðåìåíè t îïðåäåëèì ìíîæèòåëåì e−iωt, íàïðèìåð,
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U(t) = Ue−iωt, ãäå U (ì/ñ) � êîìïëåêñíàÿ àìïëèòóäà êîëåáàòåëüíîé ñêîðîñòè ÷àñòèöû.

Îáû÷íî ñ÷èòàþò ìàëûì îòíîñèòåëüíîå óáûâàíèå çà ñ÷åò ïîãëîùåíèÿ àìïëèòóäû
çâóêîâîãî äàâëåíèÿ íà äëèíå âîëíû [10, ñ. 424]. Ýòî îçíà÷àåò, ÷òî k̃2 << k̃1, ρ̃2 << ρ̃1. Â
òàêîì ñëó÷àå èìåþò ìåñòî ïðèáëèæåíèÿ:

κ̃(ω) = κ̃1(ω) + iκ̃2(ω) ≈ ω

c̃Φ(ω)
+ iκ̃2(ω) , ì−1,

ãäå

c̃Φ(ω) ≈ 1√
k̃1(ω)ρ̃1(ω)

, ì/ñ �

ôàçîâàÿ ñêîðîñòü çâóêà â ñóñïåíçèè;

κ̃2(ω) ≈ ω

2c̃Φ(ω)

(
k̃2(ω)

k̃1(ω)
+
ρ̃2(ω)

ρ̃1(ω)

)
, ì−1 � (3)

àìïëèòóäíûé êîýôôèöèåíò ïîãëîùåíèÿ çâóêà â ìíîæèòåëå e−κ̃2(ω)x, õàðàêòåðèçóþùåì
óáûâàíèå àìïëèòóäû êîëåáàíèé ñ ðàññòîÿíèåì x.

Â (3) ïåðâîå ñëàãàåìîå â ñêîáêàõ îïðåäåëÿåò òåïëîâûå ïîòåðè, âòîðîå � âÿçêèå.
Íèæå èçó÷èì òîëüêî âÿçêèå ïîòåðè, ñ÷èòàÿ, ÷òî äèñïåðñèÿ ñæèìàåìîñòåé ôàç è,
ñîîòâåòñòâåííî, òåïëîâûå ïîòåðè îòñóòñòâóþò, ò.å. ýôôåêòèâíàÿ ñæèìàåìîñòü k̃(ω) (2)
ÿâëÿåòñÿ âåùåñòâåííîé ïîñòîÿííîé âåëè÷èíîé [8, ñ. 57]:

k̃ = k′ξ3 + k(1− ξ3),

ãäå k′(Ïà−1) � ñæèìàåìîñòü ÷àñòèöû, k(Ïà−1) � ñæèìàåìîñòü âìåùàþùåé âÿçêîé
æèäêîñòè, ξ = R/R1, ξ

3 = ε � îáúåìíàÿ êîíöåíòðàöèÿ âêëþ÷åíèé â ñóñïåíçèè. Åñëè
íåîáõîäèìî ó÷åñòü òåïëîâûå ïîòåðè, ñëåäóåò èñïîëüçîâàòü ðåçóëüòàòû ðàáîòû [11]. Îíè
êðàòêî èçëîæåíû â [7].

Êîìïëåêñíàÿ ïëîòíîñòü (1) ïîëó÷åíà â ðàáîòàõ [6], [7]:

ρ̃(ω) = ρ̃1(ω) + iρ̃2(ω) = ρ+ (ρ′ − ρ)ξ3U

V
, êã/ì3, (4)

ãäå ρ � ïëîòíîñòü æèäêîñòè, ρ′ � ïëîòíîñòü âêëþ÷åíèÿ, V (ì/ñ) � àìïëèòóäà ñêîðîñòè
ïîëþñîâ ÿ÷åéêè. Ýòà ôîðìóëà âûâåäåíà äëÿ íåñæèìàåìîé æèäêîñòè, êàêîâîé å¼ è ñëåäóåò
ñ÷èòàòü â ìàëîé îòíîñèòåëüíî äëèíû çâóêîâîé âîëíû ÿ÷åéêå ñóñïåíçèè.

Òàêèì îáðàçîì, ñîãëàñíî (4), âñå îïðåäåëÿåò îòíîøåíèå ñêîðîñòåé ôàç, à îíè
ðàçíûå ïðè ðàçíûõ ïëîòíîñòÿõ. Çà ñ÷åò ýòîé ðàçíîñòè è ïðîèñõîäÿò âÿçêèå çâóêîâûå
ïîòåðè. Äëÿ îäèíî÷íîé ÷àñòèöû îòíîøåíèå ñêîðîñòåé äàåò èçâåñòíàÿ ôîðìóëà Ê¼íèãà
(W.K�onig, 1891ã.), ÿâëÿþùàÿñÿ îñíîâîé âñåõ àêóñòè÷åñêèõ òåîðèé âÿçêèõ ïîòåðü â
ìàëîêîíöåíòðèðîâàííûõ ñóñïåíçèÿõ:

U

V
=

1 +
3

α
+ i

(
3

α
+

6

α2

)
1

γ
+

3

α
+ i

(
3

α
+

6

α2

) , (5)

ãäå

α =

√
ωρ

2η
· 2R =

2R

δâÿçê
, (6)
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η (Ïà·ñ) � äèíàìè÷åñêàÿ âÿçêîñòü æèäêîñòè, δâÿçê = (2η/ωρ)1/2 (ì) � ãëóáèíà
ïðîíèêíîâåíèÿ âÿçêîé âîëíû â æèäêîñòü [10, ñ. 123],

γ =
3ρ

2ρ′ + ρ
. (7)

Ïîëíûå âûðàæåíèÿ äëÿ îòíîøåíèÿ ñêîðîñòåé ïðåäñòàâèì â âèäå:

U

V
=

1

1− iqn
, n = 0, 1, 2, 3,

ãäå qn � ñâîå äëÿ êàæäîãî ãðàíè÷íîãî óñëîâèÿ òî÷íîå âûðàæåíèå.

1.1. Æåñòêàÿ îáîëî÷êà ÿ÷åéêè, n = 0:

[7], çäåñü ïðèâåäåíî äëÿ ñðàâíåíèé:

q0 =
2(ρ′ − ρ)ωR2

9η
·

−2zξ + z(1 + ξ2)ch[z(1− ξ)]−
[
1− ξ +

z2

3
(1− ξ3)

]
sh[z(1− ξ)][

z(1− ξ)− z3

3
ξ(1− ξ)

]
ch[z(1− ξ)]−

[
1 +

z2

3
(1− 3ξ + ξ2) +

z4

9
ξ2

]
sh[z(1− ξ)]

,

ãäå

z = i
3
2
α√
2ξ
. (8)

Èñïîëüçóÿ ðàçëîæåíèÿ äëÿ ch è sh è ñîêðàòèâ ÷èñëèòåëü è çíàìåíàòåëü íà z5,
ïîëó÷èì àëüòåðíàòèâíîå ïðåäñòàâëåíèå:

q0 =
2(ρ′ − ρ)ωR2

9η
·

∞∑
m=0

φ′0m(ξ)[z(1− ξ)]2m

∞∑
m=0

Ψ′0m(ξ)[z(1− ξ)]2m
,

ãäå

φ′0m(ξ) =
5!(m+ 1)(m+ 2)

2(2m+ 5)!
(1− ξ)4

(
1 +

2m+ 7

2m+ 4
ξ + ξ2

)
,

Ψ′0m(ξ) =
5!(m+ 1)(m+ 2)

2(2m+ 5)!

[
(1− ξ5) + 2mξ(1− ξ3) +

m

3
(4m− 2)ξ2(1− ξ)

]
.

1.2. Óñëîâèå Êâàøíèíà, n = 1:

q1 =
2(ρ′ − ρ)ωR2

9η
·
−2zξ +

[
z(1− ξ + 2ξ2) +

z3

3
(1− ξ3)

]
ch[z(1− ξ)]−[

z(1− ξ) +
z3

3
(1− ξ)2 +

z5

9
ξ2

]
ch[z(1− ξ)]−

· · ·

· · ·
−
[
1− 2ξ +

z2

3
(2 + 3ξ2 − 2ξ3)

]
sh[z(1− ξ)]

−
[
1 +

z2

3
(2− 3ξ + ξ2)− z4

9
ξ(3− 2ξ)

]
sh[z(1− ξ)]

;



NOISE Theory and Practice 31

q1 =
2(ρ′ − ρ)ωR2

9η
·

∞∑
m=0

φ′1m(ξ)[z(1− ξ)]2m

∞∑
m=0

Ψ′1m(ξ)[z(1− ξ)]2m
,

ãäå

φ′1m =
(1− ξ)3

(2m+ 5)!

{
(1−ξ)[(m+2)(1−ξ+2ξ2)+ξ]+

(m+ 2)(2m+ 5)

3

[
(2m+ 1 + 2ξ)(1 + ξ + ξ2)− 3ξ2

]}
,

Ψ′1m(ξ) =
(m+ 2)

(2m+ 5)!

{
(1− ξ)5 +

2m+ 5

3
(2m+ 1 + ξ)(1− ξ)4 + · · ·

· · ·+ (2m+ 2)(2m+ 3)(2m+ 5)

9
ξ [(2m+ 1)ξ + (1− ξ)(3− 2ξ]

}
.

1.3. Óñëîâèå Õàïïåëÿ, n = 2:

q2 =
2(ρ′ − ρ)ωR2

9η
·
−2zξ +

[
z

(
1− ξ

2
+

3

2
ξ2

)
+
z3

6
(1− ξ3)

]
ch[z(1− ξ)]−[

z(1− ξ) +
z3

6
(1− 3ξ + 2ξ2) +

z5

18
ξ2

]
ch[z(1− ξ)]−

· · ·

· · ·
−
[
1− 3

2
ξ +

z2

2
(1 + ξ2 − ξ3)

]
sh[z(1− ξ)]

−
[
1 +

z2

6
(3− 6ξ + 2ξ2)− z4

6
ξ(1− ξ)

]
sh[z(1− ξ)]

;

q2 =
2(ρ′ − ρ)ωR2

9η
·

∞∑
m=0

φ′2m(ξ)[z(1− ξ)]2m

∞∑
m=0

Ψ′2m(ξ)[z(1− ξ)]2m
,

ãäå

φ′2m =
(1− ξ)3

(2m+ 5)!

{
(1− ξ)

[
(m+ 2)(1− ξ

2
+

3

2
ξ2) + ξ

]
+ · · ·

· · ·+ (m+ 2)(2m+ 5)

6
[(2m+ 3ξ)(1 + ξ + ξ2)− 3ξ2]

}
,

Ψ′2m(ξ) =
(m+ 2)

(2m+ 5)!

{
(1− ξ)5 +

2m+ 5

6

[
(2m+ 3)(1− 2ξ)− 3 + 6ξ − 2ξ2

]
(1− ξ)3 + · · ·

· · ·+ (m+ 1)(2m+ 3)(2m+ 5)

9
ξ
[
(2m+ 1)ξ + 3(1− ξ)2

]}
.
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1.4. Óñëîâèå Êóâàáàðû, n =3:

q3 =
2(ρ′ − ρ)ωR2

9η
· 3
z2

[
−zξ(1− ξ) +

z3

3
(1− ξ3)

]
ch [z(1− ξ)]−

[
−ξ +

z2

3
(1 + 3ξ2 − ξ3)

]
sh [z(1− ξ)][

z(1− ξ) +
z3

3
ξ2

]
ch [z(1− ξ)]−

[
1 +

z2

3
ξ(ξ − 3)

]
sh [z(1− ξ)]

;

q3 =
2(ρ′ − ρ)ωR2

9η
·

∞∑
m=0

φ′3m(ξ) [z(1− ξ)]2m

∞∑
m=0

Ψ′3m(ξ) [z(1− ξ)]2m
,

φ′3m =
3(m+ 2)(1− ξ)3

(2m+ 5)!

[
−ξ(1− ξ)2 +

(2m+ 3)(2m+ 5)

3
(1 + ξ + ξ2)− (2m+ 5)

3
(1 + 3ξ2 − ξ3)

]
,

Ψ′3m(ξ) =
(m+ 1)

(2m+ 3)!

[
(1− ξ)3 +

(2m+ 1)(2m+ 3)

3
ξ2 − (2m+ 3)

3
ξ(ξ − 3)(1− ξ)

]
.

Ïðè ξ → 1 âñå çíà÷åíèÿ qn → 0, ò.å. U/V → 1, êàê ýòî è äîëæíî áûòü. Ïðè
ξ → 0 ïî (8) çíà÷åíèå z →∞, th [z(1− ξ)]→ −1, ÷òî âî âñåõ ÷åòûðåõ ñëó÷àÿõ ïðèâîäèò ê
ôîðìóëå Ê¼íèãà (5) äëÿ U/V .

2. Ñðàâíåíèÿ ñ ýêñïåðèìåíòàìè

Èç ðàññìàòðèâàåìûõ ÷åòûðåõ âàðèàíòîâ ãðàíè÷íûõ óñëîâèé ôèçè÷åñêè
ñîñòîÿòåëüíû äâà � æåñòêàÿ îáîëî÷êà è óñëîâèå Õàïïåëÿ. Ïîñëåäíåå, â ïðèíöèïå,
ìîæåò áûòü ðåàëèçîâàíî îêðóæåíèåì ÿ÷åéêè òîíêèì ñëîåì èäåàëüíîé æèäêîñòè.

Äëÿ ñòàöèîíàðíîãî òå÷åíèÿ ïðèíöèï ìèíèìóìà âÿçêèõ ïîòåðü â ÿ÷åéêå ýìóëüñèè
ðàáîòû [7] äèêòóåò íåîáõîäèìîñòü îêðóæåíèÿ ÿ÷åéêè æåñòêîé îáîëî÷êîé. Äîêàçàòåëüñòâî
ñëåäóþùåå. Ðåøàåì ñòàöèîíàðíóþ çàäà÷ó, êàê ýòî ñäåëàíî â êíèãå [12, ñ. 397...], íî ñ
ó÷åòîì âíåøíåé ñèëû F , äåéñòâóþùåé íà åäèíèöó ìàññû æèäêîñòè (÷åãî â [12] íåò). Êîëü
ñêîðî ðàäèàëüíàÿ ñêîðîñòü èùåòñÿ â âèäå vr = f(r) cos Θ, òî èçâåñòíî ëèøü îäíî ãðàíè÷íîå
óñëîâèå íà ïîâåðõíîñòè ÿ÷åéêè: f(R1) = V −U , ãäå V � çàäàííàÿ ñêîðîñòü ïîëþñîâ ÿ÷åéêè,
U � ñêîðîñòü êàïëè, êîòîðóþ íàäî íàéòè. Êàê çàäàòü çäåñü vΘ = ϕ(r) sin Θ íåèçâåñòíî.
Çàïèñàâ âñå ãðàíè÷íûå óñëîâèÿ çàäà÷è, ïîëó÷èì ñèñòåìó èç ñåìè óðàâíåíèé îòíîñèòåëüíî
âîñüìè íåèçâåñòíûõ: 6 èñêîìûõ êîýôôèöèåíòîâ ñêîðîñòåé, ïëþñ U , ïëþñ V0 � ñêîðîñòü
æèäêîñòåé íà ýêâàòîðå êàïëè.

Èñïîëüçóÿ èçâåñòíîå âûðàæåíèå äëÿ äèññèïàöèè ýíåðãèè â íåñæèìàåìîé âÿçêîé
æèäêîñòè [12, ñ. 16], íàéäåì ýíåðãèþ, äèññèïèðóåìóþ â ÿ÷åéêå â åäèíèöó âðåìåíè

W = −2πη

3

{ R1∫
R

r2

[
d(f − 2ϕ)

dr

]2

dr − 8R1 [f(R1) + ϕ(R1)]2 +
2η + 3η′

2η
8R [f(R) + ϕ(R)]2

}
,

(9)

ãäå

f(r) =
β1

r3
+
β2

r
+ β3 + a1r

2, ϕ(r) =
β1

2r3
− β2

2r
− β3 − 2a1r

2.
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Îòñþäà âèäíî, ÷òî W çàâèñèò ëèøü îò òðåõ ïîñòîÿííûõ β1, β2 è a1, îäíà èç
êîòîðûõ (a1) îñòàåòñÿ íåèçâåñòíîé. Ïîäñòàâèâ â (9) íàéäåííûå çíà÷åíèÿ β1 è β2, ïîëó÷èì
çàâèñèìîñòü W òîëüêî îò ýòîé íåèçâåñòíîé ïîñòîÿííîé. Çíà÷åíèå ïîñëåäíåé íàéäåì,

ìèíèìèçèðóÿ W , ò.å. èç íåîáõîäèìîãî óñëîâèÿ ìèíèìóìà
∂W

∂a1

= 0. Óáåäèìñÿ òàêæå

â âûïîëíåíèè äîñòàòî÷íîãî óñëîâèÿ ìèíèìóìà
∂2(−W )

∂a1
2

> 0. Äàëåå èç ïðåäûäóùåãî

óðàâíåíèÿ îïðåäåëèì êðèòè÷åñêîå çíà÷åíèå a1. Ïîäñòàâèâ åãî â íàéäåííûå ôîðìóëû äëÿ
U è V0, îáíàðóæèì, ÷òî â íèõ íà ñâîè ìåñòà âîäâîðèëèñü ôóíêöèè ϕ00(ξ), Ψ00(ξ), ϕ′00(ξ),
Ψ′00(ξ), õàðàêòåðíûå äëÿ ÿ÷ååê ýìóëüñèè ñ æåñòêèìè îáîëî÷êàìè.

Òàêèì îáðàçîì, äëÿ ëþáîãî ñòàöèîíàðíîãî òå÷åíèÿ äîêàçàíà íåîáõîäèìîñòü
íàëè÷èÿ æåñòêîé îáîëî÷êè äëÿ âûïîëíåíèÿ ïðèíöèïà ìèíèìóìà âÿçêèõ ïîòåðü.
Äîñòàòî÷íîñòü îáåñïå÷åíà âàðèàöèîííûì ïðèíöèïîì Ãåëüìãîëüöà [13, ñ. 415].

Âèäèìî, âñå ýòî ñïðàâåäëèâî è äëÿ êâàçèñòàöèîíàðíîãî ñëó÷àÿ, ò.å. äëÿ
äîñòàòî÷íî íèçêî÷àñòîòíîãî çâóêà (àíàëîãè÷íûå ðåçóëüòàòû ïîëó÷åíû òàêæå äëÿ
ÿ÷åå÷íîé ìîäåëè ñ öèëèíäðè÷åñêèìè êàïëÿìè [14]).

Âìåñòå ñ òåì, ïðèâåäåííûå íèæå ðàñ÷åòû ïîêàçàëè, ÷òî ïðè æåñòêèõ îáîëî÷êàõ
ÿ÷ååê ñóñïåíçèè ïîòåðè ìèíèìàëüíû â î÷åíü øèðîêîì äèàïàçîíå ÷àñòîò, à íå òîëüêî íà
íèçêèõ ÷àñòîòàõ. Òàêæå âûÿñíèëîñü, ÷òî âÿçêèå ïîòåðè ìîãóò áûòü ìèíèìàëüíûìè è ïðè
âûïîëíåíèè óñëîâèÿ Õàïïåëÿ (n = 2). Êðèòåðèåì îñóùåñòâëåíèÿ òîãî èëè èíîãî âàðèàíòà
ñëóæèò îòíîøåíèå

s2 =
κ̃02

κ̃22

=

Im
1

1− iq0

Im
1

1− iq2

√√√√√√√1 + ζξ3Re
1

1− iq2

1 + ζξ3Re
1

1− iq0

, (10)

ãäå ζ = ρ′/ρ− 1; sn, κ̃n2, qn ñóòü ôóíêöèè òðåõ àðãóìåíòîâ: ζ, ξ, α, ïðè÷åì îïðåäåëÿþùèì
ôàêòîðîì ÿâëÿåòñÿ íå ÷àñòîòà, à çíà÷åíèå α (6). Ïðè α << 1 è α ∼ 1 sn < 1, ò.å. ïîòåðè
ìèíèìàëüíû ïðè æåñòêîé îáîëî÷êå (n = 0); â ýòîì ñëó÷àå íåçàâèñèìî îò çíà÷åíèé ζ
èìååì: s1,2,3 −−→

ξ→0
1, s1,2,3 −−→

ξ→1
0,25 ò.å. ïðåâûøåíèå ïîòåðü íàä ñëó÷àåì n = 0 äîõîäèò

äî 4 ðàç. Ïðè áîëüøèõ çíà÷åíèÿõ α sn > 1 è ïîòåðè ìèíèìàëüíû ïðè n = 2, ïðè÷åì
s1,2,3 −−−→

α→∞
1 + ξ4 äëÿ ëþáûõ çíà÷åíèé ζ. Íèæå ïðèâåäåíû ïðèìåðû îáîèõ âàðèàíòîâ.

Äàëåå íà ðèñóíêàõ êðóïíûìè òî÷êàìè (•) îáîçíà÷åíû ýêñïåðèìåíòàëüíûå
ðåçóëüòàòû. Ñîîòâåòñòâèå ðàñ÷åòíûõ êðèâûõ ãðàíè÷íûì óñëîâèÿì ñëåäóþùåå: --------
� æåñòêàÿ îáîëî÷êà (n = 0); · · · � óñëîâèå Êâàøíèíà (n = 1); � � � óñëîâèå Õàïïåëÿ
(n = 2); � · � � óñëîâèå Êóâàáàðû (n = 3).

Íà ðèñ. 1 ïîêàçàíû ðåçóëüòàòû èçìåðåíèé Õåìïòîíîì (Hampton, 1967) [15]
çàòóõàíèÿ A(ε) = 8,686κ̃2(ε) çâóêà ÷àñòîòîþ 100 êÃö â ïîëèäèñïåðñíîé ñóñïåíçèè ÷àñòèö
êàîëèíèòà â âîäå â çàâèñèìîñòè îò îáúåìíîé êîíöåíòðàöèè ÷àñòèö ε. Ïàðàìåòðû
ñóñïåíçèè: ïëîòíîñòü ÷àñòèö ρ′ = 2,71 · 103 êã/ì3, èõ ñæèìàåìîñòü k′ = 10−11 Ïà−1;
ïëîòíîñòü âîäû ρ = 0,9982 · 103 êã/ì3, âÿçêîñòü η = 1,004 · 10−3 Ïà·ñ , ñæèìàåìîñòü
k = 4,557 · 10−10 Ïà−1, ñêîðîñòü çâóêà c = 1482,7 ì/ñ; ñðåäíèé ðàçìåð ÷àñòèö
2R = 2,50 · 10−6ì = 2,5 ìêì; α = 1,397; ζ = 1,715. Ïðèâåäåíû òàêæå ðàñ÷åòíûå
êðèâûå çàòóõàíèÿ An(ε). Âèäíî, ÷òî äëÿ òåîðåòè÷åñêîãî îáúÿñíåíèÿ ýêñïåðèìåíòàëüíûõ
äàííûõ ïîäõîäèò òîëüêî íèæíÿÿ êðèâàÿ (n = 0), äàþùàÿ íàèìåíüøèå èç ÷åòûðåõ
âàðèàíòîâ âÿçêèå çâóêîâûå ïîòåðè.

Íà ðèñ. 2 ïðåäñòàâëåíû ðåçóëüòàòû èçìåðåíèé Óðèêîì (Urick, 1948) [16] çàòóõàíèÿ
çâóêà ÷àñòîòîþ 1,0 ÌÃö â ïîëèäèñïåðñíîé ñóñïåíçèè ÷àñòèö êàîëèíà â âîäå ïðè ðàçíûõ
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êîíöåíòðàöèÿõ ÷àñòèö. Çíà÷åíèÿ ïàðàìåòðîâ: ρ′ = 2,71 · 103 êã/ì3, k′ = 10−11 Ïà−1,
ζ = 1,715, α = 1,635. Ñðåäíèé äèàìåòð ÷àñòèö 2R = 0,925 · 10−6ì = 0,925 ìêì. È çäåñü
ìèíèìàëüíûå âÿçêèå ïîòåðè îïèñûâàåò íèæíÿÿ êðèâàÿ, ïîëó÷åííàÿ äëÿ ÿ÷ååê ñ æåñòêèìè
îáîëî÷êàìè è íàèáîëåå ïðèãîäíàÿ äëÿ èíòåðïðåòàöèè ýêñïåðèìåíòàëüíûõ äàííûõ.

Ðèñ. 1. Çàòóõàíèå çâóêà ÷àñòîòîþ 100 êÃö â ïîëèäèñïåðñíîé ñóñïåíçèè êàîëèíèòà â âîäå
äëÿ ðàçíûõ îáúåìíûõ êîíöåíòðàöèé ε ÷àñòèö ñðåäíèì äèàìåòðîì 2R = 2,5 ìêì [15]

Ðèñ. 2. Çàòóõàíèå çâóêà ÷àñòîòîþ 1,0 ÌÃö â ïîëèäèñïåðñíîé ñóñïåíçèè êàîëèíà â âîäå
äëÿ ðàçíûõ îáúåìíûõ êîíöåíòðàöèé ε ÷àñòèö ñðåäíèì äèàìåòðîì 2R = 0,925 ìêì [16]

Íà ðèñóíêàõ 1, 2 âðÿä ëè ñëåäóåò ðàññ÷èòûâàòü íà ëó÷øåå ñîâïàäåíèå
òåîðåòè÷åñêèõ êðèâûõ ñ ðåçóëüòàòàìè èçìåðåíèé, ïîñêîëüêó ðàñ÷åòíûå êðèâûå äëÿ
ïîëèäèñïåðñíûõ ñóñïåíçèé ïîëó÷åíû ñ ó÷åòîì ëèøü ñðåäíåãî ðàçìåðà ÷àñòèö ïðè
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øèðîêîì ñïåêòðå èõ ðàçìåðîâ, ÷òî ÿâëÿåòñÿ ãðóáûì ïðèáëèæåíèåì. ×àñòèöû ñóñïåíçèé
çàâåäîìî íåðåãóëÿðíîé ôîðìû â ðàñ÷åòàõ ïðèíèìàþòñÿ ñôåðè÷åñêèìè ñ ðàäèóñàìè,
îïðåäåëÿåìûìè ñåäèìåíòàöèîííûìè (ò.å. ñòàöèîíàðíûìè) èçìåðåíèÿìè, è îñòàåòñÿ ëèøü
íàäåÿòüñÿ, ÷òî ýòè çíà÷åíèÿ ðàäèóñîâ ÷àñòèö ïðèìåíèìû è ê îïèñàíèþ âÿçêèõ çâóêîâûõ
ïîòåðü â øèðîêîì äèàïàçîíå ÷àñòîò [15], [16]. Êðîìå òîãî, íå ó÷òåíû òåïëîâûå ïîòåðè.
Íåèçâåñòíà òàêæå òî÷íîñòü èçìåðåíèé � íå âûñîêàÿ, ñóäÿ ïî ðàçáðîñó òî÷åê.

Íà ðèñ. 3 ïðèâåäåíî ñðàâíåíèå ðàñ÷åòíûõ è èçìåðåííûõ â ðàáîòå [17] çíà÷åíèé
çâóêîâûõ ïîòåðü â ñóñïåíçèÿõ ÷àñòèö ðóòèëà (TiO2) â âîäå äëÿ ðàçíûõ îáúåìíûõ
êîíöåíòðàöèé íà ÷àñòîòå 10,3 ÌÃö. Ïîìèìî âÿçêèõ ïîòåðü (â ∂Á/(ñì·ÌÃö))

ÂÏn(ε) =
8,686

100 · 10,3
· ω

2c̃Φ(ω)
· ρ̃2(ω)

ρ̃1(ω)
,

äëÿ ÷åòûðåõ ãðàíè÷íûõ óñëîâèé ïðè ðàñ÷åòå ó÷òåíû òàêæå òåïëîâûå ïîòåðè

ÒÏ(ε) =
8,686

100 · 10,3
· ω

2c̃Φ(ω)
· k̃2(ω)

k̃1(ω)
,

íå çàâèñÿùèå îò ãèäðîäèíàìè÷åñêèõ ãðàíè÷íûõ óñëîâèé íà ïîâåðõíîñòè ÿ÷åéêè. Îíè
âçÿòû èç ñòàòüè [7], ãäå ðàññ÷èòàíû ïî ôîðìóëàì, äóáëèðóþùèì ðåçóëüòàòû ðàáîòû [11].
Ïàðàìåòðû ñóñïåíçèè ÷àñòèö ðóòèëà: ρ′ = 3,92 · 103 êã/ì3, ζ = 2,929. Ñðåäíèé ðàçìåð
÷àñòèö ñîãëàñíî [17] çàâèñèò îò êîíöåíòðàöèè: 2R(ε) = (0,3 + 0,3478 ε) ìêì. Çíà÷åíèÿ α �
â ïðåäåëàõ 1,70 � 2,59.

Ðèñ. 3. Çàòóõàíèå çâóêà ÷àñòîòîþ 10,3 ÌÃö â ñóñïåíçèè ðóòèëà (TiO2) â âîäå â
çàâèñèìîñòè îò îáúåìíîé êîíöåíòðàöèè ε ÷àñòèö ñðåäíèì äèàìåòðîì

2R(ε) = (0,3 + 0,3478 ε) ìêì [17]: � � � � � ðàñ÷åò âÿçêèõ ïîòåðü ÂÏ0(ε) äëÿ æåñòêîé
îáîëî÷êè; - - - - � ðàñ÷åò òåïëîâûõ ïîòåðü ÒÏ(ε).

Êàê è â ïðåäûäóùèõ ñëó÷àÿõ, íàèëó÷øèì ïðèáëèæåíèåì ê ýêñïåðèìåíòàëüíûì
äàííûì ñëóæèò êðèâàÿ ÂÏ0(ε) + ÒÏ(ε), ïðåäñòàâëÿþùàÿ ìèíèìàëüíûå ñóììàðíûå
âÿçêèå è òåïëîâûå ïîòåðè â ìîäåëè ñóñïåíçèè ñ æåñòêèìè îáîëî÷êàìè ÿ÷ååê. Êðèâûå
ñóììàðíûõ ïîòåðü äëÿ ìîäåëåé ñ äðóãèìè ãðàíè÷íûìè óñëîâèÿìè íàìíîãî ïðåâûøàþò
ðåçóëüòàòû èçìåðåíèé.



Êàçàêîâ Ë. È.

ß÷åå÷íûå ìîäåëè ñóñïåíçèé ñôåðè÷åñêèõ ÷àñòèö ïðè ðàçíûõ ãðàíè÷íûõ óñëîâèÿõ 36

Ðàáîòà [18] ñîäåðæèò äàííûå èçìåðåíèé â äèàïàçîíå ÷àñòîò 20 - 300 êÃö çàòóõàíèÿ
çâóêà â âîäå, íàñûùåííîé ñ îáúåìíîé êîíöåíòðàöèåé ε = 0,635 ñòåêëÿííûìè áóñèíêàìè
ñðåäíåãî äèàìåòðà 2R = 1,8 · 10−4ì = 0,18 ìì. Èíûå ïàðàìåòðû ýòîé ñóñïåíçèè: ρ′ =
2,45 · 103 êã/ì3, ζ = 1,4544, γ = 0,5077 (ïî (7)), α = 10,06 · fêÃö1/2 (ïî (6)). Íà ðèñ. 4
òî÷êàìè ïîêàçàíû (â ôóíêöèè îò ïàðàìåòðà α) ýêñïåðèìåíòàëüíûå äàííûå ðàáîòû [18] è
íàíåñåíû ðàñ÷åòíûå êðèâûå.

Ðèñ. 4. ×àñòîòíàÿ çàâèñèìîñòü çàòóõàíèÿ çâóêà â ñóñïåíçèè ñòåêëÿííûõ áóñèíîê
äèàìåòðîì 2R = 0,18 ìì â âîäå ïðè α = 10,06 · fêÃö1/2 [18]

Âåðõíÿÿ êðèâàÿ ïðåäñòàâëÿåò òî÷íûå ðàñ÷åòíûå çíà÷åíèÿ â ∂Á/ì çàòóõàíèÿ ïðè
n = 0. Íèæå � âûñîêî÷àñòîòíîå ïðèáëèæåíèå äëÿ æåñòêîé îáîëî÷êè

A0 = 8,686 · κ̃02 = 1,9057
√
fêÃö, ∂Á/ì,

ñëåäóþùåå èç âûðàæåíèÿ äëÿ àìïëèòóäíîãî êîýôôèöèåíòà ïîãëîùåíèÿ çâóêà [7, (33)]:

κ̃02(ω) =
9(1− γ)2ξ3√ρη(1 + ξ4)

√
ω

4
√

2 [1− (1− γ)ξ3]2 ρ̃(∞)c̃Φ(∞)R
, ì−1,

ãäå

ρ̃(∞) = ρ

{
1 +

3(1− γ)ξ3

2 [1− (1− γ)ξ3]

}
, êã/ì3,

c̃(∞) = 1917,2 ì/ñ � ñðåäíåå çíà÷åíèå ôàçîâîé ñêîðîñòè ïî èçìåðåíèÿì â [18]. Íèæíèå
òðè òî÷íûå êðèâûå (n = 1, 2, 3) ïðàêòè÷åñêè ñëèâàþòñÿ. Íåñìîòðÿ íà ïðåäñêàçûâàåìûå
èìè ìèíèìàëüíûå ïîòåðè, ýòè êðèâûå íå ãîäÿòñÿ äëÿ àïïðîêñèìàöèè ýêñïåðèìåíòàëüíûõ
äàííûõ, ñ ÷åì íåïëîõî ñïðàâëÿåòñÿ (êðîìå íèæíèõ 20, 30, 40 êÃö) âåðõíÿÿ êðèâàÿ,
îòíîñÿùàÿñÿ ê æåñòêîé îáîëî÷êå (n = 0) è îïèñûâàþùàÿ, íà ýòîò ðàç, íàèáîëüøèå âÿçêèå
ïîòåðè.

Êðèòåðèè sn = κ̃02/κ̃n2 ïðåäñòàâëåíû íà ðèñ. 5. ×àñòîòàì èçìåðåíèÿ
ñîîòâåòñòâóþò çíà÷åíèÿ ïàðàìåòðà α, îõâàòûâàþùèå äèàïàçîí îò 45 äî 174, ãäå
âñþäó sn > 1, è ìèíèìàëüíûå ïîòåðè îáåñïå÷èâàåò ãðàíè÷íîå óñëîâèå Õàïïåëÿ, à íå
æåñòêàÿ îáîëî÷êà.



NOISE Theory and Practice 37

Ðèñ. 5. Êðèòåðèè sn(α) =
κ̃02(α)

κ̃n2(α)
(10) äëÿ äàííûõ ðàáîòû [18]

Ðèñ. 6. Äîáðîòíîñòè Qn(α) =
ρ̃n1(α)

ρ̃n2(α)
ìîäåëåé ñóñïåíçèé ïðè âÿçêèõ ïîòåðÿõ

Èíôîðìàòèâíû òàêæå α-çàâèñèìîñòè ¾äîáðîòíîñòåé¿ ìîäåëåé ñóñïåíçèé ïðè
âÿçêèõ çâóêîâûõ ïîòåðÿõ.

Qn(α) =
ρ̃n1(α)

ρ̃n2(α)
=

1 + ζξ3Re

(
1

1− iqn(α)

)
ζξ3Im

(
1

1− iqn(α)

) .

Äëÿ äàííûõ ðàáîò [18] îíè ïîêàçàíû íà ðèñ. 6.
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Çàêëþ÷åíèå

Âûïîëíåííûå ñðàâíåíèÿ ïîêàçàëè, ÷òî òîëüêî ïðè èñïîëüçîâàíèè ãðàíè÷íîãî
óñëîâèÿ â âèäå æåñòêîé îáîëî÷êè óäàåòñÿ õîðîøî èíòåðïðåòèðîâàòü ýêñïåðèìåíòàëüíûå
äàííûå, òîãäà êàê òðè äðóãèõ ãðàíè÷íûõ óñëîâèÿ äëÿ ýòîãî íå ãîäÿòñÿ.

Ïåðâîíà÷àëüíî æåñòêàÿ îáîëî÷êà ïîÿâèëàñü â ñâÿçè ñ òðåáîâàíèåì ìèíèìàëüíûõ
ïîòåðü, ïðèçâàííûì çàìåíèòü íåäîñòàþùåå ãðàíè÷íîå óñëîâèå íà ïîâåðõíîñòè ÿ÷åéêè.
¾Ïðèíöèï ìèíèìóìà äèññèïàöèè � ýòî îäèí èç âàæíåéøèõ ïðèíöèïîâ îòáîðà ðåàëüíûõ
äâèæåíèé èç ÷èñëà âèðòóàëüíûõ. ... Ïðèðîäà ýòèì ïðèíöèïîì íàì äåìîíñòðèðóåò
óäèâèòåëüíóþ îñîáåííîñòü: îíà äîïóñêàåò íå ïðîñòî òå äâèæåíèÿ, ïðè êîòîðûõ ýíòðîïèÿ
ðàñòåò, à òîëüêî òå, ïðè êîòîðûõ ðîñò ìèíèìàëåí... Îí ñòðîãî íèêîãäà íå áûë îáîñíîâàí.
... Íî, ñ äðóãîé ñòîðîíû íå ñóùåñòâóåò ïðèìåðîâ, êîòîðûå áû åìó ïðîòèâîðå÷èëè¿ [19
ñ. 49]. Ïðè ñòàöèîíàðíîì òå÷åíèè â ÿ÷åéêå ïðèíöèï ìèíèìóìà âÿçêèõ ïîòåðü äèêòóåò
íåîáõîäèìîñòü îãðàíè÷åíèÿ åå æåñòêîé îáîëî÷êîé. Îáðàòíî, êîëü ñêîðî æåñòêàÿ îáîëî÷êà
íà ãðàíèöå ÿ÷åéêè óæå èìååòñÿ, òî ñîãëàñíî âàðèàöèîííîìó ïðèíöèïó Ãåëüìãîëüöà [13,
ñ. 415], äåéñòâèòåëüíîå ìåäëåííîå ñòàöèîíàðíîå òå÷åíèå âÿçêîé íåñæèìàåìîé æèäêîñòè
ïðîèñõîäèò ñ íàèìåíüøåé äèññèïàöèåé ýíåðãèè, â îòëè÷èå îò ëþáûõ äîïóñòèìûõ
âèðòóàëüíûõ òå÷åíèé ñ òåì æå ðàñïðåäåëåíèåì ñêîðîñòåé íà ïîâåðõíîñòè ÿ÷åéêè, ò.å. ñî
ñêîðîñòÿìè ñàì�îé æåñòêîé îáîëî÷êè. Òàêèì îáðàçîì, äëÿ ñòàöèîíàðíûõ òå÷åíèé æåñòêàÿ
îáîëî÷êà íåîáõîäèìà è äîñòàòî÷íà äëÿ âûïîëíåíèÿ ïðèíöèïà ìèíèìóìà äèññèïàöèè.

Íî äëÿ çâóêîâûõ êîëåáàíèé ïðèíöèï Ãåëüìãîëüöà íåïðèìåíèì. Çäåñü, êàê
ïîêàçàíî âûøå, çâóêîâûå òå÷åíèÿ ñóñïåíçèè ñ æåñòêèìè îáîëî÷êàìè ÿ÷ååê ñêîðåå
ñëåäóþò ïðèíöèïó ýêñòðåìàëüíûõ (ñòàöèîíàðíûõ) ïîòåðü � â çàâèñèìîñòè îò çíà÷åíèÿ
ïàðàìåòðà α (6) ìèíèìàëüíûõ (÷àùå) èëè ìàêñèìàëüíûõ â ñðàâíåíèè ñ òå÷åíèÿìè ïðè
äðóãèõ ãðàíè÷íûõ óñëîâèÿõ è äðóãèõ ðàñïðåäåëåíèÿõ ãðàíè÷íûõ ñêîðîñòåé. Äëÿ áîëåå
óâåðåííûõ âûâîäîâ âîïðîñ òðåáóåò äàëüíåéøèõ ïðîðàáîòîê (â òîì ÷èñëå ïðèìåíèòåëüíî
ê ýìóëüñèÿì è âÿçêîóïðóãèì äèñïåðñíûì ñðåäàì) è ñðàâíåíèé ñ ýêñïåðèìåíòàìè.

Ïðåäëîæåííàÿ çäåñü òåîðèÿ ïðèìåíèìà ê ðàñ÷åòó çâóêîãàñÿùèõ ñðåä. Çàìåíèâ â
ñóñïåíçèè æèäêîñòü âîçäóõîì, ïîëó÷èì ôèçè÷åñêóþ ìîäåëü çåðíèñòîãî çâóêîïîãëîùàþùåãî
ìàòåðèàëà [20, ñ. 49]. Åãî îòëè÷èòåëüíàÿ îñîáåííîñòü � áîëüøîå çíà÷åíèå ïàðàìåòðà
ζ >> 1, êàê è â ñëó÷àå âîëîêíèñòûõ çâóêîïîãëîòèòåëåé [14].

Âûïîëíèâ âî âñåõ ôîðìóëàõ çäåñü (à òàêæå â [14]) çàìåíó äèíàìè÷åñêîé
âÿçêîñòè æèäêîñòè η(Ïà·ñ) íà iµ*(ω)/ω, ãäå µ*(ω) = µ(ω)[1 - iδ(ω)] (Ïà) � êîìïëåêñíûé
ìîäóëü ñäâèãà âÿçêîóïðóãîãî ìàòåðèàëà, íàïðèìåð, ðåçèíû, ïîëó÷èì ñðåäñòâî ðàñ÷åòà
àêóñòè÷åñêèõ õàðàêòåðèñòèê ðåçèíîïîäîáíîé ñðåäû ñ òâåðäûìè ñôåðè÷åñêèìè èëè
öèëèíäðè÷åñêèìè âêëþ÷åíèÿìè [21].
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Ìèõàèëà Òóãàí-Áàðàíîâñêîãî (ÄîíÍÓÝÒ), ã. Äîíåöê, Óêðàèíà

Àííîòàöèÿ

Óíèâåðñàëüíûå êóõîííûå ìàøèíû (ÓÊÌ) èìåþò øèðîêèå âîçìîæíîñòè îáðàáîòêè ïèùåâûõ

ïðîäóêòîâ, à òàêæå âûïîëíÿþò ðàçëè÷íûå òåõíîëîãè÷åñêèå îïåðàöèè â ïðîèçâîäñòâåííîì öåõó

ïðåäïðèÿòèé ïèòàíèÿ. Çàâîäîì èçãîòîâèòåëåì äëÿ âñåõ òèïîâ ÓÊÌ ÿâëÿåòñÿ Ïåðìñêèé çàâîä òîðãîâîãî

ìàøèíîñòðîåíèÿ, Ðîññèÿ. Áîëüøîå ðàñïðîñòðàíåíèå íà ïðåäïðèÿòèÿõ ïèòàíèÿ ïîëó÷èëà ìàøèíà ÓÊÌ

òèïà ÏÓ-0.6, Ï-2, ÓÌÌ-ÏÐ è ÓÊÌ. Ìíîãîëåòíèå èññëåäîâàíèÿ ÄîíÍÓÝÒ øóìîâûõ õàðàêòåðèñòèê

ìàøèí óêàçàëè íà òåíäåíöèþ íà èõ èçìåíåíèÿ êîíñòðóêöèè â ñòîðîíó ñíèæåíèÿ èçëó÷àåìîãî øóìà,

ò.å. ïîâûøåíèÿ òåõíè÷åñêîãî óðîâíÿ ìàøèí è èõ êîíêóðåíòîñïîñîáíîñòè. Îäíàêî, íåêîòîðûå ìîäåëè

ÓÊÌ ïîêàçàëè ïðåâûøåíèå ïðåäåëüíî-äîïóñòèìûõ íîðì ïî øóìó, à èìåííî ñî ñìåííûì ìåõàíèçìîì

äëÿ âçáèâàíèÿ è ïðîñåèâàíèÿ ïèùåâûõ ïðîäóêòîâ. Ïðåäëîæåíû ðåêîìåíäàöèè ïî óñîâåðøåíñòâîâàíèþ

êîíñòðóêöèè ìåõàíèçìîâ.

Êëþ÷åâûå ñëîâà: øóìîâàÿ õàðàêòåðèñòèêà, óíèâåðñàëüíàÿ êóõîííàÿ ìàøèíà, ñîâåðøåíñòâîâàíèå

êîíñòðóêöèè.

Directions and problems of engineering acoustics

Zapletnikov I.N.1, Pilnenko A.K.2, Kvilinskii O.D.3
1 Professor

2 Assistant professor
3 Postgraduate

1,2,3 Donetsk National University of Economics and Trade named after Mikhail Tugan-Baranovsky
(DonNUET), Donetsk, Ukraine

Abstract

Universal Kitchen Machines (UKM) has ample opportunities for processing food products, as well

as performs various technological operations in the production workshop of catering enterprises. By a plant

a manufacturer from all types of UKM is the Perm plant of trade engineer, Russia. Long-term researches of

DonNUET of noise descriptions of machines speci�ed on a tendency on their changes of construction toward

the decline of the radiated noise, i.e. increases of technical level of machines and their competitiveness. UKM

models have exceeded the maximum permissible noise standards namely with interchangeable mechanism for

whipping and sifting food. Suggestions for design improvements mechanisms.
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Ââåäåíèå

Óíèâåðñàëüíûå êóõîííûå ìàøèíû øèðîêî ïðèìåíÿþòñÿ íà ïðåäïðèÿòèÿõ
ïèòàíèÿ áëàãîäàðÿ âîçìîæíîñòè âûïîëíåíèÿ ðàçíîîáðàçíûõ òåõíîëîãè÷åñêèõ îïåðàöèé:
îáðàáîòêè ìÿñà è ðûáû, îáðàáîòêè ñûðûõ è âàðåíûõ îâîùåé, âçáèâàíèÿ ðàçëè÷íûõ
æèäêèõ ïèùåâûõ ïðîäóêòîâ, ïåðåìåøèâàíèÿ, ïðîñåèâàíèÿ, äðîáëåíèÿ è î÷èñòêè
ïèùåâîãî ñûðüÿ è ïðîäóêòîâ. Âûïîëíåíèå ýòèõ îïåðàöèé ïðîèçâîäèòñÿ ïóòåì çàìåíû íà
ïðèâîäíîì ìåõàíèçìå ñîîòâåòñòâóþùèõ ñìåííûõ ìåõàíèçìîâ [1-3]. Êîìïëåêòíîñòü ÓÊÌ
ñìåííûìè ìåõàíèçìàìè ðàçëè÷íàÿ. Ìàøèíû âûïóùåíû ñåðèéíî Ïåðìñêèì çàâîäîì
òîðãîâîãî ìàøèíîñòðîåíèÿ ÐÔ.

Ïåðâîíà÷àëüíî çàâîä âûïóñêàë ïðèâîä ÏÓ-0,6, çàòåì ïðèâîä Ï-2, â íàñòîÿùåå
âðåìÿ âûïóñêàþòñÿ ÓÊÌ. Êðîìå òîãî, Ïåðìñêèì çàâîäîì òîðãìàø âûïóùåí ìàëîãàáàðèòíûé
ïðèâîä ÓÌÌ, êîòîðûé óñòàíàâëèâàåòñÿ â ìàëûõ êóõîííûõ ïîìåùåíèÿõ, â âàãîíàõ �
ðåñòîðàíàõ, íà ñóäàõ è äð.

ÓÊÌ ïðè ðàáîòå èçëó÷àåò óðîâåíü øóìà, îêàçûâàþùèé âðåäíîå âîçäåéñòâèå
íå òîëüêî íà îáñëóæèâàþùèé ïåðñîíàë, íî è íà ïîñåòèòåëåé ïðåäïðèÿòèé ïèòàíèÿ.
Òåì áîëåå, ÷òî ïðîèçâîäñòâåííûå ïîìåùåíèÿ ýòèõ ïðåäïðèÿòèé àêóñòè÷åñêè ñâÿçàíû,
çà÷àñòóþ, ñ çàëàìè îáñëóæèâàíèÿ.

Ïåðìñêèé çàâîä òîðãìàø (ÏÇÒÌ) ïåðèîäè÷åñêè ñîâåðøåíñòâóåò êîíñòðóêöèþ
âûïóñêàåìûõ ÓÊÌ äëÿ óëó÷øåíèÿ èõ ýêñïëóàòàöèîííûõ õàðàêòåðèñòèê, â ò.÷. øóìîâûõ.

Â òåõíè÷åñêèõ èíôîðìàöèîííûõ èñòî÷íèêàõ ñâåäåíèÿ î øóìîâîé õàðàêòåðèñòèêå (ØÕ)
èññëåäóåìûõ ìàøèí îòñóòñòâóþò, ò.ê. îíè ÿâëÿþòñÿ îäíèì èç ïîêàçàòåëåé èõ òåõíè÷åñêîãî
óðîâíÿ è êîíêóðåíòîñïîñîáíîñòè.

1. Ýâîëþöèÿ êîíñòðóêöèè óíèâåðñàëüíûõ êóõîííûõ ìàøèí è èõ

øóìîâûõ õàðàêòåðèñòèê

Ïðîâîäèìûå êàôåäðîé îáîðóäîâàíèÿ ïèùåâûõ ïðîèçâîäñòâ óíèâåðñèòåòà
ÄîíÍÓÝÒ ìíîãîëåòíèå ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ øóìîâûõ õàðàêòåðèñòèê ÓÊÌ
ïîçâîëèëè ïðîñëåäèòü ýâîëþöèþ ýòèõ õàðàêòåðèñòèê ñî âðåìåíåì.

Öåëüþ ðàáîòû ÿâëÿåòñÿ íàó÷íîå îáîñíîâàíèå íàïðàâëåíèÿ ñîâåðøåíñòâîâàíèÿ
êîíñòðóêöèé ÓÊÌ äëÿ ñíèæåíèÿ èçëó÷àåìîãî øóìà è, òåì ñàìûì, óëó÷øåíèÿ ñàíèòàðíî-
ãèãèåíè÷åñêèõ óñëîâèé òðóäà ðàáîòíèêîâ îáùåñòâåííîãî ïèòàíèÿ.

Ðåçóëüòàòû ïðîâåäåííûõ èññëåäîâàíèéØÕ ÓÊÌ ïðåäñòàâëåíû â òàáëèöå 1 â âèäå
óðîâíåé çâóêîâîé ìîùíîñòè ïî õàðàêòåðèñòèêå À [4].

Â òàáëèöå 1 ÷àñòîòà âðàùåíèÿ âûõîäíîãî âàëà 1 ñîîòâåòñòâóåò 170 îá/ìèí, à 2 �
÷àñòîòå 330 îá/ìèí.
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Òàáëèöà 1

Øóìîâûå õàðàêòåðèñòèêè óíèâåðñàëüíûõ êóõîííûõ ìàøèí

Øóìîâûå õàðàêòåðèñòèêè, äÁÀ
Òåõíîëîãè÷åñêàÿ îïåðàöèÿ Òèï ìàøèíû

ÏÓ-0,6 Ï-2 ÓÊÌ ÓÌÌ-ÏÐ
Ñîáñòâåííî ïðèâîä
ñêîðîñòü 1 77 77 74 83
ñêîðîñòü 2 - 82 80 -
Èçìåëü÷åíèå
îâîùåé 77 90 82 86
ìÿñà 80 84 79,7 83
Âçáèâàíèå
ñêîðîñòü 1 78 88 77 84
ñêîðîñòü 2 82 92 84 86
Ïåðåìåøèâàíèå 83 88 77 -
Äðîáëåíèå ñóõàðåé 81 83 - -
Ïðîñåèâàíèå - 98 82 -
Ïðîòèðàíèå - 90 - -
Î÷èñòêà êîðíåêëóáíåïëîäîâ - - - 88

Àíàëèç ïîëó÷åííûõ ðåçóëüòàòîâ è èõ ãðàôè÷åñêàÿ èíòåðïðåòàöèÿ ïîêàçûâàåò,
÷òî ØÕ ñîáñòâåííî ïðèâîäîâ èìåþò òåíäåíöèþ ê èõ ñíèæåíèþ, ÷òî ñâèäåòåëüñòâóåò î
ïîâûøåíèè êà÷åñòâà è òåõíè÷åñêîãî óðîâíÿ èõ êîíñòðóêöèè.

Ðèñ. 1. ØÕ óíèâåðñàëüíîãî ïðèâîäà

×òî êàñàåòñÿ èñïîëüçîâàíèÿ ìàøèí ñî ñìåííûìè ìåõàíèçìàìè äëÿ âûïîëíåíèÿ
îòäåëüíûõ òåõíîëîãè÷åñêèõ îïåðàöèé, òî àíàëîãè÷íàÿ òåíäåíöèÿ ñîõðàíÿåòñÿ ëèøü ïðè
ñðàâíåíèè ØÕ ïðèâîäà Ï-2 è ÓÊÌ. Ó óíèâåðñàëüíîãî ïðèâîäà ÏÓ-0,6 ØÕ, âûïóùåííîãî
ðàíåå, îêàçàëèñü íèæå, ÷åì ó ïðèâîäà Ï-2, ñåðèéíî âûïóùåííîãî ÏÇÒÌ ïîçæå, âçàìåí
ÏÓ-0,6. Ýòî ñâÿçàíî ñ óâåëè÷åíèåì íà Ï-2 óñòàíîâëåííîé ìîùíîñòè ýëåêòðîäâèãàòåëÿ ñ
0,6 êÂò äî 0,8 êÂò è, âîçìîæíî, ñíèæåíèåì ìàññû ìàøèíû ñ 48 êã äî 41 êã.

ØÕ ïîñëåäíåé ìîäèôèêàöèè ÓÊÌ óëó÷øåíû íà 2-8 äÁÀ, ïî ñðàâíåíèþ ñ
ïðèâîäîì Ï-2 êàê ïî õàðàêòåðèñòèêå ñîáñòâåííî ïðèâîäà, òàê è ïðè âûïîëíåíèè
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îòäåëüíûõ òåõíîëîãè÷åñêèõ îïåðàöèé. Èñêëþ÷åíèå ñîñòàâëÿåò ØÕ ïðè ïðîñåèâàíèè
ìóêè. Âåëè÷èíà ñíèæåíèÿ èçëó÷àåìîãî øóìà óìåíüøåíà íà 16 äÁÀ çà ñ÷åò ðåêîíñòðóêöèè
ïîäøèïíèêîâîãî óçëà, êîòîðîå ïðèâåëî ê ñíèæåíèþ áèåíèÿ ñèòà.

Íàèáîëüøèé óðîâåíü øóìà ÓÊÌ èçëó÷àåò ïðè ðàáîòå ñ ïðîñåèâàþùèì ñìåííûì
ìåõàíèçìîì � 90 äÁÀ. Îñíîâíûì èñòî÷íèêîì øóìà â ìàøèíå ÿâëÿåòñÿ âðàùàþùååñÿ
ñèòî ñ ÷àñòîòîé 12 ñ-1, ïîñàæåííîå êîíñîëüíî íà âàë. Ïîñòóïàþùèé íåðàâíîìåðíî èç
áóíêåðà ñûïó÷èé ïðîäóêò â ñèòî ñîçäàåò äîïîëíèòåëüíóþ öåíòðîáåæíóþ íàãðóçêó íà
âàë. Áàëàíñèðîâêà ñèòà, â ðåçóëüòàòå, íå äàåò íóæíîãî ýôôåêòà. Ñèòî âèáðèðóåò è
èçëó÷àåò ïîâûøåííûé óðîâåíü øóìà. Êîðïóñ ïðîñåèâàòåëÿ íå ñíèæàåò èçëó÷àåìîãî
øóìà, ò.ê. ïèòàþùèé áóíêåð àêóñòè÷åñêè ñâÿçàí ñ ïðîèçâîäñòâåííûì ïîìåùåíèåì.
Äëÿ äàëüíåéøåãî ñíèæåíèÿ èçëó÷àåìîãî øóìà ÓÊÌ ñ ïðîñåèâàòåëåì öåëåñîîáðàçíî
äàëüíåéøåå ñîâåðøåíñòâîâàíèå êîíñòðóêöèè ïðîñåèâàòåëÿ â íàïðàâëåíèè: íåîáõîäèìî
ðàçíåñòè ïîäøèïíèêîâûå îïîðû. Îäíó ðàçìåñòèòü â íèæíåé ÷àñòè ñèòà, à âòîðóþ � â
âåðõíåé ÷àñòè ñèòà, ïðîïóñòèâ âàë ÷åðåç ñèòî.

Èñòî÷íèêîì ïîâûøåííîãî øóìà âî âçáèâàëüíîì ìåõàíèçìå ÿâëÿåòñÿ çóá÷àòûé
ïëàíåòàðíûé ìåõàíèçì âíóòðåííåãî çàöåïëåíèÿ ïðèâîäà âçáèâàòåëÿ. Ê óëó÷øåíèþ ØÕ
ìåõàíèçìà ïðèâåäåò çàìåíà çóá÷àòîãî âåíöà âíóòðåííåãî çàöåïëåíèÿ íà ïëàñòìàññîâîå èç
êîìïîçèòíûõ ìàòåðèàëîâ èëè êàïðîëîíà. Òàêîå óñîâåðøåíñòâîâàíèå êîíñòðóêöèè
íå òîëüêî ñíèçèò èçëó÷åíèå øóìà ÓÊÌ, íî è èñêëþ÷èò íåîáõîäèìîñòü ñìàçêè
çàöåïëåíèÿ è âîçìîæíîñòü ïîïàäàíèÿ ñìàçêè â äåæó ñ ïðîäóêòîì. Äðóãèì íàïðàâëåíèåì
ñîâåðøåíñòâîâàíèÿ âçáèâàëüíîãî ìåõàíèçìà ìîæåò áûòü çàìåíà çóá÷àòîé ïåðåäà÷è íà
ïåðåäà÷ó òðåíèåì.

Âûñîêèé óðîâåíü èçëó÷åíèÿ øóìà (84 äÁÀ) ïîñëåäíåé ìîäåëè ÓÊÌ âîçíèêàåò
íà áîëüøîé ÷àñòîòå âðàùåíèÿ âûõîäíîãî âàëà ïðè ðàáîòå ìàøèí íà âçáèâàíèè ïèùåâûõ
ïðîäóêòîâ. Îäíàêî, ïðîâåäåííûå ýêñïåðèìåíòàëüíûå èññëåäîâàíèÿ ñâèäåòåëüñòâóþò è î
òîì, ÷òî ïðè âçáèâàíèè ñìåñåé íà âûñîêîé ñêîðîñòè èìååò ìåñòî ïðåâûøåíèå ñàíèòàðíûõ
íîðì.

Âûñîêèé óðîâåíü øóìà èçëó÷àåòñÿ ìàøèíîé ÓÌÌ-ÏÐ � 88 äÁÀ ïðè î÷èñòêå
êàðòîôåëÿ èç-çà óäàðîâ êëóáíåé î ñòåíêè ðàáî÷åé êàìåðû.

Îáðàùàåò íà ñåáÿ âíèìàíèå è äîñòàòî÷íî âûñîêèé óðîâåíü øóìà, èçëó÷àåìûé
ÓÊÌ ïðè èçìåëü÷åíèè îâîùåé. Îñíîâíûìè èñòî÷íèêàìè øóìà â ìàøèíàõ ÿâëÿåòñÿ øóì,
èçëó÷àåìûé ñîáñòâåííî ïðèâîäîì, øóì êîíè÷åñêîé ïåðåäà÷è âðàùåíèÿ îò ïðèâîäà ê âàëó
ðàáî÷åãî îðãàíà, øóì îò âçàèìîäåéñòâèÿ íîæåé ðàáî÷åãî îðãàíà ñ ïðîäóêòîì. Øóì
êîíè÷åñêîé ïåðåäà÷è âî ìíîãîì çàâèñèò îò êà÷åñòâà ñáîðêè ïåðåäà÷è, ïðåæäå âñåãî çàçîðà
ìåæäó çóáüÿìè è ñìàçêè çóá÷àòîé ïåðåäà÷è. Óëó÷øåíèå ØÕ äàííîé ìàøèíû âîçìîæíî
ïóòåì çàìåíû êîíè÷åñêîé ïåðåäà÷è íà ÷åðâÿ÷íóþ. Ýêñïåðèìåíòû ïîêàçàëè, ÷òî ïðè ýòîì
óðîâåíü çâóêîâîé ìîùíîñòè èçëó÷åíèÿ øóìà ñíèæàåòñÿ íà 18-20 äÁÀ. Êà÷åñòâî ñìàçêè
ïåðåäà÷è çàâèñèò â îñíîâíîì, îò ïåðèîäè÷íîñòè îáñëóæèâàíèÿ. Íà øóì âçàèìîäåéñòâèÿ
íîæåé ñ ïðîäóêòîì ñóùåñòâåííîå âëèÿíèå îêàçûâàåò èõ çàîñòðåíèå è óñèëèå íà òîëêàòåëå.

Ïåðâûé ôàêòîð îïðåäåëÿåòñÿ êà÷åñòâîì îáñëóæèâàíèÿ ìàøèíû, à âòîðîé �
íàëè÷èåì äåìïôèðóþùåãî ýëåìåíòà è äàò÷èêîì ìàêñèìàëüíîãî óñèëèÿ, îòêëþ÷àþùåãî
ýëåêòðîäâèãàòåëü ÓÊÌ.

Ïðåäåëüíî-äîïóñòèìàÿ øóìîâàÿ õàðàêòåðèñòèêà (ÏÄØÕ) ÓÊÌ ïî óðîâíþ
çâóêîâîé ìîùíîñòè (õàðàêòåðèñòèêà À) ñîñòàâëÿåò 82 äÁÀ. Ýòà õàðàêòåðèñòèêà ïîëó÷åíà
èñõîäÿ èç äîïóñòèìîãî óðîâíÿ çâóêà ïîìåùåíèé ïðåäïðèÿòèé îáùåñòâåííîãî ïèòàíèÿ
70 äÁÀ è ÃÎÑÒ 31252-2004 (ÈÑÎ 3740:2000) è ÃÎÑÒ 30530-97. Ñðàâíåíèå ØÕ ïðèâîäà
ÓÊÌ ñ ÏÄØÕ ïîêàçûâàåò, ÷òî ØÕ ñîáñòâåííîãî ïðèâîäà è ïðèâîäà ñ ðÿäîì ñìåííûõ
ìåõàíèçìîâ ðàâíû èëè íå ïðåâûøàþò çíà÷åíèå ÏÄØÕ.
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Çàêëþ÷åíèå

Òàêèì îáðàçîì, äàëüíåéøåå ñîâåðøåíñòâîâàíèå êîíñòðóêöèè óíèâåðñàëüíûõ
êóõîííûõ ìàøèí ñ öåëüþ óëó÷øåíèÿ ñàíèòàðíî-ãèãèåíè÷åñêèõ óñëîâèé ýêñïëóàòàöèè
öåëåñîîáðàçíî íàïðàâèòü íà óñîâåðøåíñòâîâàíèå ïðîñåèâàþùåãî, âçáèâàëüíîãî
ñìåííîãî ìåõàíèçìà, à òàêæå èçìåëü÷åíèÿ îâîùåé â ñîîòâåòñòâèè ñ àïðîáèðîâàííûìè
ðåêîìåíäàöèÿìè.
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Ïîòåðè àêóñòè÷åñêîé ýíåðãèè ïðè ïðîõîæäåíèè çâóêîâîé âîëíû

÷åðåç ïîðèñòî-âîëîêíèñòûé ìàòåðèàë
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Àííîòàöèÿ

Â íàñòîÿùåé ñòàòüå ðàññìàòðèâàåò âîïðîñ íàëè÷èÿ è ó÷åò ïîòåðü çâóêîâîé ýíåðãèè âîëíû

ïðè åå ïðîõîæäåíèè â ïîðèñòî-âîëîêíèñòûõ ìàòåðèàëàõ, ðàññìàòðèâàåòñÿ ðîëü äèíàìè÷åñêîé âÿçêîñòè

ìàòåðèàëà â äàííîì ïðîöåññå. Ðàññìàòðèâàåòñÿ ñîïðîòèâëåíèå âÿçêîãî òðåíèÿ â çàâèñèìîñòè îò ðàçìåðà

ïîð. Âûâîä ôîðìóëû ïîòåðè àêóñòè÷åñêîé ýíåðãèè ïðè ïðîõîæäåíèè çâóêîâîé âîëíû ÷åðåç ïîðèñòî-

âîëîêíèñòûé ìàòåðèàë, à, ñëåäîâàòåëüíî, ïîãëîùåíèå àêóñòè÷åñêîé ýíåðãèè, âûçâàííûå âÿçêîñòüþ

(êîýôôèöèåíò âÿçêîñòè � êîýôôèöèåíò ïîòåðü) è òåïëîïðîâîäíîñòüþ (êîýôôèöèåíò òåïëîïðîâîäíîñòè)

ìàòåðèàëà.

Êëþ÷åâûå ñëîâà: ïîòåðè àêóñòè÷åñêîé ýíåðãèè, ïîðèñòî-âîëîêíèñòûå ìàòåðèàëû,

àêóñòè÷åñêèå ìàòåðèàëû.

Loss of Acoustic Energy During the Passage of a Sound Wave Through a Porous

Fibrous Material

Gerasimov A.I.1, Vasilyev M.D.2*, Svetlorussova A.M.2
1 PhD, Associate Professor, Moscow State University of Civil Engineering, Moscow, Russia

2 Master's student, Moscow State University of Civil Engineering, Moscow, Russia
3 Master's student, Moscow State University of Civil Engineering, Moscow, Russia

Abstract

We consider the issue of the presence and accounting of the losses of sound energy of a wave during its

passage in porous-�brous materials; the role of the dynamic viscosity of the material in this process is considered.

Viscous friction resistance is considered depending on the pore size. The derivation of the formula for the loss

of acoustic energy during the passage of a sound wave through a porous �brous material, and, consequently,

the absorption of acoustic energy caused by the viscosity (viscosity coe�cient - loss coe�cient) and thermal

conductivity (thermal conductivity) of the material.

Keywords: loss of acoustic energy, porous �brous materials, acoustic materials.

Ââåäåíèå

Êàê èçâåñòíî [1,4], ïî ñâîèì ìåõàíè÷åñêèì õàðàêòåðèñòèêàì àêóñòè÷åñêèå
ìàòåðèàëû èç ìèíåðàëüíîãî è ñòåêëÿííîãî âîëîêíà, îòíîñÿòñÿ ê óïðóãî-âÿçêèì è

*E-mail: mick03vasil@mail.ru (Âàñèëüåâ Ì.Ä.)



NOISE Theory and Practice 47

ìàòåðèàëàì, ìåõàíè÷åñêèå ñâîéñòâà êîòîðûõ îïðåäåëÿþòñÿ ãëàâíûì îáðàçîì ìîäóëåì
óïðóãîñòè è âÿçêîñòüþ. Ïðè ðàñïðîñòðàíåíèè çâóêà â àòìîñôåðå íà çíà÷èòåëüíûå
ðàññòîÿíèÿ ñóùåñòâåííóþ ðîëü èãðàåò ïîãëîùåíèå çâóêà � ÷àñòü ýíåðãèè çâóêîâîé
âîëíû ïðåâðàùàåòñÿ â òåïëî. Ýòè ïîòåðè ýíåðãèè ïðîïîðöèîíàëüíû ïîëíîé ýíåðãèè
âîëíû, ò.å. íà êàæäîé åäèíèöå äëèíû ïóòè ðàñïðîñòðàíåíèÿ ðàññåèâàåòñÿ îäíà è òà
æå îòíîñèòåëüíàÿ äîëÿ âñåé ýíåðãèè âîëíû. Ïðè ïîãëîùåíèè ïîòîê çâóêîâîé ýíåðãèè
ïåðåõîäèò â òåïëîâîé ïîòîê, à ïðè ðàññåÿíèè îñòàåòñÿ çâóêîâûì, íî óõîäèò èç íàïðàâëåííî
ðàñïðîñòðàíÿþùåãîñÿ ïó÷êà. Ïîãëîùåíèå çâóêà îáóñëîâëèâàåòñÿ âíóòðåííèì òðåíèåì
è òåïëîïðîâîäíîñòüþ ñðåäû. Äëÿ îäíîé è òîé æå ñðåäû ïîãëîùåíèå ïîïåðå÷íûõ âîëí
ìåíüøå, ÷åì ïðîäîëüíûõ, òàê êàê îíè íå ñâÿçàíû ñ àäèàáàòè÷åñêèìè èçìåíåíèÿìè
îáúåìà, ïðè êîòîðûõ ïîÿâëÿþòñÿ ïîòåðè íà òåïëîïðîâîäíîñòü [2,4].

1. Âûâîä ôîðìóëû ïîòåðè àêóñòè÷åñêîé ýíåðãèè ïðè ïðîõîæäåíèè

çâóêîâîé âîëíû ÷åðåç ïîðèñòî-âîëîêíèñòûé ìàòåðèàë

Ðàíåå áûëî èçó÷åíî [4,5], ÷òî àêóñòè÷åñêàÿ ýôôåêòèâíîñòü äàííûõ ïîðèñòî-
âîëîêíèñòûõ ìàòåðèàëîâ â çíà÷èòåëüíîé ñòåïåíè îïðåäåëÿåòñÿ èõ ôèçèêî-ìåõàíè÷åñêèìè
è âîëíîâûìè ïàðàìåòðàìè, õàðàêòåðèçóþùèõ èõ ñâîéñòâà: äèíàìè÷åñêèé ìîäóëü
óïðóãîñòè, êîýôôèöèåíò ïîòåðü, ïîñòîÿííàÿ ðàñïðîñòðàíåíèå è âîëíîâîå ñîïðîòèâëåíèå
â òåîðèè ëèíåéíîé âÿçêîóïðóãîñòè ïî àíàëîãèè ñ Çàêîíîì Ãóêà (σ = E · ε), ïðèíÿòî
ñ÷èòàòü ôóíêöèþ E∗

(iw) � êîìïëåêñíûì äèíàìè÷åñêèì ìîäóëåì óïðóãîñòè.

E∗
(iw) = Re · E∗

(iw) + Im · E∗
(iw), (1)

ãäå: Re · E∗
(iw) = E∆(ω) � äåéñòâèòåëüíàÿ ÷àñòü � äèíàìè÷åñêèé ìîäóëü óïðóãîñòè;

Im · E∗
(iw) = Eη(ω) � ìíèìàÿ ÷àñòü � ìîäóëü ïîòåðü;

η � êîýôôèöèåíò ïîòåðü ïðè êîëåáàíèÿõ â ðåçóëüòàòå âíóòðåííèõ ïîòåðü â
ìàòåðèàëå.

Êàê èçâåñòíî, ïðîöåññ ïðîõîæäåíèÿ çâóêà ÷åðåç ñëîé ïîðèñòî-âîëîêíèñòîãî
ìàòåðèàëà ñîïðîâîæäàåòñÿ çàòóõàíèåì è ïîãëîùåíèåì ýíåðãèè çâóêîâûõ âîëí â
ïîðàõ ìàòåðèàëà, âûçâàííîé ìåõàíè÷åñêîé âÿçêîñòüþ (òðåíèåì) è äèíàìè÷åñêîé
òåïëîïðîâîäíîñòüþ [1].

Â àêóñòè÷åñêèõ ñèñòåìàõ, êîòîðûå ïðåäñòàâëÿþò ñîáîé ïîðèñòî-âîëîêíèñòûå
ìàòåðèàëû, çâóêîâàÿ ýíåðãèÿ ïðåâðàùàåòñÿ â òåïëîâóþ â ðåçóëüòàòå âÿçêîãî ñîïðîòèâëåíèÿ
çà ñ÷åò ïåðåäà÷è çâóêîâûõ âîëí ÷åðåç ïîðû (óçêèå êàíàëû) [2,3].

Ïîðû � óçêèå êàíàëû, ÿâëÿþòñÿ ïðèìåðàìè àêóñòè÷åñêèõ ñîïðîòèâëåíèé. Êðîìå
àêòèâíîãî ñîïðîòèâëåíèÿ èìååòñÿ òàêæå ðåàêòèâíîå ñîïðîòèâëåíèå: îòíîøåíèå ýòèõ
äâóõ ñîñòàâëÿþùèõ ñîïðîòèâëåíèå, ÿâëÿåòñÿ ôóíêöèåé ðàçìåðîâ. Äàííûé ôàêò âèäåí èç
óðàâíåíèÿ àêóñòè÷åñêîãî èìïåäàíñà óçêîãî êàíàëà (ùåëè) [1]:

ZA =
µ · l
h3 · b

+ j
6ρ · l · ω
5b · h

, (2)

ãäå: µ � êîýôôèöèåíò âÿçêîñòè, ðàâíûé äëÿ âîçäóõà 1,86 · 10−4 ã/ñì3;
ρ � ïëîòíîñòü ìàòåðèàëà, ã/ñì3;
l � äëèíà ùåëè â íàïðàâëåíèè ïîòîêà, ñì;
b � øèðèíà ùåëè â íàïðàâëåíèè ïîòîêà, ñì;
h � âûñîòà ùåëè â íàïðàâëåíèè ïîòîêà, ñì;
ω = 2πf � óãëîâàÿ ÷àñòîòà, ðàä/ñ.

Ðàññìîòðèì ïðîöåññ ïîãëîùåíèÿ, îáóñëîâëåííûé âÿçêîñòüþ. Óðàâíåíèå
ðàñïðîñòðàíåíèÿ ïëîñêîé çâóêîâîé âîëíû â ïîðèñòîé ñðåäå ñ ó÷åòîì ñîïðîòèâëåíèÿ,
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êîòîðîå ïðåäñòàâëÿåò âëèÿíèå âÿçêîñòè [4]:

−∂ρ
∂x

= ρ0
∂v

∂t
+R · v (3)

Åñëè ïîðû (êàíàëû) î÷åíü ìàëû, � ñîïðîòèâëåíèå âÿçêîãî òðåíèÿ çíà÷èòåëüíî
ïðåâîñõîäèò èíåðöèîííîå è óðàâíåíèå (3) ïðèíèìàåò âèä:

−∂ρ
∂x

= R · v (4)

Ââåäåì ñìåùåíèå, è ïîëó÷èì ñëåäóþùèé âèä:

−∂ρ
∂x

= R · ∂u
∂t

(5)

Âîçäóøíîå ñîïðîòèâëåíèå R (àêòèâíîå) ïðÿìî ïðîïîðöèîíàëüíî äèíàìè÷åñêîé
âÿçêîñòè µ è îáðàòíî ïðîïîðöèîíàëüíî êâàäðàòó ðàäèóñà êàíàëà (â ñîîòâåòñòâèè ñ
ìîäåëüþ Ðýëåÿ):

R =
8µ

a2
(6)

Ñ äðóãîé ñòîðîíû ñ ó÷åòîì óðàâíåíèÿ íåïðåðûâíîñòè (íåïîñðåäñòâåííûå
âû÷èñëåíèÿ èçìåíåíèÿ äàâëåíèÿ ρ â çàâèñèìîñòè îò ñæàòèÿ âîçäóõà â ïîðàõ ìàòåðèàëà)
èìååò âèä:

−∂ρ
∂x

=
1

S
· ∂

2u

∂x2
, (7)

ãäå S � äèíàìè÷åñêàÿ æåñòêîñòü âîçäóõà.

Èç óðàâíåíèé (2) è (6) ïîëó÷èì:

1

S
· ∂

2u

∂x2
= R · ∂u

∂t
(8)

Â ñîîòâåòñòâèè ñ [4], â óçêèõ ïîðàõ (êàíàëàõ) êîíòàêò ñ ïîâåðõíîñòüþ çíà÷èòåëåí
è ýòî ïðèâîäèò ê òîìó, ÷òî òåïëîîáìåí ñîâåðøàåòñÿ ìãíîâåííî è ïðîöåññ ïðîòåêàåò ñêîðåå
èçîòåðìè÷åñêè, ÷åì àäèàáàòè÷åñêè, ïðè ýòîì:

∂ρ

ρ
+
∂V

V
= 0; pV = const, (9)

ãäå V � îáúåì ïîð, çàïîëíåííûõ âîçäóõîì.

S = − ∂V

V ∂ρ
=

1

ρ
. (10)

Äëÿ ñêîðîñòè ðàñïðîñòðàíåíèÿ çâóêà â âÿçêîé ñðåäå [5]:

c2
1 =

1

ρ0S
=

ρ

ρ0

=
c2

b
, (11)

ãäå b � îòíîøåíèå óäåëüíûõ òåïëîò ïðè ïîñòîÿííîì äàâëåíèè è ïîñòîÿííîì îáúåìå.

Îòêóäà:
1

S
=
ρ0 · c2

0

b
.

Ñ ó÷¼òîì âûðàæåíèÿ (11) è óðàâíåíèÿ (8) çàïèøåì â âèäå:
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ρ0 · c2
0

b
· ∂

2u

∂x2
= R · ∂u

∂t
(12)

èëè

c2 · ∂
2u

∂x2
=
b ·R
ρ
· ∂u
∂t

(13)

Ðåøåíèåì óðàâíåíèÿ ìîæåò áûòü:

P (x) = ρ0 · ejωt · e−γx, (14)

V (x) = V0 · ejωt · e−γx, (15)

ãäå p0 è V0 � àìïëèòóäû èçáûòî÷íîãî çâóêîâîãî äàâëåíèÿ è êîëåáàòåëüíîé ñêîðîñòè;
γ � ïîñòîÿííàÿ ðàñïðîñòðàíåíèÿ 1/ñì;
ω � êðóãîâàÿ ÷àñòîòà, ω = 2πf , Ãö.

γ = α+iβ, ãäå α � êîýôôèöèåíò çàòóõàíèÿ àìïëèòóäû äàâëåíèÿ ïëîñêîé çâóêîâîé
âîëíû â ïîðàõ ìàòåðèàëà.

β =
2πf

c0

=
ω

c0

� ôàçîâàÿ ïîñòîÿííàÿ.

Ôàçîâàÿ ïîñòîÿííàÿ âîçäóõà â ïîðàõ ìàòåðèàëà ðàâíî âîëíîâîìó ÷èñëó k =
2πf

c0

.

Êîìïëåêñíîå âîëíîâîå ÷èñëî ñîñòîèò èç äåéñòâèòåëüíîé è ìíèìîé ñîñòàâëÿþùèõ:

k =
ω

c0

+
iµ

2ρ0c0

(16)

Êîýôôèöèåíò âÿçêîñòè µ ìîæíî îïðåäåëèòü ÷åðåç ñòðóêòóðíûé ôàêòîð Q
(ñòðóêòóðíàÿ õàðàêòåðèñòèêà âîëîêíèñòîãî ìàòåðèàëà) [4], ïî ôîðìóëå:

Q =
q + q0√
k · d0

, (17)

ãäå q = 0,01ρ1/ρ0 � ïðèâåäåííàÿ ïëîòíîñòü, ïðîïîðöèîíàëüíàÿ îòíîøåíèþ ïëîòíîñòè
ìàòåðèàëà ρ1, êã/ì

3 è âîçäóõà ρ0, êã/ì
3, ïðè t = 20◦C, òîãäà: q = p/123,

k � âîëíîâîå ÷èñëî âîçäóõà; k =
2πf

c0

;

d0 � äèàìåòð âîëîêíà, ìêì.

Îòñþäà q0 = (10q2 +0,5q−1 +0,5 · k2 · d4 ·h−2)−1 � âåëè÷èíà, ó÷èòûâàþùàÿ âëèÿíèå
ïîäàòëèâîñòè ñêåëåòà âîëîêíèñòîé ñðåäû íà åå àêóñòè÷åñêèå ñâîéñòâà, ãäå h � äëèíà
âîëîêíà, ñì.

Ïðè ïðîõîæäåíèè çâóêîâîé âîëíû ïðîöåññ ñæàòèÿ âîçäóõà â ïîðàõ (êàíàëàõ)
ñîïðîâîæäàåòñÿ òåïëîîáìåíîì ìåæäó âîçäóõîì è ïîâåðõíîñòüþ ïîð.

Ðàñïðîñòðàíåíèå è ïîãëîùåíèå çâóêà (çâóêîâîé âîëíû, çâóêîâîé ýíåðãèè) â
ïîðèñòîì ìàòåðèàëå ñ ó÷åòîì âÿçêîñòè, âûçûâàþùåé ïåðåõîä çâóêîâîé ýíåðãèè â
òåïëîâóþ, îïèñûâàåòñÿ äèôôåðåíöèàëüíûì óðàâíåíèåì [4,5]:

dρ

dx
=
Q

π
· ρ0 ·

dV

dt
+ rv, (18)

ãäå: v �ñêîðîñòü êîëåáàíèé, ì/ñ;
r � óäåëüíîå ñîïðîòèâëåíèå ïðîäóâàíèþ, Ïà·ñ/ì.

Èñõîäÿ èç [4], ïîãëîùåíèå àêóñòè÷åñêîé ýíåðãèè, âûçâàííîé âÿçêèì ñîïðîòèâëåíèåì
îïèñûâàåòñÿ ôîðìóëîé:
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α1 =
8π2µ

3λ2ρ0c0

, (19)

ãäå λ � äëèíà âîëíû, ì.

Ðàññìîòðèì ìåõàíèçì çàòóõàíèÿ, îáóñëîâëåííûé òåïëîïðîâîäíîñòüþ (áåç
ó÷åòà âÿçêîãî ñîïðîòèâëåíèÿ) [5]. Â ýòîì ñëó÷àå â ñèñòåìó óðàâíåíèé, îïèñûâàþùèõ
ðàñïðîñòðàíåíèå ïëîñêîé çâóêîâîé âîëíû â ïîðàõ ìàòåðèàëà, äîáàâëÿåì óðàâíåíèå
òåïëîïðîâîäíîñòè:

∂ρ

∂t
+ ρ0

∂u

∂x
= 0 (20.1)

Îòñþäà ïðåîáðàçóåì:

ρ0
∂u

∂x
+
∂ρ

∂t
= 0 (20.2)

Ïðåîáðàçóåì âûøåîïèñàííûå ôîðìóëû â ñèñòåìó:ρ0 · c0 ·
∂T

∂t
= λ

∂2T

∂x2
+
∂ρ

∂t
P = ρ ·R · T

(21)

ãäå R � ãàçîâàÿ ïîñòîÿííàÿ, Äæ/(ìîëü·K);
T � àáñîëþòíàÿ òåìïåðàòóðà, Ê.

Ïðè ïîñòîÿííîì äàâëåíèè óðàâíåíèå òåïëîïðîâîäíîñòè èìååò îäíîðîäíûé âèä:

Q = A1 · eiγx + A2 · e−iγx, (22)

ãäå A1 è A2 � àìïëèòóäû áåãóùåé (ëèáî ñòîÿùåé) âîëíû è ýêñïîíåíöèàëüíî çàòóõàþùèõ
âîëí ñîîòâåòñòâåííî, ì.

Ïîñëå ðÿäà ïðåîáðàçîâàíèé ïîëó÷àåì äèñïåðñíîå ñîîòíîøåíèå:

k = ± ω
c0

√
0,7(1 +

i · Cp · ρ0

λ · ω
)±

√
0,49(1 +

i · Cp · ρ0

λ · ω
− 1,4

i · Cp · ρ0

λω
), (23)

ãäå Cp � óäåëüíàÿ òåïëîåìêîñòü ïðè ïîñòîÿííîì äàâëåíèè,
λ � êîýôôèöèåíò òåïëîïðîâîäíîñòè.

Çíàê ¾+¿ (ïëþñ) ïîä êîðíåì äàåò õàðàêòåðèñòèêó àêóñòè÷åñêîé âîëíû, à çíàê
¾−¿ (ìèíóñ) � òåïëîâîé.

Ïîòåðè àêóñòè÷åñêîé ýíåðãèè, âûçâàííûå òåïëîïðîâîäíîñòüþ ìîæíî îöåíèòü
êîýôôèöèåíòîì ïîãëîùåíèÿ α2.

α2 =
2π2 · f 2

c2
0 · ρ0 · c0

· λ
cp
· (cρ
cv
− 1) (24)

Ïîñêîëüêó ïîêàçàòåëü àäèàáàòû äëÿ âîçäóõà
cρ
cv

= 1,4, âûðàæåíèå (24) çàïèøåì â

âèäå:

α2 =
2ω2

c2
0 ·W1

· 0,4 · λ
cp

(25)
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ãäå W1 � âîëíîâîå ñîïðîòèâëåíèå âîçäóõà.

Ñóììàðíûå ïîòåðè, à, ñëåäîâàòåëüíî, ïîãëîùåíèå àêóñòè÷åñêîé ýíåðãèè,
âûçâàííûå âÿçêîñòüþ (êîýôôèöèåíò âÿçêîñòè � êîýôôèöèåíò ïîòåðü) è òåïëîïðîâîäíîñòüþ
(êîýôôèöèåíò òåïëîïðîâîäíîñòè) ìàòåðèàëà, ïîëó÷èì â âèäå:

α2 =
2

3
· ω

2 · µ
c2

0 ·W1

+
2ω2

c2
0 ·W1

· 0,4λ
cp

(26)

Çàêëþ÷åíèå

Êàê ïîêàçàëè èññëåäîâàíèÿ [2,4,5], íàèáîëåå ñóùåñòâåííóþ ðîëü â ïðîöåññå ïîòåðè
çâóêîâîé ýíåðãèè â ïîðèñòî-âîëîêíèñòûõ ìàòåðèàëàõ èãðàåò äèíàìè÷åñêàÿ âÿçêîñòü (µ =
η), ïîòåðè, âûçâàííûå òåïëîïðîâîäíîñòüþ, ñîñòàâëÿþò íå áîëåå 10% îò âåëè÷èíû µ.

Ðèñ. 1. ×àñòîòíûå õàðàêòåðèñòèêè äèíàìè÷åñêîãî ìîäóëÿ ïîòåðü ìèíåðàëîâàòíûõ
ìàòåðèàëîâ ISOVER òîëùèíîé 50 ìì.

Íà ðèñ. 1, â êà÷åñòâå ïðèìåðà, ïðåäñòàâëåíû ýêñïåðèìåíòàëüíûå ÷àñòîòíûå
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õàðàêòåðèñòèêè äèíàìè÷åñêîãî ìîäóëÿ ïîòåðü äëÿ ìèíåðàëîâàòíûõ ìàòåðèàëîâ ISOVER,
òîëùèíîé 50 ìì è ïëîòíîñòüþ p = 40, 70 è 150 êã/ì3.

Òàêèì îáðàçîì, ïîòåðè, âûçâàííûå äèíàìè÷åñêîé âÿçêîñòüþ, â îñíîâíîì
îïðåäåëÿþò è ñîïðîâîæäàþò ïðîöåññ ïîãëîùåíèÿ çâóêîâîé ýíåðãèè â ïîðèñòî-
âîëîêíèñòîì ìàòåðèàëå. Äëÿ äàííîãî òèïà ìàòåðèàëîâ âåëè÷èíà êîýôôèöèåíòà
ïîòåðü ìîæåò áûòü îïðåäåëåíà ñ ïîìîùüþ ìåòîäà ïåðåäàòî÷íîé ôóíêöèè [5], ëèáî ïî
ôîðìóëå (17) ÷åðåç âîëíîâûå è ñòðóêòóðíûå õàðàêòåðèñòèêè ìàòåðèàëà.
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проектно-изыскательские работы по проектированию шумозащиты на первой в России
Высокоскоростной железнодорожной магистрали "Москва-Казань". Силами
испытательной лаборатории осуществляются акустические исследования, отделами
акустики и проектирования разрабатываются шумозащитные мероприятия на
промышленных, энергетических, культурных и оздоровительных объектах нашей
страны. Производство, организованное на базе предприятия, позволяет выпускать
любые шумозащитные конструкции, отвечающие всем требованиям государственных
стандартов, а опытный персонал в кратчайшие сроки производит сборку и монтаж. 

             "Наша компания обладает мощными научным и проектным
подразделениями с современными технической и интеллектуальной базой,
позволяющими выполнять проекты по шумозащите любой сложности от

идеи до воплощения. В своей деятельности мы опираемся на лучшие  традиции,
сочетая их с передовыми технологиями и стараемся сделать наш окружающий

мир тише."

 Александр Шашурин
Генеральный директор
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Главная цель
Главная цель сетевого научного Журнала "Noise Theory and Practice"
— способствовать развитию виброакустики (наука о шуме и вибрации).
Основные задачи
Основными задачами Журнала являются:

· отражение последних достижений в теории и практике борьбы с
шумом и вибрацией;

· отражение результатов научно-исследовательских работ по изучению
процессов шумообразования, распространения звука и вибрации;

· отражение результатов разработки средств шумо- и виброзащиты, а
также результатов иных работ, проводимых в области виброакустики,
и выполняемых научными сотрудниками ВУЗов и иных организаций;

· предоставление сведений о планируемых конференциях, семинарах,
проводимых в России и других странах;

· предоставление архивных материалов трудов научных конференций,
посвященных виброакустике.

Научное цитирование Журнала
Журнал    является    общедоступным    для   чтения   неограниченным
числом пользователей в режиме on-line и представлен в открытом доступе
с возможностью сохранения  в формате pdf. 
Материалы Журнала индексируют в наукометрических базах
Российского Индекса Научного Цитирования (РИНЦ), Google Scholar.
Журнал включен в научные электронные библиотеки "КиберЛенинка",
Соционет, Figshare, CiteFactor, ROAD.
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